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I CHAPTER 1

Nanofabrication Techniques

JOSEPH W. FREEMAN, LEE D. WRIGHT, CATO T. LAURENCIN, and SUBHABRATA
BHATTACHARYYA

1.1 INTRODUCTION

Interest in the study and production of nanoscaled structures is increasing. The
incredibly small sizes of nanoscaled devices and functionality of nanoscaled
materials allow them to potentially change every aspect of human life. This
technology is used to build the semiconductors in our computers; nanoscaled
materials are studied for drug delivery, DNA analysis, use in cardiac stents, and
other medical purposes. Layers of molecules can be placed on machine parts to
protect them from wear or aid in lubrication; monolayers of molecules can be
added to windows to eliminate glare. Although we are already greatly affected by
this technology, new advances in nanofabrication are still being made.

Microelectromechanical systems (MEMS) and nanoelectromechanical
systems (NEMS) have the potential to perform tasks and study the human
body (BioMEMS and BioNEMS) at the molecular level. BioMEMS have
existed for decades and were first used in neuroscience. In the 1970s, Otto
Prohaska developed the first planar microarray sensor to measure extracellular
nerve activity [1]. Prohaska and his group developed probes used for research
in nerve cell interactions and pathological cell activities in the cortical section
of the brain [1]. In the future, NEMS and other nanoscaled structures may be
able to perform more advanced tasks. This technology may allow us to cure
diseases or heal tissues at the molecular level. Computers may be even more
powerful, while taking up less space.

Many of the fabrication methods for nanoscaled devices used today are
actually based on previously conceived methods. Others take advantage of new
technologies to make nanoscaled structures. Still others combine several

Biomedical Nanostructures, Edited by Kenneth E. Gonsalves, Craig R. Halberstadt, Cato T. Laurencin,
and Lakshmi S. Nair
Copyright © 2008 John Wiley & Sons, Inc.
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different methods to produce new technologies. This section will describe
several technologies commonly used in nanofabrication. These methods
produce a large variety of structures from fibers, to columns, to layers of
materials that are a single molecule thick.

1.2 PHOTOLITHOGRAPHY

Originally, lithography was a printing method invented in 1798 by Alois
Senefelder in Germany. At that time, there were only two printing techniques:
relief printing and intaglio printing [2]. In relief printing, a raised surface is
inked and an image is taken from this surface by placing it in contact with
paper or cloth. The intaglio process relies on marks engraved onto a plate to
retain the ink [2]. Lithography is based on the immiscibility of oil and water.
Designs are drawn or painted with an oil-based substance (greasy ink or
crayons) on specially prepared limestone. The stone is moistened with water,
which the stone accepts in areas not covered by the crayon. An oily ink,
applied with a roller, adheres only to the drawing and is repelled by the wet
parts of the stone. The print is then made by pressing paper against the inked
drawing.

Optical lithography began in the early 1970s when Rick Dill developed a set
of mathematical equations to describe the process of lithography [3]. These
equations published in the “Dill papers’” marked the first time that lithography
was described as a science and not an art. The first lithography modeling
program SAMPLE was developed in 1979 by Andy Neureuther (who worked
for a year with Rick Dill) and Bill Oldman [3].

Photolithography is a technique used to transfer shapes and designs onto a
surface of photoresist materials. Over the years, this process has been refined
and miniaturized; microlithography is currently used to produce items such as
semiconductors for computers and an array of different biosensors. To date,
photolithography has become one of the most successful technologies in the
field of microfabrication [4]. It has been used regularly in the semiconductor
industry since the late 1950s; a great deal of integrated circuits have been
manufactured by this technology [4]. Photolithography involves several
generalized steps, cleaning of the substrate, application of the photoresist
material, soft baking, exposure, developing, and hard baking [5]. Each step will
be explained briefly below.

1.2.1 Cleaning of the Substrate

During substrate preparation, the material onto which the pattern will be
developed is cleaned to remove anything that could interfere with the
lithography process including particulate matter and impurities. After cleaning,
the substrate is dried, usually in an oven, to remove all water [3].
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FIGURE 1.1 Steps in photolithography using positive and negative photoresists.

1.2.2 Application of the Photoresist Material

There are two types of photoresist materials, positive and negative. Positive
photoresists become more soluble when they are exposed to UV light (Fig. 1.1).
So in photolithography, when the mask is laid down onto the positive
photoresist, the exposed areas (those not covered by the mask) will be removed
by the developing solution leaving only the shape of the mask and the
underlying substrate (Fig. 1.1) [5].

Negative photoresist materials work in the opposite manner (Fig. 1.1). These
photoresist materials polymerize with exposure to UV light, making them less
soluble after exposure. Once the mask has been lifted and the material has been
washed with developing solution, the photoresist covered by the mask is washed
away (Fig. 1.1). Therefore, using a negative photoresist creates the photographic
negative of your mask [5].

Photoresists commonly used in the production of microelectronics include
ethylene glycol, monoethyl ether propylene glycol and methyl ether acetate [6].

1.2.3 Soft Baking

The soft baking step is used to remove the solvents from the photoresist
coating. Soft baking also makes the coating photosensitive [3].
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1.2.4 Exposure

In this step, the mask is placed onto or over the substrate so that the pattern
can be placed onto the surface of the substrate (Fig. 1.1). There are three
different techniques used to position the mask prior to exposing the photoresist
to UV light; these techniques are contact printing, proximity printing, and
projection printing [5].

1.2.4.1 Contact Printing During contact printing, the substrate surface is
covered with the photoresist and the mask physically touches the surface. The
substrate is exposed to UV light while it is in contact with the mask. The contact
between the mask and the substrate makes micron resolution possible.
Unfortunately, if debris is trapped between the mask and the substrate, it can
damage the mask and cause defects in the pattern [5].

1.2.4.2 Proximity Printing In proximity printing, the mask and the
substrate are separated by a small distance (10—25 wm) before exposure to UV
light. This technique protects the mask and the pattern from some debris
damage that could occur during contact printing. The distance between the
mask and the substrate lowers the resolution to 2—4 pm [5].

1.2.4.3 Projection Printing In projection printing, an image of the mask is
projected onto the substrate after it is covered with the photoresist. This method
can produce patterns with high resolution (1 wm) by projecting a small section of
the mask at a time. Once the mask is in the correct position, the photoresist is
exposed to high intensity UV light through the pattern in the mask [5].

1.2.5 Developing

Through developing, the photoresist becomes more soluble (positive photo-
resists) or less soluble (negative photoresists). When using a positive photoresist,
an increase in energy causes an increase in the solubility of the resist until the
threshold energy is reached. At this energy, all of the resist is soluble. In negative
photoresists, the material becomes less and less soluble with increased energy. At
the threshold energy, the material is even less soluble; as the energy is raised
above the threshold energy, more of the photoresist is insoluble and more of it
will remain after developing. The amount of time and energy necessary to
complete the developing step depends on a variety of factors such as the
prebaking conditions, amount of photoresist material, and developing chem-
istry. After the developing, a solvent is used to wash the sample [5].

1.2.6 Hard Baking

This is the final step of photolithography. Hard baking is used to harden the
photoresist and improve bonding between the photoresist layer and the
substrate underneath [5].
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1.2.7 Limitations of Photolithography

Current photolithography techniques used in microelectronics manufacturing
use a projection printing system (known as a stepper). In this system, the image
of the mask is reduced and projected, via a high numerical aperture lens
system, onto a thin film of photoresist that has been spin coated onto a wafer
[4]. The resolution that the stepper is capable of is based on optical diffraction
limits set in the Rayleigh equation (Eq. 1.1).

R =k A/NA (1.1)

In the Rayleigh equation, k; is a constant that is dependent on the photoresist,
A is the wavelength of the light source, and NA is the numerical aperture of the
lens.

The minimum feature size that can be achieved with this technique is
approximately the wavelength of the light used, A; although theoretically, the
lower limit is A/2. So, in order to produce micro- or nanoscaled patterns and
structures, light sources with shorter wavelengths must be used. This also
makes manufacturing more difficult and expensive [4].

1.3 SPECIALIZED LITHOGRAPHY TECHNIQUES

In order to produce patterns at the nanometer scale, which is necessary for the
fabrication of semiconductor integrated circuits, nanoelectromechanical
systems, or lab-on-a-chip applications, specialized lithography techniques are
used. Some of these techniques involve steps similar to those seen in
photolithography; the differences lic in the use of energy sources with smaller
wavelengths and smaller masks (both changes are used to produce nanoscaled
patterns and structures). Such specialized lithography techniques include
electron beam lithography, nanosphere lithography, and focused ion beam
lithography (FIB). Other specialized techniques are more reminiscent of
original lithography in that they transfer the pattern of molecules directly onto
the substrate as a print. These techniques include types of soft lithography
(such as microcontact printing, replica molding, microtransfer molding, and
solvent-assisted micromolding), nanoimprint lithography, and dip pen
lithography (a type of scanning probe lithography) [4, 7]. Other techniques,
such as LIGA, combine elements from both categories. A few of these
techniques will be briefly discussed below.

1.3.1 Electron Beam Lithography

Electron beam lithography has been used in the production of semiconductors
and the patterning of masks for other types of lithography (such as X-ray and
optical lithography). In electron beam lithography, the exposed substrate is
modified by the energy from a stream of electrons.
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1.3.2 Nanosphere Lithography

Nanosphere lithography is similar to other types of lithography. In this type of
lithography, the mask is replaced with a layer of nanospheres. After exposure
and developing, the uncovered resin is washed away leaving behind nanoscale
vertical columns.

1.3.3 Soft Lithography

Soft lithography is called ““soft’” because an elastomeric stamp or mold is the
part that transfers patterns to the substrate and this method uses flexible
organic molecules and materials rather than the rigid inorganic materials
commonly used during the fabrication of microelectronic systems [4]. This
process, developed by George Whitesides, does not depend on a resist layer to
transfer a pattern onto the substrate. Soft lithography can produce
micropatterns of self-assembled monolayers (SAMs) through contact printing
or form microstructures in materials through imprinting (embossing) or replica
molding [4].

In this process, a self-assembled monolayer is stamped onto the substrate
[4]. The molecular impressions left by the monolayer can be used to seed crystal
growth or bind strands of DNA for bioanalysis. Soft lithography techniques
are not subject to the limitations set by optical diffraction, as discussed earlier
(the edge definition is set by van der Waals interactions and the properties of
the materials used) [4]. They offer procedurally simple, less expensive
alternatives to the production of nanoscaled structures through
photolithography.

1.3.4 Dip Pen Lithography

Dip pen lithography is a type of scanning probe lithography. In this
lithographic technique, the tip of an atomic force microscope (AFM) is used
to create micro- and nanoscaled structures by depositing material onto a
substrate. The AFM tip delivers the molecules to the substrate surface using
a solvent meniscus that forms in ambient atmospheres. Structures with
features ranging from several hundreds of nanometers to sub-50 nm can be
generated using this technique [7].

Dip pen lithography is a direct-write method that yields high resolution and
has been used to create microscale and nanoscale patterns with a variety of
“inks” (such as biomolecules, organic molecules, polymers, and inorganic
molecules) on a number of substrates. The AFM tip was first used to form
patterns of octadecanethiols in ethanol on the mica surfaces [8]. The
technology can now be used to construct protein arrays for proteomics,
pharmaceutical screening processes, and panel immunoassays [9].

Dip pen lithography involves several steps. The first is substrate prepara-
tion: the substrate is cleaned and rinsed to remove all impurities and produce a
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FIGURE 1.2 Dip pen lithography, transferring the molecules from the pen to the
substrate surface.

flawless surface. In order to aid in adhesion of the material being deposited, a
self-assembled monolayer may be added to the surface. The AFM tip is then
coated with the “ink” to be deposited onto the substrate. Finally, the tip is used
to produce the desired pattern (Fig. 1.2) [7].

The formation, structure, and stability of the deposited material depend on
several different variables. The formation and stability of the structure are
subject to the strength of the adhesion between the substrate and the deposited
material and the amount of adhesion between the material being deposited and
the AFM tip [9]. One source of this adhesion is surface charge. The static
interaction between a charged substrate surface and oppositely charged
nanospecies will lead to the successful deposition onto the substrate surface [7].

If the adhesion between the material and the AFM tip is too strong, it may
prevent material deposition; if it is too weak, the material will not stay on the
tip long enough to be deposited onto the substrate and the amount on the tip
may not be enough to produce the structure. The deposition of material from
the tip to the substrate is also influenced by the cohesion between the material
already deposited and the material on the tip [8].

Temperature is also an important factor in dip pen lithography. When
working with biomolecules and organic molecules, temperature affects the
solubility and diffusion rate of the molecules, which influences the size of the
nanopatterns. The solvent used is also a factor in stability. The amount of
solvent in the material can influence the shape of the deposit. As the solvent
evaporates from the material after deposition, the deposits could harden [8].
Temperature can also influence solvent evaporation rates.

The speed of tip can change the dimensions of the pattern. Increasing
speed causes a decrease in pattern size. Humidity can also affect this process.
The proper humidity is necessary for the transfer of the material to the
substrate [7].



10 BIOMEDICAL NANOSTRUCTURES

Progress has been made in using dip pen lithography in nanopatterning
biomolecules and organic molecules by modulating interactions between target
surfaces and the molecules being deposited [8]. Very few inorganic materials
have been successfully patterned with this technique; successes include pure
metals and metal oxides [7].

1.3.5 LIGA

LIGA is a German acronym for Lithographie, Galvanoformung, Abformung.
This process for creating three-dimensional microstructures was developed in
the 1980s by W. Ehrfeld [10, 11]. It is an early technique for producing micro-
and nanoscaled structures and involves lithography, electroforming, and
plastic molding. LIGA was one of the first techniques used to create
microstructures with high aspect ratios and depths of hundreds of nanometers
[10, 11]. LIGA is a valuable tool for the production of micro- or nanoscaled
molds; these molds can aid in the mass production of micromachine parts. The
basic steps of LIGA (Fig. 1.3) are explained below [10-12].

1.3.5.1 Deep X-Ray Lithography In LIGA, a several hundred microns
thick radiation sensitive polymer layer is applied to a substrate (a metallic base
plate or a silicon wafer). This layer is either glued to the substrate or polymerized
onto it; polymethyl methacrylate (PMMA) is an example of a polymer that can

l l l l(—Radiation
Besn sy EEEEE e Mas.k
lithography .

Developing

Electroplating Metal
Resist structure
Irradiation and Metal structure
resist removal
Molding Plastic in mold
Metal mold

FIGURE 1.3 Diagram of the LIGA technique.
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be bonded to the substrate. A mask is placed over the polymer layer and the
mask pattern is then transferred onto the polymer layer using deep X-ray
exposure with wavelengths from 0.2 to 0.6 nm (using Synchtron radiation) [11].

1.3.5.2 Electroplating After irradiation, the exposed polymer is removed
by solvent during development leaving behind the polymer micro- or
nanostructures with high aspect ratios. The cavities between three-dimensional
structures are typically filled in with metals such as gold, copper, or nickel by
electroplating. Alloys, such as nickel—iron or nickel—cobalt, can also be used
to fill in the cavities left after development [8].

1.3.5.3 Molding The structure is exposed to X-ray radiation a second time
(without the mask) and the remaining polymer (from the structures with the
high aspect ratio) is removed with solvent or developer. This step creates metal
micro- or nanostructures with a high aspect ratio. These metal structures are
used as a mold for plastic parts using injection molding, hot embossing, or
resin casting [8].

1.4 THIN FILM DEPOSITION

Thin film deposition techniques allow one to deposit a thin layer of material
onto a surface or a substrate. Typically, the thicknesses of these thin films are
in the nanometer scale. Some techniques even allow the addition of single
atom layers of a material to the substrate. These techniques are used to create a
wide variety of devices including coatings for optics components, condu-
ctors, semiconductors, and insulators for electronic devices, and films for
packaging. Although thin film deposition includes a broad range of tech-
nologies and methodologies, a generalized process can be described in three
steps: (1) creation of the flux of condensable species, this includes either neutral
atoms or ions, (2) transportation of the created species to the substrate, and
(3) growth of the film onto the substrate. Thin film deposition has a wide
variety of applications including the manufacture of reflective coatings for
optics, the manufacture of electronics, and the purification of metals such as
copper through electroplating. Electronics is perhaps the most well-known
field that requires thin film deposition. The technology is continually allowing
the electronics industry to create smaller and smaller electronic components
including insulators, semiconductors, and integrated circuits, allowing
developers to increase the speed and efficiency of their products without
increasing the product size. Thin film deposition can be divided into two broad
categories: physical deposition and chemical deposition. Only a few thin film
deposition techniques do not fit completely into these categories; they will be
described later. Many methods of thin film deposition do not rely on one
technology to attain their goals; often a combination of techniques and
technologies are used.



12 BIOMEDICAL NANOSTRUCTURES

Physical deposition, as the name implies, involves thin film deposition
techniques that use physics, typically in terms of mechanical or thermodynamic
means, to deposit the desired film onto the substrate. Physical deposition
includes three primary classes: evaporation, sputtering, and ion beam.
Evaporation thin film deposition employs the ability to evaporate the material
to be deposited by physical heating to create the flux of material. The species
created through the heating process is then transported to the substrate to be
deposited onto the surface. Although rather simple in concept, many different
methods to heat the materials have been used, including resistance heating,
electron beam heating, arc evaporation, induction heating, and flash
evaporation.

An example of arc evaporation is cathodic arc plasma deposition (CAPD).
This technique utilizes vacuum arcs to produce the condensable species. The
source material to be deposited is created from the cathode in the arc discharge
circuit. The condensable species is created from the source material through
flash evaporation as the arc spots move along the surface of the target. The arc
spots are sustained by the plasma being formed by the arc itself [13].

The second class of physical thin film deposition is the sputtering technique.
This process involves the synthesis of the condensation species by bombard-
ment of the source (target) with positive ions of an inert gas. The collisions
cause the atoms on the target to be knocked off through momentum transfer
and result in the creation of ions on the target as well. This technique is
typically called plasma-assisted (enhanced) deposition, which encourages the
atoms to be knocked off and collected onto substrates [13]. The sputtering
technique has an advantage over the aforementioned evaporation technique
because it can occur at lower temperatures (heating is not required) and
because the process is independent of the evaporation rate of the material.

Another class of physical thin film deposition utilizes ion beam technology.
These techniques employ the use of an ion beam to ionize the material to be
deposited. An example is gas cluster ion beam technology (GCIB). Neutral gas
clusters are produced by the expansion of atoms or molecules at high pressure
through a room temperature nozzle into a vacuum. The neutral gas cluster is
ionized by the bombardment of electrons and is accelerated by a high voltage
to impact a substrate. The impact causes all of the atoms to nearly interact
simultaneously and deposit a very high energy density into a small volume of
the target material [14].

The second large category of thin film deposition techniques is chemical
deposition. As the name implies, chemical deposition causes a chemical change
of the fluid material that results in the deposition. Chemical vapor deposition
(CVD) is a class of chemical deposition where the condensable species is
formed from gases or vapors that are, without energy input, not condensable.
The substrates are heated at high temperature to cause the gases to decompose
resulting in deposition. Plasma-enhanced chemical vapor deposition (PECVD)
utilizes plasma that is created through the action of an electric field. Ionization,
dissociation, and gas phase reactions occur as the reactant gases are passed
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through the low pressure plasma. The addition of plasma to the technique
allows the process to occur at much lower temperatures, not entirely relying on
the reactions to be driven thermally [13]. This method will be discussed in more
depth later in Section 1.7.

Plating is another class of chemical deposition used to produce thin films.
The plating technique distinguishes itself because of its use of liquid precursors.
The material to be deposited is initially dissolved in an aqueous solution.
Although the process can be driven entirely by the reagents within the solution,
usually an electric current or ion beam is used to drive the reaction to form the
layer of desired material.

The final two techniques of thin film deposition to be discussed are
molecular beam epitaxy (MBE) and reactive sputtering. MBE and reactive
sputtering do not entirely fit into either chemical or physical deposition
categories, being more of a combination of chemical and physical. During
MBE, ultrapure elements are heated until they begin to slowly evaporate. The
evaporated elements do not react with one another until they condense onto
the substrate. The process occurs in a high vacuum, which allows a slow
deposition rate. The slow deposition rate allows the material to grow
epitaxially, meaning instead of many randomly arranged grains being formed,
as in higher deposition rates, the material tends to grow in larger grains with a
more uniform orientation. The slow deposition rate also allows the element to
be deposited one layer at a time [15].

The last technique to be discussed is reactive sputtering. In reactive
sputtering, a small amount of non-noble gas (such as oxygen or nitrogen) is
mixed with the plasma forming gas. The material is then sputtered from the
target to the substrate reacting with the gas. The result is the deposition of a
different material. If the gas used is either oxygen or nitrogen, an oxide or
nitride can be formed. The method is not limited to oxygen or nitrogen; a wide
variety of compounds can be created via this method [16].

1.5 ELECTROSPINNING

Electrospinning is a technique used to create polymeric fibers with diameters in
the nanometer range. This process involves the ejection of a charged polymer
fluid onto an oppositely charged surface. One of the first investigations into the
flow of conducting liquid through a charged tube with a counterelectrode some
distance away was conducted by Zeleny [17]. A great deal of these experiments
used aqueous electrolyte solutions with high electrical conductivity and low
viscosity. The addition of a charge to this solution caused it to form a fine spray
of charged droplets that were attracted to the counterelectrode. These droplets
quickly evaporated in the air; this process was later called electrospraying.
Electrospinning is very similar to electrospraying; a charge is applied to a
polymer solution or melt and ejected toward an oppositely charged target
(Fig. 1.4). A typical electrospinning experimental setup is shown in Fig. 1.4.
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FIGURE 14 A typical electrospinning setup.

In both processes, the surface tension and viscoelastic forces of the polymer
solution cause drops at the tip of the syringe to retain their hemispherical
shape. The charge induced by the electric field causes the droplet to deform into
a “Taylor cone” at the tip of the tube [18]. When the applied voltage is
increased beyond a threshold value, the electric forces in the droplet overcome
the opposing surface tension forces and a narrow charged jet is ejected from the
tip of the Taylor cone. In electrospraying, the strength of the electric field and
low viscosity of a solution cause droplets to separate from the cone and spray
onto the target. In electrospinning, the concentration of the solution, viscosity
of the solution, and the entanglement of the polymer chains cause a fiber to be
extruded from the tip of the cone. The polymer jet begins as a nearly straight
line because of the stabilization from the longitudinal stress of the external
electrical field on the charge carried by the jet. However, the polymer jet
quickly becomes unstable because of the repulsive forces from the opposite
charges in the polymer jet. The jet experiences electrically driven bending
instabilities and the jet is whipped around in a spiral, as demonstrated by
Reneker et al., using high speed videography [19]. The polymer jet is stretched
while it bends and travels through the spiral causing a significant decrease in
fiber diameter and rapid evaporation of the solvent resulting in the formation
of nanoscale thin fibers. These fibers land randomly onto the grounded target
forming a nonwoven fiber mat (Fig. 1.5).

Electrospinning produces fibers with submicron diameters [19]. The diameter
of the fibers can be adjusted by altering the distance between the polymer source
and the target, the polymer concentration, and the voltage. The orientation of
the fibers onto the target can be changed by employing various external
mechanical or electrostatic forces [20]. The mechanical properties of the fiber mat
can be altered by changing the diameter and orientation of the fibers.
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FIGURE 1.5 Electrospun polylactic acid-co-glycolic acid nanofibers.

Cellulose acetate was one of the first solutions electrospun; Formhals was
given a U.S. patent for this process in 1934 [21]. In another early study, molten
wax was observed to form threads when subjected to high electrical field [17].
Presently, a wide variety of polymers have been electrospun from natural
polymers such as type I collagen or elastin to synthetic polymers such as
polyphosphazenes.

Several parameters affect the electrospinning process. These parameters can
be split into different groups, polymer solution properties, processing para-
meters, and environmental parameters. Polymer solution properties include
solution viscosity, polymer molecular weight, polymer concentration, surface
tension, solution conductivity, and dielectric effect of the solvent [22-24].
Processing parameters that affect electrospinning include voltage, distance from
needle to collector, flow rate, needle/orifice diameter, and type of collector
[22, 23, 25, 26]. The environmental parameters that can affect electrospinning of
nanofibers include humidity, pressure, and type of atmosphere [22, 25].

1.6 NANOSPHERES

Nanosphere technology revolves around the creation of polymeric spheres that
are hundreds of nanometers in diameter. Their tiny size and ability to absorb
or bind to (through surface chemistry) drugs or growth factors make them
ideal vehicles for drug or growth factor delivery.

Polymeric nanospheres can be created by emulsion solvent diffusion. The
polymer is dissolved into a volatile organic solvent (such as chloroform, ethyl
acetate, or methylene chloride). This solution is then poured into an aqueous
phase with a surfactant or stabilizer and agitated usually with a sonicator. The
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nanospheres are then collected by evaporating the solvent (this may be done
with mixing) or dilution with water.

Drugs and growth factors may be added to the organic or aqueous phase in
order to incorporate them into the nanospheres. Scanning electron micro-
scopy is used for nanosphere characterization. The size and density of the
spheres can be altered by changing the amount of polymer added to the
surfactant or stabilizer solution and the speed with which the solution is
agitated.

1.7 CARBON NANOTUBES

Carbon is the building block for all organic life. It is found in a variety of
structures that display vastly different properties. In nature, pure carbon is found
in a variety of forms from the soft, flexible, and conductive graphite to the hard,
inflexible insulating diamond. The properties of these materials stem from the
arrangement of their carbon atoms. In graphite, the carbon atoms are arranged
into sheets of honeycomb-shaped matrices; these matrices are held together by
covalent bonds between the carbon atoms. The sheets are held to one another by
weak van der Waals forces; this allows graphite to flake off into layers (sheets of
carbon atoms slide over one another when force is applied) making graphite a
good lubricant. In contrast, the carbon atoms in a diamond are arranged into a
tetrahedral pattern. This arrangement makes diamonds hard and prevents them
from flaking like graphite. Similarly, it is the arrangement of their atoms and
their nanoscale size that give carbon nanotubes their mechanical, chemical, and
electrical properties.

Carbon nanotubes (CNTs) are fullerenes that are structurally similar to long
rolls of graphite. Fullerenes are molecules composed entirely of carbon that
exist as hollow objects (spheres, ellipsoids, or tubes); they are named after
Buckminster Fuller, an American architect, designer, and author known for his
work on geodesic domes.

CNTs are created as single-walled nanotubes (SWNTs) or multiwalled
nanotubes (MWNTs). SWNTs have only one wall whereas MWNTSs have
many walls formed around one another. The walls of MWNTs are held to one
another by van der Waals forces. The properties of CNTs depend on their
length, diameter, and chirality (the direction in which the graphite sheet is
rolled up).

Carbon filaments were first noticed under gaseous conditions in the presence
of metal catalysts in the 1950s after the development of the electron
microscope. Carbon filaments up to several hundred nanometers long were
noticed extending from catalytic particles of transition metals [27]. Tibbetts
was the first to document these structures and speculate about their growth
mechanism [27]. In the 1990s, Iijima observed the formation of MWNTs
through the electric arc discharge method and later documented the synthesis
of SWNTs via laser ablation [28].
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SWNTs are very strong and very stiff because of the strength of the
carbon—carbon bond and the seamless structure of the nanotube; the modulus
of an SWNT has been calculated as 0.64 TPa with an ultimate tensile stress of
approximately 37 GPa [29]. The electrical properties of SWNTs can range from
metallic to semiconducting with various band gaps depending on the chirality
and diameter of the tube [29]. CNTs have been used in a variety of applications
including increasing mechanical properties of polymers through composite
reinforcement, use in nanosensing devices, and in bioimaging.

CNTs have been made using a variety of fabrication methods; some of the
more common methods will be mentioned in this section. These methods
include electric arc discharge, laser ablation of carbon, and chemical vapor
deposition, techniques that are also used to create thin films, as mentioned in
an earlier section.

1.7.1 Electric Arc Discharge

The electric arc discharge method was one of the first methods used to fabricate
CNTs [30]. An electric arc is a discharge of current that occurs when a current
jumps between two electrodes or a gap in a circuit; to form CNTs, high purity
carbon electrodes are used. During this process, the anode, the source of the
carbon, is consumed throughout the process. As the nanotubes are formed from
the material in the anode, they are deposited onto the cathode. The composition
of the electrodes affects the type of CNTs produced. MWNTs are produced
when pure carbon electrodes are used. To produce SWNTSs, a small hole is drilled
into the anode and filled with metallic catalyst particles and graphite powder.
Mixtures of Ni and Y have been shown to produce high quality SWNTs [31].

1.7.2 Laser Ablation

Ablation is the melting or vaporizing of a substance; in laser ablation for the
fabrication of CNTs, a graphite target is subjected to a laser at high tempera-
tures. The graphite target is ablated with a powerful laser in the presence of an
inert gas. The gas collects the ablated carbon powder and deposits it onto a
cooled substrate. The powder consists of CNTs and onion-like structures [30].
Similar to the electric arc discharge method, MWNTs are produced when pure
carbon (graphite) is used and SWNTs are produced when the target is mixed with
catalyst metals (<1%) such as Co—Ni powder [30].

1.7.3 Chemical Vapor Deposition

Unlike the previously mentioned techniques for CNT production (electric arc
discharge and laser ablation), chemical vapor deposition allows the user to
deposit the CNTs directly onto a substrate. Chemical vapor deposition is
commonly used in the manufacturing of metals and ceramics [27]. This
technique can produce CNTs at a continuous rate and is easily scalable to
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produce large amounts of CNTs for commercial distribution [30]. By changing
growth conditions such as growth temperature, carbon source, catalyst,
catalyst-to-carbon ratio, and type of substrate, CNTs can grow in a variety of
ways, including randomly oriented and aligned.

There are several ways to perform chemical vapor deposition, including hot-
wall chemical vapor deposition, cold-wall chemical vapor deposition, high
pressure CO conversion (HiPCO) chemical vapor deposition, and laser-assisted
chemical vapor deposition; both hot-wall and cold-wall chemical vapor
deposition are forms of thermal chemical vapor deposition. In hot-wall chemical
vapor deposition processes, such as thermal chemical vapor deposition, the
process takes place in a high temperature tube furnace. The substrate that the
CNTs will be deposited on is placed inside of the tube and the entire tube is
heated (heating the substrate to the growth temperature). A hydrocarbon source,
such as benzene, xylene, or hexane, is also introduced into the tube. Once in the
tube, it decomposes and deposits onto the substrate. In cold-wall chemical vapor
deposition processes, including plasma-enhanced chemical vapor deposition, the
temperature of the sample holder is raised and the rest of the system is left at a
lower temperature. In HiPCO chemical vapor deposition, high pressure carbon
monoxide is fed into the system and used as the carbon source.

Laser-assisted chemical vapor deposition is a technique that is used for thin
film deposition and can be adopted to produce films of CNTs. In laser-assisted
chemical vapor deposition, the global energy source that warms the furnace is
replaced by a localized energy source, the laser. In this method, the source of
the energy on the substrate is localized, so the growth of the CNTs can be
limited to the area over which the laser passes.

Laser-assisted chemical vapor deposition is controlled by two mechanisms:
photolytic laser-assisted chemical vapor deposition and pyrolytic laser-
assisted chemical vapor deposition. Depending on the conditions, such as
temperature and position of the laser beam, both mechanisms can take place
simultaneously. In such cases, one mechanism for CNT deposition may
dominate the other. Only the photolytic process can occur at low
temperatures, but at high temperatures both the photolytic and pyrolytic
processes can occur simultaneously [32]. Pyrolytic or photolytic reactions are
caused by the laser radiation wavelength, precursor compounds used, and
chosen substrate material [33].

1.7.4 Photolytic Laser-Assisted Chemical Vapor Deposition

Photolytic laser-assisted chemical vapor deposition can be performed at low
wavelengths and with short pulse durations. This combination of conditions
creates a low temperature during processing, eliminating damage that can be
caused by thermal reactions with the substrate, such as recrystallization,
oxidation, and crack formation. This allows for exact processing of materials
for use in microelectronics [34]. Since it does not produce high temperatures,
photolytic laser-assisted chemical vapor deposition is used in conjunction with



NANOFABRICATION TECHNIQUES 19

temperature-sensitive substrates. Lasers or lamps can be used as a source for
photons, but the increased power densities of lasers lead to a 100-fold increase
in growth rate when compared to lamps [35].

Resonant absorption of the laser radiation by the precursor causes bonds in
the precursor molecules to break freeing them for deposition onto the substrate
[30]. In photolytic laser-assisted chemical vapor deposition, the laser beam is
parallel to the substrate and passes just above it. The photons from the laser
are absorbed by the gas phase starting the reaction [36]. This arrangement
allows for the control of the substrate temperature independent from the laser
radiation [30]. Photolytic laser-assisted chemical vapor deposition may also
occur in a perpendicular laser—substrate arrangement, but this geometry also
introduces pyrolytic laser-assisted chemical vapor deposition [33].

1.7.5 Pyrolytic Laser-Assisted Chemical Vapor Deposition

In pyrolytic laser-assisted chemical vapor deposition, the thermal energy
produced by the laser causes molecules of the reagent to disassociate and
deposit as CNTs on the substrate. The laser beam strikes the substrate at
perpendicular incidence and the chemical reaction is driven thermally by the
local heating of the substrate by the laser radiation. If the substrate is moved
throughout the process, single-step patterns can be made. If the substrate is
stationary, this process can produce three-dimensional structures [33]. Since this
method is essentially a type of thermal chemical vapor deposition, the same
conditions used for thermal chemical vapor deposition can be used with pyrolytic
chemical vapor deposition. The major difference is the heat source; the use of a
localized heat source (the laser) changes the reaction kinetics. This improves the
deposition rate and allows three-dimensional objects to be produced [37].

Pyrolytic laser-assisted chemical vapor deposition was first performed by
Lydtin in 1972 [33] using an IR laser to deposit carbon onto aluminum
substrates. Now any commercially available laser can be used as a radiation
source for this technique. Typically, argon and krypton lasers are used for
submicron-sized patterns (necessary for nanofabrication and microelectronics)
[30]. Otherwise, other types of lasers, such as CO, lasers, can be used since most
gases do not absorb the infrared or visible wavelengths emitted.

Pyrolytic laser-assisted chemical vapor deposition can also be performed
with an IR laser through vibration excitation. In this technique, the gas phase
is excited through collisional and vibrational relaxation processes. This heats
up the gas phase and the substrate, leading to the deposition of the film.
Examples of laser and gas phase systems used in this technique include CO,
lasers and BCls, SiH4, or NHj3 gas [33].

1.7.6 Substrate-Site-Selective Growth

There are other techniques that can deposit CNTs into precise shapes and
patterns. One of these techniques is substrate-site-selective growth. This
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procedure combines lithography with chemical vapor deposition to achieve
targeted nanotube deposition for pattern production. In this process, a pattern
is placed onto the substrate using lithography; Wei and colleagues developed a
pattern of SiO, on top of a silicon substrate [30]. After the pattern has been laid
down, the nanotubes are deposited using a chemical vapor deposition
technique. In previous work, Wei and colleagues used a conventional tube
furnace with ferrocene (Fe(CsHs),) as the nanotube nucleation initiator and
xylene as the carbon source [30]. The furnace was gradually heated to 800 °C
and the ferrocene—xylene solution was fed into the reactor at 150 °C. The
choice of precursors is extremely important because it dictates the length of the
nanotubes deposited onto the substrate. The combination of ferrocene and
xylene produced vertically aligned MWCNTSs that were 20—30 mm in length
onto the SiO, pattern; there was no CNT deposition on the silicon surface [30].
This technique has great potential for the design of mesoscale systems similar
to those in MEMS [30].

1.8 SELF-ASSEMBLED NANOSTRUCTURES

The self-assembly of molecules into structures is a phenomena seen frequently
in nature; type I collagen molecules are examples of molecules that can orient
and arrange themselves to form two-dimensional and three-dimensional
structures. Among the nanofabrication methods discussed in this chapter,
self-assembly of molecules is one of the most promising ways to form a large
variety of nanostructures [38]. This technique relies on the noncovalent
interactions between molecules (electrostatic, van der Waals, hydrogen
bonding, m—m interactions, and capillary force) to organize groups of
molecules into larger, regular structures [38].

Self-assembled monolayers are among the most commonly studied self-
assembled structures. SAMs are surfaces covered by a thin film consisting of a
single layer of molecules. Typically, they are formed when surfactant molecules
are absorbed onto a substrate as a monomolecular layer. Among the most
common and widely studied SAM systems are gold—alkylthiolate (CH5(CH»),.S)
and silicon oxide—alkylsilane monolayer systems (Fig. 1.6).

In typical SAM fabrication, a group with a strong attraction to a particular
substrate is attached to the head of a long molecule, an alkane chain with about
10—20 methylene units. The head group absorbs easily onto the substrate surface,
creating a monolayer with the tails pointing away from the substrate surface [39].
An example of this is the gold—thiol SAM; thiol (S—H) head groups in solution
absorb readily onto gold. In work with methyl-terminated thiols, Krishnan and
colleagues first cleaned the substrate, silicon wafers, in hot 1:4 H,O, (30%)/
H>SO, and then rinsed them in distilled—deionized water and absolute alcohol.
Next, a layer of gold was added in order to allow the thiol groups to bind. The
wafers were covered in gold using vapor deposition of chromium and gold from
heated tungsten boats in a cryogenically pumped deposition chamber [39].
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FIGURE 1.6 A diagram of (a) gold—alkylthiolate and (b) silicon oxide—alkylsilane
SAMs.

The layer of chromium was deposited before the layer of gold to enhance
adhesion to the substrate. The gold-coated samples were removed and placed
into 1 mM solutions of 1-hexadecanethiol in ethanol, contained at ambient
temperature, for 3 days. Afterward, the wafers were placed into the thiol
solution. Before experimental use, they were rinsed with ethanol and air dried
[39]. In this method, the thiol heads form a dense layer (1 molecule thick) on
the gold surface whereas the tails of the molecules point outward forming
another layer covering the substrate surface.

By changing the group attached to the tail of the absorbed molecules (or
using different molecules), you can tailor the functionality of the new surface.
Functionality can also be added to that tail groups after the SAM is formed. The
tail groups and molecules can be selected to form SAMs for specific appli-
cations. Adding short oligomers of ethylene glycol groups to the tail decreases
protein adhesion [40]. Methyl-terminated groups can increase plasma and
protein binding [39], which could increase the biocompatibility of the substrate.
Creating a monolayer of fluoroalkylsilane (FAS) onto silicon surfaces reduces
neural cell growth [41]. The use of l-octadecanethiol, 1-dodecanethiol, and
1-hexanethiol groups protects copper from corrosion [42]. Absorbing a layer of
octadecyltrichlorosilane (OTS) increases wear resistance of polysilicon, a
technique that may increase the durability of MEMS or NEMS [43].

1.9 CONCLUSIONS

Nanotechnology is an exciting field that has seen tremendous growth and has
advanced into the biomedical and electronics arena. Nanotechnology has
become an integrated part of our everyday lives. From medicine, to clothing, to
electronics, breakthroughs in nanofabrication have lead to new products.
There are a plethora of techniques for creating nanoscaled devices for
biomedical engineering. Many of these, such as lithography-based techniques,
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are applications of older techniques with more modern and powerful
equipment. All of these techniques produce patterns, structures, and surface
morphologies at the nanoscale that lead to devices and materials with unique
surface properties and functionality. These techniques impart unique chemical,
mechanical, electrical, and optical properties to materials for use in electronics,
materials science, and medicine. Nanofabrication has lead to major advances
in these fields and holds promise for the creation of new technologies.
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I CHAPTER 2

Micro/Nanomachining and
Fabrication of Materials for
Biomedical Applications

WEI HE, KENNETH E. GONSALVES, and CRAIG R. HALBERSTADT

2.1 INTRODUCTION

In 1965, Intel cofounder Gordon Moore observed that innovations in
technology would allow a doubling of the number of transistors on a chip
about every 2 years [1]. The reality of Moore’s prediction, popularly known as
Moore’s law, is being driven into the future, thanks to the advances in
technologies such as lithography. Apart from traditional optical lithography,
intense interest has been devoted to what is considered next generation
lithography (NGL), that is, extreme UV (EUV), X-ray, electron, and ion beam
lithographies, to produce sub-100 nm features. Advances in the lithographic
process have not only impacted the semiconductor manufacturing industry,
but also provide excellent tools/resources for the growth of the exciting
interdisciplinary field of biomedical engineering.

One of the most widely known applications of lithography in the biomedical
field is micro/nanofabrication of biomaterials. Biomaterials are a class of
materials intended to interface with biological systems to evaluate, treat,
augment, or replace any tissue, organ, or function of the body [2]. In general,
biomaterials can be divided into the following categories: polymers, metals,
ceramics, composites, and natural materials. One of the key factors in
determining the successful performance of materials in biomedical applications
is the property of the surface, where the material and the biological system
meet and interact. Intense effort has been invested into engineering the
biomaterial surface to achieve the optimum and desired interactions between
cells and materials, while keeping intact the materials bulk properties. For
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example, cell adhesion to surfaces can be either promoted by immobilizing cell
adhesive peptides, such as RGD [3] and IKVAYV [4], and proteins, such as
fibronectin [5] and laminin [6], or prohibited by attaching macromolecules such
as poly(ethylene glycol) [7]. Besides surface chemistry, surface morphology is of
paramount importance in determining the biological responses to biomaterials.
It is well known that cell orientation and the direction of cell movement are
affected by the morphology of the substrate, a phenomenon known as “contact
guidance.” The ability to control cell orientation and connection is especially
important for tissue engineering applications, as an intricate network of cells
and extracellular matrix proteins modulates tissue functions. The advent of
lithographic methods as used in microelectronics for making structures on the
same scale as biological cells has opened up the possibility of precise surface
engineering of biomaterials down to the nanometer scale [§].

The focus of this chapter will be placed on using ion beam lithography/ion
implantation to enhance performances of both “soft”” polymeric biomaterials
and “hard” metallic biomaterials. Throughout this chapter, we will use specific
examples for applications such as hard tissue replacements, blood contacting
implants, and other products. A brief summary on the recent developments of
novel biocompatible photoresists, aiming at improving the compatibility of the
conventional photolithography with biomolecular (i.e., attachment of cell-
specific peptides and proteins) and cellular patterning, is also included.

2.2 OVERVIEW OF ION IMPLANTATION PROCESS

Ion implantation refers to the bombardment of material surfaces with ions with
a minimum exposure of 10—20keV of energy [9]. It is a process whereby
energetic dopant ions are made to impinge on silicon or other targets, resulting
in the penetration of these ions below the target surface and thereby giving rise
to controlled, predictable dopant distributions. Due to high initial energy, ions
penetrate the surface layer of the material losing their energy in two types of
interactions: elastic collisions with target nuclei and inelastic collisions with the
electrons [10]. Because the ions do not penetrate too deeply, usually less than a
micrometer, the implantation and modifications are confined to the near-
surface region, and only surface properties are changed.

Ion implantation offers numerous advantages for treating component
surfaces. A primary benefit is the ability to selectively modify the surface
without detrimentally affecting material’s bulk properties, largely because the
process is carried out at low substrate temperature. It is useful for generating
surface layers that are integrated with the substrate and have a specified
composition, thus avoiding the risk of delamination associated with techniques
such as coating. The process is extremely controllable and reproducible, and
offers high concentration of the dopants. It can be tailored to modify different
surfaces in desired ways. The technique is highly versatile, allowing selection of
the types of ions used according to the characteristics to be modified. When
used in combination with an electroformed screen mesh mask, it can transfer



MICRO/NANOMACHINING AND FABRICATION OF MATERIALS 27

L2 " e oy et - 3
B41654 25KV BI1BsINN 942531 23KV B18elNN

(a) (b)

FIGURE 2.1 SEM morphology of silicon rubber that had the ion-beam texturing
process performed using an electroformed screen mesh mask with either a square (a) or
a round (b) pattern. The energy of the Ar ion beam used was 1 keV. (Reprinted from
Reference [11], with permission from Elsevier.)

the patterns from the mask to the surface by removing the atoms from the
unmasked area (Fig. 2.1) [11]. It is an attractive micro/nanofabrication
technique as it allows patterning and surface chemistry modification to occur
simultaneously in a single-step process. This approach is distinct from the
mechanical transfer of micropatterns of a die into a polymer, as well as
conventional photolithography. The limitations of the former are that the
polymer has to be a thermally stable thermoplastic material and the surface
chemistry cannot be modified. In the latter case, the surface and bulk chemistry
are difficult to modify simultaneously while applying a specific pattern.

2.3 MICRO/NANOMACHINING OF “SOFT” POLYMERIC
BIOMATERIALS

Polymers have enjoyed widespread use in many biomedical applications,
ranging from contact lenses, intraocular lenses, dental implants, vascular
grafts, artificial hearts, breast implants, biodegradable sutures, pacemakers,
artificial skin, and joint replacements. As pointed out earlier, it is very
important that the polymeric biomaterials have the “correct” surface proper-
ties to ensure the successful functional outcome. Depending on the applica-
tions, the “correct” surface properties could be corrosion and/or wear
resistance, support of cell adhesion and differentiation, antimicrobial,
antithrombogenic, and so on.

2.3.1 Orthopedic Applications

Poly(methyl methacrylate) (PMMA) is used extensively as bone cement, which is
primarily used to adhere the stems of total joint prostheses in the medullary
cavity of bone [12]. As it acts as an interface between the prostheses component
and bone tissue, it is necessary that this material is biologically compatible with
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osteoblasts (bone-forming cells) in order to enhance matrix formation and
mineralization that will ultimately support osseointegration of the implant with
the surrounding tissue. Applying masked ion beam lithography (MIBL), He et al.
[13, 14] investigated the potential of this technique for bone tissue engineering.
Compared to conventional patterning techniques such as photolithography,
MIBL produced patterns without using any harsh chemicals that are toxic to the
cells and could denature biologically active molecules such as proteins and pep-
tides (biomolecules). In these studies, PMMA films were exposed to masked Ca *
ion (85keV, 1 x 10" ions/cm?), P* ion (85keV, 1 x 10">and 1 x 10'®ions/cm?),
and Ar" ion (115keV, 1 x 10"%ions/cm?) implantations, respectively. The
surface morphology of the PMMA films was studied using atomic force
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FIGURE 2.2 AFM images of the PMMA film surfaces, recorded in the tapping mode
with typical surface features characterized by a cross-section analysis. (a) 85keV,
1 x 10'"*jons/cm® Ca™ ions; (b) 85keV, 1x 10" ions/cm®> P* ions; (c) 85keV,
1 x 10'®jons/ecm? P ions; and (d) 115keV, 1 x 10" ions/em? Ar ™" ions. (a—c, reprinted
from Reference [14], with permission from Elsevier; d, reprinted from Reference [13],
with kind permission of Springer Science and Business Media.)
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FIGURE 2.2 (Continued)

microscopy (AFM) after irradiation. As shown in Fig. 2.2, the patterns generated
on the films were characterized as arrays of holes with nanoscale depth and
microscale width. The AFM results of cross-section analysis on the Ca™ ions
irradiated sample showed that the distance between the two left edges of the
isolated islands is about 11 wm, and the height of each island is about 87 nm. In
the lower dose P™ ions treated sample, the distance is 9.8 wm and the depth is
129 nm. When the dose of P' ion was increased, the distance increased to
11.3 wm while the depth became 95 nm. Due to erosion of the walls from the
sides, the walls became thinner when the dosage of the ions was increased.
Initially, only the region that is under the opening of the mask is etched, but as
those areas recede, the walls stick up higher than the eroded areas. Even though
the mask shades the walls, ions that sputter off the center of each region can come
off at a shallow angle and strike the wall, which results in the sputtering from the
sides of the walls.
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FIGURE 2.2 (Continued)

In order to evaluate the influence of the ion beam treatments on cell
adhesion, primary rat calvaria osteoblast cells were cultured on nonirradiated,
P" ion irradiated, and Ar™ ion irradiated PMMA surfaces [13]. Both P ions
and Ar" ions implanted PMMA samples had greater cell attachment than the
untreated PMMA, indicating that ion irradiation improves osteoblast adhesion
on polymeric substrate, most likely due to the increased surface roughness.
This is consistent with the literature on strong correlations between increased
surface roughness and enhanced osteoblast adhesion [15]. Furthermore, despite
the similarity in surface topography and surface roughness in both treated
samples, the extent of cell attachment was higher for the P irradiated samples
than the Ar" irradiated samples. This observed difference may be due to not
only a surface morphological difference but may also be due to that P" ions
influence on osteoblast behavior. The depth profile of P in the treated PMMA
film was investigated by dynamic secondary ion mass spectroscopy (SIMS).
The majority of P ions are distributed in the area that is about 100 nm from the
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surface, with the maximum concentrations of 1.1 x 10*°ions/cm® at 121 nm.
The result suggested that MIBL is capable of achieving a nanoscale elemental
composition/distribution.

In summary, the advantages of using ion implantation as a microfabrication
technique are as follows: (a) since it is a one-step process, the patterns can be
“micromachined” into the material in a controlled manner through specific
masks; and (b) by selecting a specific ion to implant, such as Ca or P, the
surface chemistry of the biocompatible material can be tailored, which may
influence certain biological processes. In addition, nanostructures can be
controlled to allow for distinct cellular pattern adhesion. MIBL could be a
viable and novel technique for patterning and doping soft materials
simultaneously for potential biomedical applications.

The other type of commonly used polymeric orthopedic product is ultrahigh
molecular weight polyethylene (UHMWPE), which is generally used in total
joint replacement because of its superior properties such as ductility, impact
load damping, and excellent biocompatibility [16, 17]. However, the generated
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wear debris at the articular surface compromises the long-term use of
UHMWRPE, as it is considered the major cause of loosening and premature
failure of the total joint replacement [18]. Ion implantation has provided an
effective means to improve the wear properties of UHMWPE. For example,
UHMWPE was subjected to nitrogen ion implantation [19, 20]. Wear
resistance of UHMWPE after nitrogen implantation was improved by 68
times over control samples, due to cross-linking of UHMWPE that reduces the
sliding between the molecules. In addition, the load-bearing capacity of
UHMWPE was increased, which could be partially attributed to the harder
and tougher surface-modified layer produced by nitrogen ion implantation.
Valenza et al. [21] studied the effect of ions other than nitrogen on wear
resistance of UHMWPE. UHMWPE was implanted using H", He ", Ar™, and
Xe™" ion beams at 300 keV. The irradiation was performed with an ion flux
ranging between 10" and 10" ions/cm®. Using traditional pin-on-disk wear
tests, the authors found that the surface wear resistance increases with
increasing irradiation dose: a reduction of about 76% is observed after 72 h in
a UHMWPE sample treated with 3 x 10" Xe " /em?.

2.3.2 Blood-Contacting Devices

Synthetic polymers are widely used in blood-contacting implants and devices.
Using vascular prostheses for instance, clinically used artificial blood vessels
are constructed most frequently from expanded polytetrafluoroethylene
(ePTFE) or poly(ethylene terephthalate) (PET), also known as Dacron.
Major concerns associated with blood-contacting devices are infection,
thrombosis, and stenosis. Ion implantation has been successfully used to
improve the antithrombogenicity and hemocompatibility of polymeric
biomaterials [22-30]. The reduction of thrombogenicity of silicon rubber
for catheters was achieved by treating the surface with ions, such as
hydrogen, nitrogen, argon and neon, leading to increases in its hydrophilicity
and significantly changing the long-term ability of its surface to resist
biodeposits [25, 30]. The other approach to improve the biocompatibility of
artificial vascular grafts is to develop surfaces that support endothelializa-
tion. This is crucial since endothelial cells are responsible for the formation
of a nonthrombogenic interface between blood and tissue. In the early 1990s,
Lee et al. [22] reported that the adhesion and proliferation of endothelial
cells could be drastically improved when the surface of segmented
polyurethane (SPU) was modified by neon or sodium ion implantation
(Fig. 2.3). In vivo, the neon ion implanted SPU tubes demonstrated superior
graft patency when replacing the femoral artery [24] Kurotobi et al. [31]
prepared hybrid-type small vascular grafts of ePTFE in three steps: Ne ion
bombardment of the inner walls of small tubes, plasma protein coating on
implanted surfaces, and He ion bombardment through proteins coated on
inner walls. The graft was implanted in the carotid artery of a mongrel dog
and the health of the dog was followed for 180 days. The graft exhibited
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FIGURE 2.3 Morphology of endothelial cell attachment to Ne' ion implanted
(a) polystyrene and (b) segmented polyurethane with a fluence of 1 x 10'®ions/cm?
after incubation of 3 days.(Reprinted from Reference [30], with permission from
Elsevier.)

great antithrombogenicity, possibly as a result of low plasma protein
adsorption. Oxygen [28], silver [26, 27], and fluorine [29] ion implantations
have also been demonstrated to affect endothelial cell adhesion and growth
on polymer substrates.

2.3.3 Other Applications

Recently, ion implantation has also been used to treat polymers for nervous
system repair. Polydimethylsiloxane (PDMS) rubber tubes, commonly used
for peripheral nerve regeneration, were treated by carbon negative-ion
implantation [32]. The PDMS rubber surface was found to have more
hydrophilic properties due to the formation of functional groups such as
hydroxyl at the surface by the radiation effect of ion implantation. The
carbon-implanted PDMS rubber tube was effective in “‘tubulation” of rat
sciatic nerve, where 15-mm-long sciatic nerve was regenerated to conduct
nerve stimulation. Okuyama et al. [33] investigated neurite outgrowth on a
fluorinated polyimide film micropatterned by ion beam. The ability to control
the interaction of neurons with a biomaterial surface in a specific manner is
important for both the investigation of basic neuron cellular function and the
design of advanced bioelectronics such as biosensors and neural computers.
To demonstrate the importance of the surface topography and chemistry on
neuron cell behavior, micropatterns with 120 or 160 wm width (Fig. 2.4) were
prepared on polyimide surface using an ion-beam mask by irradiation with
He™, Ne™, or Kr" at 1 x 10'*ions/cm?® Neurons preferentially attached to
areas exposed to the ion beams. Interestingly, although most attachment was
found on Kr™ treated surface and the least was on He™ treated, the extent of
neurite outgrowth was the opposite; that is, He™ surface supported the
longest neurite extension while cells on the Kr™ surface showed the shortest
neurite length. These results imply that ion implantation could be used to
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(a)
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FIGURE 2.4 Images of phase contrast microscopy of PC12 cells cultured on ion-
irradiated fluorinated polyimide films for 72h. (a) He® + Ne™ irradiation; (b)

He™ + Kr™ irradiation; (¢c) Ne™ + Kr™ irradiation. (Reprinted from Reference [33],
with permission from Elsevier.)
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pattern specific cellular growth on a biomaterial substrate. Another example
of the possibilities offered by ion implantation for biomedical applications is
the development of a dural substitute in restorative cranial surgery. The ideal
synthetic dural substitute requires two different surfaces: a cell adhesive
external side and a nonadhesive cerebral side. Commonly, the nonabsorbable,
nonadhesive ePTFE is used for this purpose. Ne™ ion implantation of one
side of ePTFE led to excellent bone attachment and tissue in-growth without
altering the properties of the nonadhesive cerebral side [30]. In another study,
ePTFE was exposed to Ar " ion implantation and exhibited excellent closure
of the dural defect without the postoperative leakage of the cerebrospinal
fluid (CSF) [34]. The improvement was believed to be due to fibroblast-like
cell invasion and anchoring into the gaps of the ePTFE surface created by
ion-beam irradiation that enhanced the cell adhesiveness of the material.

Examples of using ion implantation for other biomedical applications of
polymers include F* ion implantation to induce cell attachment onto the
PMMA intraocular lens [35], ion beam modifications of polyethylene for a
skin coverage substitute [36, 37], and Ar " ion implantation to reduce tissue
inflammatory response to polyurethanes [38]. In addition to these applica-
tions, the prevention of medical device related infections remains a main
obstacle due to the high rate of complications, increasing health care costs
and causing high rate of mortality and morbidity. Therefore, it is of great
interest to the biomedical industry that the medical polymers possess anti-
infective properties. Studies have shown that ion implantation provides an
effective yet simple approach to minimize bacterial adhesion to polymers.
Silver ion implantation has been studied due to its antimicrobial properties
[39, 40]. Boldyryeva et al. demonstrated that negative silver ion implantation
into PMMA not only resulted in the formation of silver nanoparticles with
the diameter of less than 10 nm, but also created surface-exposed gradient of
such nanostructures [40]. Other ions, such as argon [41] and acetylene [42],
have also been shown to improve the antibacterial performance of polymeric
biomaterials.

2.4 MICRO/NANOMACHINING OF “HARD” METALLIC
BIOMATERIALS

Metallic materials are no strangers to the biomedical field. In fact, metal
implants are widely used for orthopedics, dental, and cardiovascular
applications, examples of which include total hip replacement, total knee
replacement, bone plates, and stents. In the field of orthopedics, metals are
popular primarily because of their ability to bear significant loads, withstand
fatigue loading, and undergo plastic deformation prior to failure. Currently,
the most commonly used metal implants include stainless steels, cobalt—
chromium—molybdenum alloys, commercially pure titanium, and titanium
alloys [12]. However, the use of metallic implants is not short of problems, and
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ion implantation has been widely used to improve the performance of metallic
implants. This section will review studies involving ion implantation of hard
metals.

2.4.1 Orthopedic Applications

As mentioned above, metals are used in orthopedic applications because of
their good biocompatibility and their excellent mechanical and tribological
properties. However, there are still limitations associated with their applica-
tions. For example, a typical concern with titanium is its relatively poor wear
resistance. Among various procedures used to enhance the performance of
metallic orthopedic products, ion implantation has been the most commonly
used treatment. Ion implantation can harden the surface and reduce the
friction coefficient, ultimately improving the wear resistance [43]. Buchanan’s
work [44] demonstrated that impregnation of Ti6Al4V with nitrogen ion
significantly improved the material’s resistance to wear-accelerated corrosion
in both saline and serum solutions at all applied stress levels. Other researchers
observed order-of-magnitude improvements in the wear resistance of nitrogen
ion implanted titanium alloys [45, 46], using traditional pin-on-disk wear tests.
Besides nitrogen, several other elements have also been used to improve wear-
corrosion and corrosion behavior of metals. Tan et al. [47] modified
nickel—titanium with oxygen at three levels of implantation doses (5 x 10'¢,
1 x 10", and 3 x 10'7jons/cm?). Topographical changes were induced by
oxygen ion implantation. Grooves that were originally present on the NiTi
surface were smoothed by low and medium dose oxygen ion implantation, and
the medium dose oxygen-implanted samples (1 x 10'7 jons/cm?) showed the
best corrosion resistance; however, nanopores appeared on the surface of the
modified materials at the high dose (3 x 107 ions/cm?), which acts as the
source of pitting corrosion and impairing the resistance of pitting corrosion.
Krupa et al. [48] studied how the modification of titanium surfaces by calcium
ion implantation affects the corrosion resistance of titanium. It was found that
calcium ion implantation at a dose of 1 x 10'7 jons/cm? increases the corrosion
resistance of titanium under stationary conditions, but, at longer exposure
times, the susceptibility of calcium ion implanted titanium to pitting corrosion
under anodic polarizations increases. In a subsequent study [49], phosphorousion
implantation was performed on titanium surface at a dose of 1 x 10" ions/cm?,
The process led to amorphization of the surface layer and the formation of TiP.
It also increased the corrosion resistance after short-term as well as long-
term exposures, suggesting the advantageous effect of phosphorous ion
implantation.

Great effort has also been devoted to improve the integration of metallic
implants with the surrounding bone tissue. It is widely known that ceramic
materials bind well to bone tissue due to the advantageous effect of their
components CaO and P,0s, which are capable of nucleating hydroxyapatite
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(HA). HA has many crystallographic features similar to those of the natural
apatite present in bone, and therefore has been frequently used as coatings to
create the bone-like surface chemistry that will be beneficial for osseointegra-
tion. Metals such as titanium do not support precipitation of HA intrinsically.
In order to endow the metal surface with factors capable of being actively
involved in the osseointegration process, researchers have studied how calcium
ion implantation and phosphorous ion implantation modify surface chemistry
and bioactivity both in vitro and in vivo. Hanawa et al. [S0] demonstrated
in vivo that the implantation of Ca® ions into Ti surfaces enhanced
osseointegration and the formation of new osteoid tissue, possibly as a result
of more rapid calcium phosphate precipitation on the implanted surface. Pham
et al. [51] studied surface-induced reactivity for Ti by ion implantation of Ca
and P, respectively, at several implantation energy steps. Needle-like HA
crystallites were found on all implanted surfaces, but absent on the control
samples without any ion implantation, suggesting that Ca and P ion
implantation rendered the Ti surface active in the biomineralization process.
In vitro culturing of bone cells on the Ca ion implanted Ti samples showed that
the cell-material interaction was altered and was dependent on the ion
implantation dosage [52-54]. High dose of Ca ions (1 x 10" ions/cm?)
significantly enhanced cell spreading, formation of focal adhesion plaques,
and expression of integrins, despite the initial decrease in cell adhesion. Several
groups [55-57] also studied the effect of dual ion implantation of Ca and P into
Ti and its alloys. It was found that the binding energies of the Ca 2p, P 2p, and
O Is peaks of the modified surface layer about 100 nm thick are the same as the
hydroxyapatite standard, indicating the formation of an apatite-like nanocoat-
ing on the surface by the successive implantation of calcium and phosphorous.
The improved biocompatibility was further confirmed by the growth of bone
marrow cells on the treated surfaces.

Sodium has also been implanted into titanium to improve its bone
conductivity [58—60]. The implantation induced a modification in chemistry
and morphology, producing morphologically rugged surfaces and showing
sodium titanate incorporated within the surface layer with concentration,
depth distribution, and morphology depending on the parameters of the ion
implantation. The growth of bone-forming cells on the Na ion implanted
surfaces was significantly improved from that on the untreated samples,
evidenced by the high alkaline phosphatase activity and better spreading of
cells [60].

Amino groups (NH, ") have been implanted to modify Ti surfaces [61, 62].
Because of the formation of TiN during the implantation process and the
ability to create depths as deep as 61 nm, properties of the Ti, such as wear,
corrosion, and fatigue resistance, have been improved. In addition, the
attachment and spreading of cultured osteoblasts onto NH, " implanted Ti
was better than on hydroxyapatite and there was also an increased calcification
on its surface.
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2.4.2 Dental Implants

Dental applications use metallic implants for several therapies, including root
form implants, endodontic stabilizers, and dental blades. Similar to orthopedic
applications, it is also desirable to have faster and stronger bone bonding to the
dental implant. Surface modification by ion implantation has been used to
enhance the efficacy of these metallic implants. De Maeztu et al. [63] evaluated
bone integration of dental implants habitually used in clinical practice and
subjected to ion implantation surface treatment. Both commercially pure
titanium dental implants and Ti6Al4V alloy implants, untreated or treated with
either one of the following ions, carbon oxide (CO™), nitrogen (N ), carbon
(C™"), and neon (Ne "), were examined. The study found that surface treatment
of dental implant surfaces by ion implantation to improve bone integration not
only quantitatively (higher percentage contacts between bone and implant), but
also qualitatively (with strong and more stable binding). There was a statistical
difference found between the treated implants and controls, especially for C ™
ion implantation in Ti, and for CO™ implantation in Ti6Al4V where the
existence of covalent bonding between the Ti—O—C atoms was confirmed by
X-ray photoelectron spectroscopy. Lee et al. [64] tried to successfully improve
the surface hardness of endodontic Nitinol (nickel—titanium alloy) root canal
instruments using boron implantation. Alternatively, Rapisarda et al. [65]
implanted nitrogen ions into nickel—titanium endodontic instrument at
an implantation dosage of 2 x 10" ions/cm” and demonstrated that the ion
implantation process makes NiTi endodontic instruments more resistant to
wear and, therefore, able to shape more pulp canals before being discarded. It
has also been shown that the ion implantation of nitrogen onto the surface of
orthodontic wires decreases the frictional forces produced during tooth
movement, thereby improving the efficiency of tooth movement [66].

2.4.3 Blood-Contacting Devices

Metals can also be used in blood-contacting devices. For example, coronary
stents are mostly made from 316L stainless steel. Carbon ion implantation on
the stainless steel stents was suggested to have the potential of reducing
restenosis caused by inflammatory reaction after coronary revascularization
[67]. Recent work by Yang et al. [68] demonstrated that phosphorous doping is
an effective way to improve the blood compatibility of titanium oxide film, and
it is related to the changes of electron structure and surface properties caused
by phosphorous doping. On the contrary, ion implantation can also be used to
improve thrombogenicity. Murayama et al. [69] modified Guglielmi detachable
platinum coils (GDCs) that are used for endovascular treatment of wide-
necked aneurysms, using a combination of protein coating and Ne' ion
implantation at a dose of 1 x 10" ions/cm”. They found an intensive blood
cellular response on ion-implanted coil surfaces, indicating that ion implanta-
tion combined with protein coating of GDCs improved cellular adhesion and
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proliferation. This technology may provide early wound healing at the necks of
embolized, wide-necked, cerebral aneurysms.

2.4.4 Other Applications

As discussed above, ion implantation can also generate antibacterial properties
on the metallic implant surfaces. It has been shown that F © implanted titanium
significantly inhibited the growth in vitro of both bacteria Porphyromonas
gingivalis and Actinobacillus actinomycetemcomitans than nonion implanted
control polished titanium samples [70]. Other ions such as silver and copper
also have favorable effects on antibacterial property of the surfaces. Dan et al.
[71] demonstrated that implantation of copper ions into AISI 420 stainless steel
with a dose of 5x 10'7jons/cm? greatly improved its antibacterial property
against both Escherichia coli and Staphylococcus aureus.

2.5 NOVEL BIOCOMPATIBLE PHOTORESISTS

As mentioned earlier, the application of conventional photolithography for
cellular and biomolecular patterning is greatly hampered due to the fact that
organic solvents are normally utilized to dissolve the photoresist in order to
reveal the pattern on the surface of the material. Such processes can lead to
the denaturation of biomolecules, and thus, it is not suitable for application
in biomolecular surface patterning. For example, the commonly used
negative photoresist SU8, a multifunctional epoxy derivative of a bis-
phenol-A novolac, requires the use of developers such as ethyl acetate or
diacetone alcohol. Therefore, in order to create specific biocompatible
surfaces using photolithography, a new class of photoresists will need to be
developed. After all, photolithography is the current workhorse for the
microelectronics industry, and it is a very mature and developed technology,
with the capability of generating very precise, highly reproducible, and
large-scale patterns. To date, two types of new biocompatible photoresist
materials have been developed: one is based on poly(#-butyl acrylate) [72-74],
and the other is based on poly (3-(¢#-butoxycarbonyl)-N-vinyl-2-pyrrolidone)
[75, 76].

Both photoresists share the chemical amplification mechanism; that is, the
photogenerated acid deprotects the z-butyl ester groups resulting in changes in
solubility/hydrophilicity. It has been demonstrated that with the poly(z-butyl
acrylate) type photoresist, it is possible to pattern biomolecules directly while
the resist is being processed because the biomolecules can tolerate the low
temperatures and the concentrations of the developer applied. Instead of the
commercially common developer of base concentration in the range of 0.27N,
diluted aqueous base developers of 0.0026N or lower base concentration were
sufficient to reveal the pattern, making the processes both environment and
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FIGURE 2.5 AFM micrographs of patterned poly(MMA-co---BOC-NVP) surface
(25 pm line x 50 um space) showing section analysis.

biomolecular friendly. On the contrary, the development of poly(3-(z-
butoxycarbonyl)- N-vinyl-2-pyrrolidone) type photoresists has further im-
proved the biocompatibility of the lithographic patterning processes, as the
usual step of feature development by organic solvents that normally denature
biomolecules was eliminated. Upon exposure to UV light, the z-BOC groups
undergo photolysis and become carboxylic groups, resulting in a change of
surface property from hydrophobic to hydrophilic. Consequently, upon seeding
fibroblast cells onto these patterned surfaces, the cells aligned along the
hydrophilic patterned grooves. The preferential adhesions to the patterns are
most likely due to the preferential adsorption of serum proteins from culture
media onto the UV exposed area, which is more hydrophilic. The newly formed
carboxyl groups also provide possibilities to couple specific peptides or proteins
that will guide cell interaction with the substrate in a specific manner. In
addition, these photolithographic techniques can control the depth and the
pitch of the surface structures at the nanometer scale. As shown in Fig. 2.5, the
patterned surface presents topography of nanogrooves with resolution around
200 nm, which may contribute to the observed oriented cellular growth. These
important components coupled with the ability to mask different patterns of cell
adhesive and nonadhesive peptides may allow for the tailoring of complex cell
adhesive patterns onto the surface for the creation of complex tissues and
organs.
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2.6 THREE-DIMENSIONAL LITHOGRAPHY

A major interest in the field of tissue engineering is creating three-dimensional
scaffold that will mimic the extracellular matrix (ECM) and accommodate
mammalian cells by guiding their growth in three dimensions. ECM consists
of numerous topographical features at the nanoscale, such as nanofibers,
pores, bands, and bridges [77]. Thus, it is important to replicate these features
to ensure the creation of functional tissues in vitro. Currently, techniques that
can produce nanopatterns on biomedically relevant surfaces are limited.
Ideally, such techniques should satisfy the requirements of nanoscale
resolution, high throughput, reproducibility, high controllability of 3D
nanostructures, low cost, and ability to pattern large area [78]. Nanoimprint
lithography (NIL) has emerged as a versatile technique to meet these
requirements. NIL can generate sub-10 nm resolution features on either flat
or nonflat surfaces and has been widely used in nanodevice fabrications
ranging from electronic to biological applications [79, 80]. Recently, Hu et al.
[78] have demonstrated that NIL can be applied to fabricate three-dimensional
scaffolds consisting of multiple-layer nanostructures on biomedically
relevant substrates. Motivated by the natural 3D nanostructures on collagens,
which have a 400 nm fibrillar width and 70 nm cross-striation, they developed
a multiple-NIL process to generate similar 3D nanostructures on tissue-
culture polystyrene. Bovine pulmonary artery smooth muscle cells were
cultured on the scaffolds and the results show that these imprinted polymer
scaffolds with nanotopographical features can effectively direct the cell
orientation.

The other approach to generate 3D nanostructures is UV nanoembossing.
UV embossing offers many advantages; for example, it is usually performed at
room temperature and low pressure. This is critical to the patterning of delicate
substrates such as encapsulated protein-in-polymer or water-containing
hydrogels for biomedical applications [81]. Yue’s group has demonstrated
the use of UV embossing to create high aspect ratio submicrometer-scale 3D
structures on biocompatible polymers, that is, poly(ethylene glycol) diacrylate
hydrogel, with faithful replication, and the feasibility of incorporating proteins
into the patterned structures that will have potential in many biological
applications such as protein and drug delivery, as well as tissue engineering
[81, 82].

2.7 CONCLUSIONS

Advances in the lithographic processes are providing powerful and versatile
tools for biomedical engineering research. In a recent review by
Khadembhosseini et al. [83], the impact of micro/nanoscale engineering enabled
by the widespread use and availability of lithographic technologies has been
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summarized, especially for tissue engineering and biological applications. An
impressive body of research has demonstrated that surface structures even
down to the nanometer scale can regulate cell behavior and fate both in vitro
and in vivo. Therefore, the ability of generating biologically relevant structures
with dimensions ranging from nanometer to millimeter and providing exquisite
control over the composition and properties at the interface is very attractive
for biomedical engineering research. Because of its unique capabilities of
generating surface chemistry alterations and micro/nanoscale topography
simultaneously, ion implantation/lithography are becoming increasingly
important in enhancing biomaterial—cell interactions. It can be envisioned
that micro/nanoscale technologies will play a critical role in advancing many
clinical applications.
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I CHAPTER 3

Novel Nanostructures as Molecular
Nanomotors

YAN CHEN, JIANWEI JEFF LI, ZEHUI CHARLES CAOQO, and WEIHONG TAN

3.1 INTRODUCTION

Nanotechnology is the design, characterization, production, and application
of structures, devices, and systems by controlling shape and size at the
nanometer scale. It produces and exploits moieties whose valuable properties
are attributable to their precise nanoscale architectures, and promises to be
among the most important emerging scientific areas of the twenty-first
century as Richard Feynman predicted early in 1959. Recently, nanotechnol-
ogy has addressed many important problems from basic sciences to
biomedicine to space technology. Today, a variety of nanoscale-structured
materials and devices can be manufactured. For example, the burgeoning
interest in the medical applications of nanotechnology has led to the
emergence of a new field called nanomedicine, which greatly improves or
even revolutionizes medical diagnosis, treatment, and prevention of diseases
by using molecular tools and molecular knowledge of the human body [1].
Most of these studies include the interaction of nanostructured materials
with biological systems.

The ability to systematically modify the properties of biological nanostruc-
tures by controlling their structure and their chemical properties at a nanoscale
level makes them extremely attractive candidates for use in contexts from
fundamental scientific studies to commercially viable technologies. Also, various
nanostructures have been investigated to determine their properties and possible
applications in biosensors. These structures include nanotubes, nanofibers,
nanorods, nanoparticles, and thin films. The use of nanomaterials in biosensors
allows the application of many new signal transduction technologies for rapid
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analysis of multiple substances in vivo. Besides biosensors, nanotechnology also
aims to exploit biomolecules and the processes carried out by them for the
development of novel functional materials and devices and more speculatively,
nanomachines and perhaps nanorobots. In the long term, the earliest molecular
machine systems and nanodevices may be effective in scientific and medical
applications, giving scientists and physicians the most potent tools imaginable to
conquer scientific problems, human disease, ill health, and aging.

Hence, one of the questions arising from nanotechnology development is:
“How to provide energy for nanodevices?”’ Similar to conventional equipments
and devices, nanodevices also need energy to function properly and
consistently. This leads to the idea of constructing nanomotors from biological
molecules. So far, several types of nanomotors have been developed based on
protein, DNA, and RNA molecules, and their efficiency to convert biological
or chemical energy into mechanical energy has been demonstrated and
characterized.

Ideal for engineering purposes, proteins represent fertile territory for
nanotechnology. They possess sophisticated architectures at nanoscale dimen-
sions, rich chemistry, and versatile enzymatic activities. They are also capable
of carrying out complex tasks in cells. Nanodevices could use motor proteins to
move linearly, by rotation, or in a more complex three-dimensional manner.
Nanodevices might also respond to the environment through proteins with
built-in switches that operate in a simple on—off way or through more finely
tuned and complex logic gates with graded or multiple inputs. In this way,
nanodevices will be able to sense their environment.

More advanced functions might include transport (uptake, movement,
and delivery of cargoes utilizing protein transporters and pores) and chemical
transformation, by enzymatic catalysis, for example. Most molecular
motor proteins perform actual physical work by actively transporting or
moving other molecules or proteins within cellular systems. Examples of
these type of proteins are the kinesin motor proteins that “walk” on
“tubulin-rails” transporting vesicles along given pathways in the cell.
Similarly, certain members of the myosin family transport cargo using actin
filaments as a track to run on. In addition to intracellular transport directed
by microtubule tracks, proteins like dynein together with tubulin are
also involved in the movement of whole, free cells like sperm cells and
protozoa [2].

Besides proteins, nanomotors can be constructed with various biomotifs. In
this chapter, we mainly focus on DNA nanomotors. Despite its central
importance in biology, the applications of DNA are not restricted to biological
sciences. DNA functions successfully as genetic material because of its
chemical properties. Its capabilities to form duplex via Waston—Crick base
pairing, as well as its diversity in adopting different conformations due to
external stimuli, which can be mediated by small molecules or ions [3], promise
its potential in the development of nanomotors.
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3.2 MULTI-DNA NANOMOTORS

Conformational changes induced by intermolecular hybridization of comple-
mentary DNA molecules can be translated into a nanomechanical response to
construct various types of nanomotors. The first DNA hybridization-based
nanomotor was the DNA tweezer built by Yurke and his colleagues [4]. Based
on the concept of chemical fuel by strand-exchange reactions, the DNA
tweezer involves the intermolecular hybridization of three oligonucleotides as
shown in Fig. 3.1. Strand A, doubly labeled with a 3>-TAMRA (carboxyte-
tramethylrhodamine) and a 5'-TET (tetrachlorofluorescein) fluorogenic group,
consists of two 18-base sequences that hybridize with complementary
sequences at the ends of strands B and C to form two stiff arms; the hinge is
formed from a four-base single-stranded region of A between the regions
hybridized to strands B and C. In this conformation, termed as “rest state,” the
remaining two unhybridized 24-base portions of 42-mer stands B and C dangle
floppily from the end of the tweezer. In this rest state, the two fluorophores are
spatially separated and no intermolecular resonant energy transfer from TET
to TAMRA, and therefore, no quenching of TET fluorescence occur. The
assembled tweezers are opened and closed with fuel strands F and E. The
closing strand F consists of three regions, two of which are 24-mer base
sections complementary to the dangle end of the tweezer on strands B and C.
The other region of F locates at one end with an additional eight-base
overhang section. The hybridization of F and the tweezer in the dangle end
areas brings the two ends of the tweezer together. In this closed form, the
fluorescence signal of TET is quenched by intramolecular resonant energy
transfer from TET to TAMRA. When adding the opening strand E, which is
fully complementary to strand F, the strand-exchange reaction occurs and F is
displaced from the tweezer by branch migration and forms a more stable

FIGURE 3.1 Construction of the molecular tweezers. Molecular tweezer structure
formed by hybridization of oligonucleotide strands A, B, and C.
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Open

Closed

FIGURE 3.2 Operation of the molecular tweezers. Closing and opening the molecular
tweezers. Closing strand F hybridizes with the dangling ends of strands B and C (shown
in blue and green) to pull the tweezers closed. Hybridization with the overhang section
of F (red) allows F strand to remove F from the tweezers, forming a double-stranded
waste product FF and allowing the tweezers to open. Complementary sections of B, C,
F, and F that hybridize to close and open the tweezers are colored.

duplex with E. Released from the hybridization with F, the tweezer returns to
its “‘rest state” and gives the fluorescence signal again. The above process
completes one cycle of opening and closing of the nanomotor with a waste
product as FE duplex, and this cycling of the motor is fully reversible. The
operation of the molecular tweezers is shown in Fig. 3.2. The switching time is
about 13 s. For each cycle, the fluorescence signal drops by a factor of 6 when
the tweezer is closed by F and climbs back to the original level when opened by
E. The closing force for the tweezer is about 15 pN, which is at the upper end of
the range of measured forces exerted by single-group kinesin and myosin
motors.

One problem of this DNA tweezer design is the lack of robustness due to
the formation of dimer or other oligomers between cycles [5]. The first robust
nanomotor device based on multiple DNA hybridization topology was the
PX—JX2 nanomotor developed by Yan et al. [6] (Fig. 3.3). They improved the
robustness via the Yurke mechanism [4] by introducing two topological
motifs—paranemic crossover (PX) DNA and its topoisomer (JX2) DNA,
the latter of which can be converted to the other by removal of the internal
strands and rotating by 180°, as shown in Fig. 3.4. The PX motif consists
of two helical domains formed by four strands that flank a central dyad axis,
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FIGURE 3.3 Schematic drawings of the device. The PX and JX2 motifs. The PX
motif, postulated to be involved in genetic recombination, consists of two helical
domains formed by four strands that contain a central dyad axis (indicated by the
vertical black arrows). Two strands are drawn in red and two in blue, where the
arrowheads indicate the 3’ ends of the strands. The Watson—Crick base pairing in which
every nucleotide participates is indicated by the thin horizontal lines within the two
double helical domains. Every possible crossover occurs between the two helical
domains. The same conventions apply to the JX2 domain, which lacks two crossovers in
the middle. The letters A, B, C, and D, along with the color coding, show that the
bottom of the JX2 motif (C and D) are rotated 180° relative to the PX motif.

while its topoisomer, JX2, contains two adjacent sites where backbones
juxtapose without crossing over. Both of them are constructed by internal
““set” strands, which have single-stranded extension to allow branch migration.
The green set strand can set the motor in its PX conformation, while the pale-
purple one can fix it in JX2 form. In the presence of biotinylated fueling strands
and with the aid of streptavidin-coated magnetic beads, the green set strands
can be eliminated from the PX, producing an unstructured intermediate. The
addition of pale-purple set strands converts the intermediate to JX2
conformation. Reversed conformational change can also be achieved via the
same mechanism.

The robustness and effectiveness of this nanomotor are demonstrated by gel
electrophoresis, but the most convincing evidence for its operation is derived
from atomic force microscopy (AFM) data [7]. DNA trapezoids are connected
to the nanomotor to form three edge-sharing DNA triangles. The conforma-
tional change between PX and JX2 brings the trapezoids to parallel form or
opposite orientation, which can be observed by an atomic force microscope.
The AFM images, shown in Fig. 3.5, demonstrate the effective conversation of
the nanomotor.
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FIGURE 3.4 Principles of device operation. On the left is a PX molecule. The green set
strands are removed by the addition of biotinylated green ““fuel” strands (biotin
indicated by black circles) in process I. The unstructured intermediate is converted to
the JX2 motif by the addition of the pale-purple set strands in process II. The JX2
molecule is converted to the unstructured intermediate by the addition of biotinylated
pale-purple “fuel” strands in process III. The identity of this intermediate and the one
above it is indicated by the identity symbol between them. The cycle is completed by the
addition of green set strands in process IV, restoring the PX device.

PX JX2 PX IX2

FIGURE 3.5 Cycling of the device. This panel shows three steps of the operation of
the device, sampling aliquots from each cycle. The system originates in the PX state and
is then converted (left to right) to the JX2 state, back to PX, and then back to JX2. The
PX linear arrays are clearly in the cis arrangement, and the JX2 linear arrays are clearly
in the trans arrangement. All images show an area 200 nm x 200 nm.
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3.3 SINGLE DNA NANOMOTORS

While people have employed DNA hybridization to construct DNA nanomotors
with multiple DNA molecules, a single DNA molecule can also accomplish this.
The development of a “molecular beacon” is one of the examples, which makes
the fabrication of DNA nanomotor simple and convenient. Molecular beacon is
a single-stranded DNA (ssDNA) that can form an intramolecular hairpin
structure due to a specially designed nucleotide sequence. The two ends of the
beacon are labeled with a fluorophore F and a quencher Q, respectively. Prior to
hybridization with target nucleic acids, the beacon takes on a stem—loop
structure and keeps the F and Q in close proximity, which results in minimal
fluorescence signal due to static quenching of the fluorophore by the quencher.
After introducing the target, the loop sequence of the molecular beacon
hybridizes to the target and opens up the stem duplex. Consequently, the two
moieties are spatially separated, leading to the restoration of the fluorescence.
Tan et al. [8] made use of this kind of special DNA structure and constructed an
artificial molecular motor made of a single-strand DNA molecular beacon.
Based on the same principle of natural protein motors to switch between
two different conformations, they have constructed a single-strand DNA
motor that can change between its shrunken and extended forms. The DNA
molecule is a 17-mer DNA oligonucleotide with a sequence of 5'-
TGGTTGGTGTGGTTGGT-3. This ssDNA adopts a highly compact and
symmetrical tetraplex (TE) structure that consists of two tetrads of guanosine
base pairs and three loops, as shown in Fig. 3.6. The shrunken state of the
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FIGURE 3.6 The structural conformation of the DNA motor. The red ball and the
black ball represent the fluorophore and the quencher, respectively. The rectangular
plains represent two layers of G-quartet structures.
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FIGURE 3.7 The working principle of the DNA motor. (I) In the presence of a strand,
the 17-mer forms a duplex with «, which straightens the tetraplex and separates F and Q,
changing the TE conformation into the DU form. (II) The addition of 8 strand initiates
the strand-exchange reaction by DNA sticky end pairing and forms a longer duplex with
the o strand. (IIT) The strand-exchange reaction releases the 17-mer from the DU
structure. (IV) The 17-mer shrinks and forms back the tetraplex structure again.

molecule brings the two ends close to each other. Therefore, the fluorophore F
and quencher Q come to spatial proximity and consequently the nanomotor is
in its dark state. The working principle of this nanomotor is shown in Fig. 3.7.
In the presence of a complementary oligonucleotide, strand «, the 17-mer
nanomotor and a will form a DNA duplex (DU) that straightens the tetraplex
and separates the two ends of the motor. This extended form of the DNA
molecule motor will give approximately fourfold of enhanced fluorescence,
which reflects the conformational change of the DNA. This motor is also
named “DUTE motor” since it is switched between a duplex form (DU) and a
tetraplex form (TE). Similar to some natural motors, the DUTE motor returns
to its original shrunken state via a DNA strand-exchanging reaction [9] using a
new single strand B that is fully complementary to the a strand. The strand-
exchanging reaction is initiated by DNA sticky end pairing [10] and proceeds
through a branch migration [11] to form duplex af. Consequently, the 17-mer
oligonucleotide comes back to its original tetraplex shrunken form and
completes one extending—shrinking cycle. Further addition of o will initiate a
new cycle of the molecular motor, which reveals that the process is fully
reversible. Figure 3.8 records 10 cycles, which clearly shows that the
shrinking—extending cycle can be easily and accurately controlled. The net
product in each cycle, a duplex DNA molecule o, releases energy during
hybridization and is the driving force to produce mechanic movements of
cargoes when the motor is loaded.

By calculating the Gibbs free energy change for each cycle, the energy con-
version efficiency can be estimated as 0.63, and can be further improved by
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FIGURE 3.8 Cycling of the DNA motor. During the motor’s cycling, the motor
molecules are imaged by a digital camera. Ten cycles were recorded here.

reducing the length of the B strand. With the help of multivalent ions such as
polyamines, the strand exchange still takes place when the sticky end is as short as
one-base-long. In this case, the ideal energy conversion efficiency can reach 0.94.

Furthermore, the reversible cycling between the shrinking and extending
forms of the DUTE motor makes it possible to use this design to manipulate
the distance between two nanoelements in a nanosystem. While the shrinking
force of the DUTE motor is calculated to be 2.2 pN, the extending force is
20.7 pN, about 10-fold greater than those determined for kinesin and myosin
protein nanomotors. The extending force can be further increased by
decreasing the temperature and by changing metal ion type and concentration.

With a molecular weight of only 7.8 kDa, this single DNA nanomotor is the
smallest among DNA /protein molecular motors. In addition, this single DNA
molecule is easily produced and can be operated in a more predictable fashion.
It is thus believed to have great potential in functioning effectively as a
nanomotor and in powering nanoscale devices with efficient force generation.

Although chemical-fueled nanomotors have the advantages of easy
synthesis and regulation, the accumulation of DNA “waste” can change the
composition of the solution, leading to reduced efficiency. The necessity to add
DNA ““fuel” in each cycle causes inconvenience and makes remote control
impossible. In comparison, approaches using external energy sources such as
optical energy may solve the problems associated with chemical-fueled
nanomotors. Therefore, light-driven nanomotors will have great potential to
improve practicability and efficiency of nanodevices.

Initial success has been demonstrated using light to control DNA hybridiza-
tion by Asanuma et al. at the University of Tokyo [12]. They incorporated
photoswitchable azobenzene moieties into DNA strands to reversibly photo-
regulate the formation and dissociation of the corresponding duplex. The
azobenzene moieties in the DNA strands adopt trans form before UV radiation.
Since the trans-azobenzene is nonpolar and planar, it favorably stacks with the
adjacent DNA bases, stabilizing the duplex. Upon UV radiation
(300 < 4 < 400 nm), azobenzenes promptly isomerize to the polar and nonplanar
cis form, making the hybridization unstable, which then causes the duplex to
open up. Such isomerization is reversible, since the cis-azobenzene moiety is
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FIGURE 3.9 Incorporation of azobenzene into DNA strand. On UV radiation
(300 < 4 < 400 nm), the trans-azobenzene is converted into cis form. When irritated by
visible light (2 > 400 nm), the cis isomer is changed back to trans form.

switched back to the frans form by radiation of visible light (1> 420 nm)
(Fig. 3.9). With the azobenzene being in a different conformation, the DNA
strands can have different melting temperature (7,,). A D-threoninol-tethered
azobenzene moiety is chosen as the linker since it induces relatively large
melting temperature change (ATy,, ~14.3°C) upon photoisomerization. An
even higher AT}, is possible by introducing two or more D-threoninol-tethered
azobenzene groups to the DNA strands. An additional advantage is that the p-
threoninol linked azobenzene shown in Fig. 3.10 can be directly coupled to a
DNA strand on a DNA synthesizer.
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FIGURE 3.10 Modified ODN carrying an azobenzene moiety attached by a chiral diol
linker. DMT = 4,4-dimethoxytrityl.
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FIGURE 3.11 The working principle of the light-driven molecular beacon.

Based on this work, Tan et al. have made further steps by incorporating the
photoswichable azobenzene moiety into a hairpin structure of a molecular
beacon and using fluorescence change to monitor the process in real time. Taking
advantage of the large difference in 7, between perfect match stem and one-
base-mismatch stem, a sequence GAGXGACTGGTATCCTAAATCTCGCTC
with an azobenzene base (X) in the stem was designed. Texas Red was selected as
the fluorophore for the molecular beacon for its longer excitation wavelength
(>550 nm). The Black Hole Quencher (BHQ) is used as the quencher on the
other end of the beacon. Implanted into the stem, the trans-azobenzene stabilizes
the hairpin structure with irradiation of visible light and keeps the MB motor
nonfluorescent. Upon radiation of UV light, the cis-azobenzene destabilizes the
stem and causes restoration of the fluorescence (Fig. 3.11). The initial T}, results
show that the MB nanomotor has a 20° difference between the frans and cis
forms of the azobenzene. This should ensure sufficient difference between the
stability of these two forms, which results in complete transition between open
and closed forms of the MB upon UV or visible radiations. Atomic force
microscopy will be used to characterize the open—close force and energy
conversion efficiency of this nanomotor. It is expected that when linked to two
nanoelements at the two ends of the nanomotor, this motor will provide effective
and well-controlled manipulations at the nanometer level for desired
applications.

Single DNA nanomotors can convert biochemical or optical energy to
mechanical energy to provide energy sources on the molecular level, which
features comparable or greater forces than protein nanomotors. Moreover,
they also have potentials in manipulating molecules or nanoelements via
controlled intracellular movements.

3.4 CONCLUSIONS

Here we describe a new architectural system on the nanoscale that is derived
from the central biological molecule, DNA. Instead of discussing its biological
functions, we mainly focus on its chemical properties for the development of
nanoscale energy devices. These DNA molecule based nanomotors have been
shown to have great robustness and potential as the power source for
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nanomachines. Incorporated into fixed positions in periodic arrays, these
nanomotors can also be used to manipulate elements on the nanoscale with
interaction forces comparable or even greater than protein motors. Although
here we stress on Waston—Crick base-paired motifs, nanomotors based on
other interactions, such as DNA structural transition, may also lead to new
generation of structural nucleic acid based nanodevices [13]. This field is still in
its early stage, and increasing number of new concepts as well as applications
of some proven designs are expected to emerge in the near future.
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I CHAPTER 4

Bioconjugation of Soft Nanomaterials

NEETU SINGH, WILLIAM H. BLACKBURN, and ANDREW LYON

4.1 INTRODUCTION

The last decade of research in the physical sciences has seen a dramatic increase
in the study of nanoscale materials, and in their application to problems in
biotechnology. The intriguing optical, electrical, magnetic, and mechanical
properties of many nanostructures can be exploited for sensing, imaging, and
therapeutics. However, much of the work has focused on “hard” materials
such as carbon nanostructures, magnetic materials, metals, and semiconduc-
tors, since these are the materials that display the most profound and
advantageous nanoscale phenomena. Despite the continued interest in these
established areas of nanoscience, new classes of soft nanomaterials are being
developed from more traditional polymeric constructs. Specifically, nanos-
tructured hydrogels and their conjugates with biomolecular entities are
emerging as a promising group of materials for multiple biotech applications.
This chapter will present some of the recent advances in the marriage between
bioconjugated, nanoscale, water-swellable networks and the biosciences.

The relevance of “nano” to a soft material can be very different from that of
an optically, magnetically, or electrically active material, since most hydrogels
are mainly interesting from a structural or physicochemical standpoint.
Therefore, the goal of this chapter is simply to explore current research in
polymeric hydrogel particles, where the nanoscale dimensions of the hydrogel
have particular relevance to the length scales of the biological system under
study. The focus on polymer particles is important, as these discrete structures
bridge the gap between more traditional areas of nanoscience and the world of
soft matter. The focus on hydrogels arises from the growing need to
understand how hydrophilic polymers can affect emerging areas of
biotechnology.

Biomedical Nanostructures, Edited by Kenneth E. Gonsalves, CraigR. Halberstadt, CatoT. Laurencin,
and Lakshmi S. Nair
Copyright © 2008 John Wiley & Sons, Inc.
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41.1 Definition of Hydrogels

As a classification of materials, gels escape a rigid definition as they combine
the properties of solids and fluids. They have structural integrity and do not
flow when removed from their container. However, for molecules that are
significantly smaller than the gel pore size, the transport of material through a
gel is similar to mass transport in a fluid. Hydrogels, as the name implies, are
gels that swell in aqueous media. They are composed of a hydrophilic polymer
component that is cross-linked into a network by either covalent or
noncovalent interactions [1-3]. Cross-linking provides dimensional stability,
while the high solvent content gives rise to the fluid-like transport properties.
The particular physical properties associated with these materials make
hydrogels ideal candidates for a number of applications. However, to make
an impact in areas such as in vivo diagnostics, drug/gene delivery, chemical
separations, or chemical and biological sensors, many groups have pushed
toward the synthesis of more complex polymer architectures that often contain
one or more biomolecular components. Such materials may be designed for
biocompatibility, biodegradation, encapsulation, biorecognition, or environ-
mentally switchable payload release. In this chapter, we will focus on a wide
variety of approaches toward bioconjugated, hydrogel nanomaterials.

4.1.2 Classification of Hydrogels

Hydrogels can be classified in many ways but in this chapter we will deal
mostly with the classification based on type of cross-links. Based on the type of
cross-links there are two classes of hydrogels: physically and chemically cross-
linked networks [4]. A detailed discussion of the synthesis and physiochemical
properties, of these networks is beyond the scope of this chapter. For more
detailed information on the physical and chemical behaviors of noncrystalline
polymer networks, the reader is referred to the excellent review by Dusek and
Prins [5].

The most typical form of a hydrogel is in a macroscopic form [6-8]. These
“bulk” gels can be anywhere from millimeters in dimension or larger. The
subject of this chapter is largely related to smaller entities, which are typically
called microgels [9, 10]. Microgels are colloidally stable hydrogels whose size
can vary from tens of nanometers to micrometers. Perhaps the earliest report of
microgel synthesis was by Staudinger in 1935 [11], but interest in such materials
for biotechnology applications has only flourished recently. For recent reviews
on the subject of colloidal hydrogels, the reader is referred to excellent
compilations of Pelton [12], and Saunders and Vincent [13].

41.3 Stimuli-Sensitive Polymers

A large body of research has recently been devoted to the study of gels that
respond to their environment; such materials offer the possibility to design
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tunable or triggered devices. These stimuli-responsive gels are often called
“smart” materials, as a result of their responsivity [14, 15]. However, such a
moniker is unwarranted, as the gel behavior can be simply described as a
polymer phase transition or phase separation. There is no more “intelligence”
in these materials than that of a melting ice cube. Nonetheless, there is a broad
range of stimuli available, as hydrogels can be made responsive to temperature
[7], pH [10,16], ionic strength [17-19], light [20-24], electric field [25], and
biomolecules [26-30]. The responsive behavior of the hydrogels is inherited
from the type of the polymer used in making the gel and/or any modifications
made postpolymerization.

The use of stimuli-sensitive polymers in fabricating hydrogels has led to
many interesting applications, including those using bioconjugated materials;
in this section we will discuss some fundamentals of stimuli-responsive
materials to lay the groundwork for later discussions. One of the most
widely studied stimuli-sensitive polymers is poly(N-isopropylacrylamide)
(pPNIPAm) formed from the monomer N-isopropylacrylamide. Since most of
our group’s work is based on pNIPAm, and also to facilitate the understanding
of some of the later parts of this chapter, it is appropriate to provide a brief
background on this polymer. For an in-depth understanding, the reader is
referred to a comprehensive review by Schild [31]. One of the earliest studies on
the solution properties of pNIPAm was carried out by Heskins and Guillet
[32], where they observed that the phase transition of pNIPAm is endothermic
and entropy driven. Due to this striking thermal behavior in aqueous media,
pNIPAm has been widely used to make responsive hydrogels. As with most
olefin-based monomers, pNIPAm has been synthesized by a variety of
techniques: redox initiation, free radical initiation, ionic initiation, and also
using radiation [31]. Various functional groups have also been added to the
polymer via copolymerization and postpolymerization modification, thereby
making multiresponsive and multifunctional polymers.

The behavior of any polymer in a solvent is related to the balance between
solvent—solvent, solvent—polymer, and polymer—polymer interactions. For
stimuli-sensitive polymers, the polymer solvation can be ‘“switched” by
enforcing one of these interactions or by weakening another. Figure 4.1
illustrates this concept schematically. For the case of pNIPAm in water,
the polymer hydrogen bonds to water via the amide side chains. However, the
isopropyl group on the side chain induces hydrophobic structuring of the
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FIGURE 4.1 Schematic of a stimuli-sensitive polymer undergoing phase transition due
a change in the solvent quality. Factors such as pH, temperature, electric field, and light
can cause these phase transitions depending on the polymer composition.
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water. This structured water leads to entropically driven polymer—polymer
interactions via the hydrophobic effect [31]. Under the conditions where
pNIPAm has a random coil structure, the solvent—polymer interactions are
stronger than the polymer—polymer interactions. At higher temperatures, the
hydrogen bonds with the water molecules break and there is an entropically
favored release of bound and structured water, leading to the formation of a
globular polymer conformation. In this case, the polymer—polymer hydro-
phobic interactions become stronger than the polymer—solvent interactions,
and the polymer phase separates. The temperature at which this phase
separation occurs is called the lower critical solution temperature (LCST). It is
this behavior that makes pNIPAm a very attractive candidate for the
fabrication of stimuli-responsive hydrogels. It is worthwhile noting, however,
that one must consider more than simply hydrophilic and hydrophobic side
chain contributions to polymer solvation when describing LCST behavior. For
example, the polymer formed from N-isopropylmethacrylamide (NIPMAm)
[33-38], which differs from NIPAm by only a single methyl group, has a higher
LCST in water, which suggests that it is more hydrophilic despite a greater
organic content. Apparently, this “increased hydrophilicity”’ does not arise
from an increase in polymer polarity, but instead comes from a decrease in
chain flexibility. This changes the entropic contribution to the free energy of
mixing, and thus increases the LCST.

4.1.4 Microgels and Nanogels

Colloidally stable particles made from hydrogels, also referred to as micro- or
nanogels, have similar properties as their macrogel counterparts; that is, a
pNIPAm microgel, like the bulk gel, will also undergo a volume phase
transition temperature (VPTT) near the LCST of the parent polymer [13, 39].
In addition to these properties, microgels have other characteristics of colloidal
dispersions such as zeta potentials [13, 40, 41] and can also form ordered
phases when prepared as a highly monodispersed sol [42—45].

Some very important studies have focused on the differences between
macro- and microgels with respect to their phase behavior [13, 39, 43, 46-58].
These are too numerous to describe in detail here, so we offer a single example
of the complexity of these materials. Wu et al. have shown that the VPTT of
the microgels is slightly higher than the LCST of pNIPAm (Fig. 4.2), and also
that the transition region is less sharp than that of bulk gels [46]. The reason for
this continuous transition is due to a greater heterogeneity in the subchain
lengths of the microgels as compared to traditionally prepared macrogels.
When the microgels are subjected to 7> VPTT, the regions of the particle with
longer subchain lengths collapse at a lower temperature than the regions with
shorter subchains. Thus, one can think of the observed phase transition for a
microgel as being the summation of the phase transitions of the different
subnetworks in the particle. We have also observed this behavior in core/shell
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FIGURE 4.2 Deswelling ratio of linear pNIPAm chains (o) and cross-linked microgels
(0) in water. Due to the heterogeneity in the cross-links, microgels have a broader phase
transition region as compared to linear pNIPAm chains. Reprinted with permission
from Reference [46]. Copyright 1997 American Chemical Society.

structured microgels using fluorescent probes to interrogate cross-linker
gradients [50].

Chemical functionalization of microgels not only facilitates control over the
volume phase transition but also allows postpolymerization modifications and
provides handles to trigger response to external stimuli like pH, ionic strength,
or light. However, to achieve efficient design of functional microgels based on
chemical modification, it is important to understand how the functional groups
are distributed in the polymer network. A recent report by Hoare and Pelton
gives an insight into this aspect. The researchers describe two different methods
of obtaining controllable distribution of the functional groups in the system
[59]. As the first method, acrylic acid (AAc) groups were incorporated in
acrylamide/NIPAm microgels by hydrolyzing the acrylamide blocks. The
second method involved direct copolymerization of methacrylic acid (MAA)
with NIPAm. The distribution of the acid functional groups obtained by the
two methods had different topochemical distributions. Another factor that
influenced the distribution was the temperature of acrylamide hydrolysis, that
is, whether it was above or below the LCST of the microgel. Based on
potentiometric and conductometric titrations as well as electrophoretic
mobility evaluations of the microgels, it was found that at a temperature
below the LCST, most of the carboxyl groups were located throughout the
microgel, whereas at a temperature above the LCST, a high percentage of
carboxyl groups were found to be located at or near the surface of the
microgels. In case of pMAA-co-pNIPAm microgels, there exists a core/shell
kind of a structure with MAA mostly forming the shell. This difference in the
distribution of the carboxyl groups in the microgels produced by the two
different comonomers is because of the difference in the polymerization
kinetics due to different reactivity ratio of the monomers. The copolymer of
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acrylamide and NIPAm is expected to have random incorporation of the
monomers resulting in acrylamide and hence carboxyl groups on hydrolysis,
throughout the bulk of the microgel. On the contrary, the reactivity ratios of
MAA and NIPAm suggest that there is greater affinity for the homopolymer-
ization of NIPAm, which is followed by MAA monomer polymerization
resulting in the core/shell-like structure.

4.2 CORE/[SHELL STRUCTURED MATERIALS

The synthesis and behaviors of hydrogel latexes have been extensively reviewed
in the literature [12, 13]. In this chapter, we would like to focus on the synthesis
and applications of particles with higher order complexities. Core/shell
structured materials represent one example of such particles. Core/shell
hydrogel particles can broadly be divided in two classes: one where the core is
made from nonhydrogel material and the shell is made from hydrogel, and the
second being where both the core and the shell are made of a hydrogel-like
material. In the first class of materials, the core is usually made of solid
material such as polystyrene, silica, or gold nanoparticles. Dingenouts et al.
synthesized a polystyrene core with small amount of NIPAm as a comonomer
by surfactant-free emulsion polymerization (SFEP) [60]. The polystyrene-co-
pNIPAm particles were stabilized by the sulfate groups from the initiator.
These cores were then used as seeds for polymerizing a cross-linked shell of
pNIPAm. For the shell synthesis the reaction was carried out at 80°C, which
provided a core particle with a deswollen pNIPAm-rich periphery, onto which
pNIPAm polymerizing in solution aggregated by a precipitation polymeriza-
tion mechanism. Xiao et al. synthesized similar particles where pNIPAm chains
were grafted on the polystyrene core resulting in a “‘hairy” particle [61]. Similar
approaches have been used by other groups to prepare particles with silica [62]
and gold cores [63].

The second type of core/shell materials is the one that has hydrogel in both
the core and the shell. Our group first reported the synthesis of this type of
hydrogel particles by two-stage precipitation polymerization [10]. In this
method, a polymer shell with the same or different structure or functionality to
that of the core is added onto preformed core particles, thereby allowing
control over the radial distribution of the functional groups in the particle. In a
typical synthesis, preformed pNIPAm core particles are heated to ~70°C,
followed by addition and initiation of the shell monomer solution. Since the
reaction temperature is well above the VPTT of the core particles, the particles
are in a collapsed state. The collapsed particles are hydrophobic and hence tend
to capture the growing oligomers, which results in the formation of the shell.

Core/shell particles prepared in this fashion can exhibit very interesting
properties [9, 33, 34, 50, 64-67]. Since the shell can be synthesized using
different comonomers than the core, the particles can show multiple phase
transition behavior with temperature [10, 33, 34]. Furthermore, depending
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FIGURE 4.3 Preparation of thermosensitive hollow microgels via oxidation of core
cross-links. Reprinted with permission from Reference [68].

upon the cross-linker density of the shell, compression or “‘shrink-wrapping”
of the core can be observed due to a cross-link gradient in the shell [64, 65, 67].
We have also used this synthetic method to make hollow hydrogel capsules
(Fig. 4.3) [68]. To accomplish this, the core is fabricated with a degradable
cross-linker and the shell with a nondegradable one. The degradable cross-
linker that we have used contains a vicinal diol, which can be degraded by
stoichiometric addition of periodate. After core degradation, the particles were
cleaned extensively by centrifugation, after which dynamic light scattering
(DLS) and fluorescence were used to confirm the hollow structure.

Berndt and Richtering have also synthesized core/shell particles having two
different polymers in the core and the shell [33]. In their demonstration, the
core was made of pNIPAm and the shell consisted of poly(N-isopropylmetha-
crylamide) (pNIPMAm), which has an LCST of 45°C in water. They studied
the thermoresponsivity of these particles and found, in a similar fashion to
previous work from our group, that the particles had two transitions
corresponding to the LCSTs of the two polymers (Fig. 4.4). In a recent study,
the researchers investigated the effect of shell thickness and cross-linking
density on the structure of the doubly temperature-sensitive core/shell microgel
networks using small angle neutron scattering (SANS) techniques [69, 70]. It
was observed that variation of cross-linking density in the shell mainly affects
the dimensions of the shell without affecting the core. However, increase in the
shell-to-core mass ratio, leads to increased expansion of the core with a broader
core—shell interface between the LCSTs, thus indicating the elastic force
exerted on the core by expanding shell. Studies at a temperature below the
LCST of the core suggested that the core of the core/shell particle was
unable to swell to the same extent as a free core (with no shell), thus indicating
that the expanded shell prohibits the swelling of the core. In another report, the
same research group observed that an increased shell thickness shifts the core
transition toward higher temperatures while the collapse of the core can shift
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FIGURE 4.4 Hydrodynamic radius as a function of temperature for pNIPAm core/
pNIPMAm shell microgels with different shell cross-linker concentrations. The sample
containing 3.0 mol% BIS clearly shows that the particle is undergoing two phase
transitions, the first transition corresponding to the LCST of pNIPAm and the second
to that of pNIPMAm. Reprinted with permission from Reference [33]. Copyright 2003
American Chemical Society.

the transition of a thin shell to lower temperatures [71]. They also observed an
additional thermal transition in these core/shell microgels, which was
attributed to the formation of additional hydrogen bonds near the core—shell
interface, resulting from the overcompensation of the thermodynamic forces
during the core transitions by the elastic forces in the shell.

4.2.1 Block Copolymer Micelles

Hydrogel nanoparticles can also be formed by using the ability of block
copolymers to self-assemble into micelles [72]. Micelle-forming block
copolymers, like surfactants, have both hydrophobic and hydrophilic domains.
By controlling the polarity of the solvent and the concentration of the
polymers, block copolymers can be formed into spherical micelles. In
hydrophilic solvents, the hydrophobic block forms the core and the hydrophilic
block is exposed to the solvent. A potentially powerful aspect of this approach
is that, in the same vein as micelles or liposomes, one can imagine making
“mix-and-match’ assemblies, where functional units can be co-assembled with
structural units to prepare nanoparticles with good control over the display,
number, and spacing of the bioconjugation sites.

In some cases, these micelles can be cross-linked to form stable
nanoparticles. For example, Zhu and Napper used pNIPAm-b-PEO to form
microgels [73,74]. Initially, the block copolymer was synthesized using the ceric
ion redox system in nitric acid at 50°C, followed by addition of the cross-linker
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N,N'-methylenebis(acrylamide) (BIS) to form cross-linked microgels. The
authors observed that the size of the microgels, as measured by DLS, was
dependent on the concentration of NIPAm and PEO, and also on the rate of
heating during polymerization.

The group of Karen Wooley has extensively studied cross-linked block
copolymer micelles, which they refer to as shell cross-linked knedels (SCK)
[72, 75-88]. The size range for SCKs is ~5-200 nm. They are prepared from
amphiphilic block copolymers, which self-assemble into polymeric micelles.
The micelles are further stabilized by cross-linking of the side chain
functionalities in the shell of the micelles, as shown in Fig. 4.5. The first
SCK reported was fabricated from polystyrene and poly(4-vinylpyridine) block
copolymer [75]. Before self-assembling the polymer into micelles, the pyridyl
nitrogen was quaternized by reaction with p-chloromethylstyrene to impart
hydrophilicity to the polymer. Once the polymer formed micelles, the styrene
moiety in the shell was polymerized to give the cross-linked structure. The
dimensions and topologies of the particles can be controlled by varying the
length of the hydrophilic and hydrophobic blocks. The Wooley group has used
similar approaches to prepare hydrogel containing SCKs [85, 88], as well as
core degradable nanoparticles [77, 81].

Akiyoshi et al. have found that polysaccharides partly modified by
hydrophobic groups such as cholesterol can form nanoparticles in water [89].
The sizes of these particles typically range from 20 to 30 nm with excellent
monodispersity, according to size exclusion chromatography, DLS, and TEM.
These particles are not true block copolymer micelles but are closely related to
this class of particles, since the association forces are similar. They first
reported the synthesis of these particles in 1993 by using hydrophobized
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FIGURE 4.5 General synthetic approach for synthesizing shell cross-linked knedel
(SCK) nanoparticles. The degradation step is used for the preparation of hollow
particles. Reprinted with permission from Reference [82].
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pullulan having 1.6 cholesterol groups per 100 glucose units [89], which
aggregated intermolecularly to form nanoparticles. These nanoparticles are
considered to be hydrogels in which the cross-links are provided by the
associated hydrophobic groups. The size of the particles can be controlled by
the number of the hydrophobic groups and also by the structure of the
polymers. The group has also made particles in which pNIPAm was
incorporated to create thermoresponsive pullulan particles. These particles
can capture and entrap macromolecules such as proteins in the gel network
[90-93]. The self-assembly of these polymers can be controlled from the
molecular level (association of hydrophobic groups) to the nanoscale level
(association of hydrophobized polymers) and macroscopic level (association of
nanoparticles). The hierarchy of pullulan assembly is shown in Fig. 4.6.

A general strategy to synthesize polymeric nanoparticles derived from
peptide di- and triblock copolymers has been demonstrated by Wooley and
coworkers [94]. In their strategy, they coupled peptide tritrpticin having
antimicrobial activity to living radical macroinitiators on a solid-phase resin.
The initiators further allowed nitroxide-mediated radical polymerization
(NMRP) and atom transfer radical polymerization (ATRP) of acrylate
monomers on the solid support, resulting in copolymers end-functionalized
with tritrpticin. The peptide-containing block copolymer was finally cleaved
from the resin and self-assembled into micellar nanoparticles. Additional
micellar stability was achieved by cross-linking of the copolymer chains using
carbodiimide-coupling chemistry. The micellar nanoparticles were found to
possess antimicrobial activity suggesting that the peptide had retained
bioactivity and bioavailability following the conjugation and nanoparticles
formation. Another example of this strategy was provided by Wooley and
coworkers, which involved the use of an antigen-functionalized ATRP
macroinitiator to form amphiphilic diblock copolymer possessing antigen
biofunctionality [95].

4.3 BIOCONJUGATED HYDROGEL PARTICLES
IN NANOTECHNOLOGY

The synthetic methods described in the previous sections have enabled the field
to advance toward the application of hydrogel nano- and microparticles in
more complex biotech and nanotech applications. In this section, we will
describe some of these applications, highlighting systems where the ability to
create synthetically and topologically complex hydrogels has led to successful
incorporation into advanced nanosystems.

4.3.1 Drug/Gene Delivery

Recently, significant efforts have been put into devising colloidal drug carriers.
It has been hypothesized that an actively targeted particulate drug carrier will
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increase the therapeutic efficacy of a drug by delivering that drug to the
diseased site, while also reducing systemic side effects of the drug. An ideal
drug carrier should be able to target and deliver only to the diseased sites, it
should not induce immune response, and it should be degradable and produce
nontoxic degradation products [96].

The particulate carriers that have been most widely studied are liposomes
and polymer nanoparticles. Liposomal drug carriers have been studied
extensively, with a few liposomal formulations currently being available in
the market, while many others are in the development “pipeline.” One
important drawback of liposomes is payload leakage. Since the boundary of
the liposomes is a simple lipid bilayer, performance can be hampered by
passive diffusion of drugs across that boundary [97]. Among polymer particles,
the most widely studied are poly(lactic acid-co-glycolic acid) (PLGA) particles
[98]. The popularity of this material largely stems from its degradation into
nontoxic by-products, which can be removed from the body via the renal
system. However, this construct suffers from numerous drawbacks, as it is a
very hydrophobic, immunogenic polymer with acidic degradation products.
The increase in acidity associated with polymer degradation can induce
nonspecific inflammatory responses, which can be very detrimental in targeted
delivery applications. Nonviral gene delivery systems have been proposed as a
safer alternative to viral vectors, since they will induce host immune response
to a lesser extent than viral vectors. Several cationic polymers such as
polyethyleneimine, polyamidoamine, and polylysine have been used for
nonviral gene delivery, but they all lack the biocompatibility needed for in
vivo use [99]. Conversely, hydrogel nanoparticles represent a potentially useful
class of materials as drug/gene carrier systems, but have been studied much less
extensively. Here we report a few examples of recent efforts involving
nanoparticulate hydrogel delivery vehicles.

In an effort to employ biodegradable polymers as delivery vehicles, Kim
et al. used glycidyl methacrylate dextran as the major comonomer and
dimethacrylate poly(ethylene glycol) as a covalent cross-linker [100]. In this
case, the particles were prepared by free radical polymerization and a
hydrophobic drug, clonazepam, was then loaded in the particles. It was found
that the release rate was dependent on the pH as well as the concentration of
the enzyme dextranase, which degraded the dextran and eroded the particles.
Na and Bae have used self-assembled hydrogel particles of pullulan acetate and
sulfonamide conjugates to study the release of the drug adriamycin [101].
In this case, the pullulans had pH-responsive polymer incorporated in
the structure, which caused the particles to shrink and aggregate at pH<7.
The shrinking of the particles in turn caused the expulsion of the drug into the
surrounding medium.

Peppas and coworkers have used hydrogels as a delivery vehicle to carry
insulin. Poly(methacrylic acid) and poly(ethylene glycol) were used to
synthesize the hydrogels by UV-initiated free radical polymerization [102].
Insulin was then conjugated to the protein transferrin, and this complex was
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loaded into the hydrogels. The insulin—transferrin conjugate was used as it has
been shown to cross the intestinal epithelium. Peppas and coworkers suggested
the use of the insulin—transferrin-loaded hydrogels as an insulin oral delivery
system due to its increased stability against proteolytic degradation. Insulin
was conjugated to transferrin by reacting it with dimethylmaleic anhydride
(DMMA). The transferrin was conjugated with succinimidyl 3-(2-pyridyl-
dithio)propionate (SDSP). The DMMA and SDSP were then reacted to form
the insulin—transferrin conjugate, which were then loaded into the hydrogels. A
22-fold increase in transport of insulin across Caco-2 cell monolayers was seen
with conjugate-loaded hydrogels versus insulin alone.

While the previous examples were simple demonstrations of ex vivo
controlled release from hydrogel particles, others have applied nanoparticulate
hydrogels to in vivo delivery. For example, Hsiue et al. have used pNIPAm
nanoparticles for ocular delivery [103]. Two formulations were used, where one
was composed of a solution of linear pNIPAm, while the other was mixture of
linear pNIPAm and pNIPAm particles. The drug release and cytotoxicity
studies were carried out on rabbits. The drug epinephrine, which reduces
intraocular pressure, was then delivered from each of the two formulations. It
was observed that the intraocular pressure was decreased for ~24 h when the
linear pNIPAm system was used, while the mixed system extended the
therapeutic effect to ~32h. Systems such as these are therefore potentially
interesting for the clinical treatment of glaucoma.

As mentioned above, an ideal drug carrier should not induce an immune
response in the host. This is commonly achieved by making the surface of the
particle hydrophilic, which can prevent opsonization (i.e., adhesion enhanced
phagocytosis) by macrophages [104]. For example, Gaur et al. synthesized
cross-linked polyvinylpyrrolidine hydrogel nanoparticles (~100 nm diameter)
[105]. The surface of these particles was then made hydrophilic by attaching
poloxamers and poloxamines, which are examples of polyethylene glycol/
polypropylene glycol block copolymers. In vivo studies in mice indicated that
less than 1% of the dose was retained by the macrophages in the liver, and even
after 8 h of injection ~5-10% of these particles were still circulating in the
vasculature. This enhanced circulation time, and the lack of liver accumula-
tion, could enable the use of such particles in drug delivery. They also reported
that increase in size and hydrophobicity increased their uptake by reticuloen-
dothelial system, suggesting that both factors may play a role in the ability of
the body’s defense mechanisms to recognize the particles as foreign invaders.

Targeting is an important property for a drug carrier, as one can potentially
enhance the uptake and retention of the nanocarrier at the site of disease via
active targeting. We have synthesized a folic acid labeled pNIPAm core/shell
microgel that can target cancer cells [106]. Folic acid is a well-known ligand for
targeting cancer cells because most tumors overexpress folate receptors. In this
demonstration, pNIPAm core/shell hydrogel particles were synthesized, where
the pNIPAm core was fluorescently labeled and the pNIPAm shell contained a
small amount of a comonomer containing a primary amine. We then
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FIGURE 4.7 Confocal images of HeLa cells incubated with folate-conjugated
nanoparticles. (a) Green fluorescent particle channel, (b) lysotracker red dye channel,
(c) overlap of both the channels, and (d) transmittance image of the cells. Experiments
performed in collaboration with Jean Chmielewski at Purdue University.

covalently coupled folic acid to the amine-containing hydrogel shell in order to
surface localize the targeting ligand. When these particles were incubated with
cancer cells that overexpressed the folate receptor, the hydrogel nanoparticles
were taken up by receptor-mediated endocytosis (Fig. 4.7). It was also
observed that the particles exhibited thermal cytotoxicity above the phase
transition temperature. The exact reason for this effect is not known, but is
suspected to be intracellular aggregation and protein adsorption on deswollen,
hydrophobic pNIPAm particles. Since these particles apparently retain their
thermoresponsivity in the cytosol, it was hypothesized that they could enable
thermally triggered delivery of chemotherapeutic payloads, thereby enabling
both active targeting and triggered delivery in one vehicle.

In another example of active targeting, Choi et al. used pNIPAm microgels
for targeting liver cells [107]. They used pNIPAm-co-AAc microgels that were
tagged with fluorescein, while the targeting moiety in this case was galactose,
which is a ligand for asialoglycoproteins. It was observed that galactosylated
microgels were internalized in the cells via this ligand-receptor interaction.
Furthermore, since these particles are thermoresponsive, they studied
temperature—dependent uptake of these particles. The uptake -efficiency
increased with the increase in temperature, which they suggested was due to
enhanced uptake efficiency for smaller particles, although the increase in
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particle hydrophobicity could also enhance uptake. The Wooley group has
investigated SCKs with targeting ligands like folic acid, integrins, and peptides
[108-110]. They have also demonstrated that nanoparticles coupled with a
short peptide belonging to a protein transduction domain of HIV exhibited
targeting ability to CHO and HeLa cell lines.

Kumacheva and coworkers describe another hydrogel design to be used for
cancer targeting [111]. In this work, pNIPAm-co-AAc hydrogel particles
averaging 150 nm in diameter were synthesized. Hydrogel nanoparticles were
conjugated with transferrin, a targeting ligand, by carbodiimide coupling. The
transferrin-conjugated particles were then targeted to HeLa cells. Transferrin
receptors that are present on the cellular surface enable receptor-mediated
endocytosis of the targeted nanoparticles. These hydrogels were loaded with
Rhodamine 6G (R6G) and later with doxorubicin to study uptake and
delivery. The transferrin-conjugated particles delivered 100 times more R6G to
cells than bare microgels, and cell mortality was greatly enhanced over bare,
doxorubicin-loaded microgels (72.6 + 5.0% versus 33.8 £ 2.8%).

Synthetic/viral composite systems have also been explored. For example,
Jana et al. prepared polyvinylpyrrolidone nanoparticles and encapsulated them
in a reconstituted Sendai viral envelope containing only the fusion proteins
[112]. These particles were incubated with human hepatoblastoma cell lines,
which resulted in internalization of the polymer particles, as confirmed by
fluorescence. Na et al. have used self-assembled polysaccharide (curdlan)
particles for targeting [113]. Curdlan was hydrophobically modified with a
carboxylated sulfonylurea derivative. The targeting ligand was lactobionic acid,
which targets HepG2 cells. As expected, the degree of nontargeted uptake was
significantly diminished relative to that for particles targeted to HepG2 cells.

Many groups have used cationic polymers such as chitosan for gene
delivery. Chitosan is a natural cationic polysaccharide consisting of
D-glucosamine and N-acetyl-D-glucosamine. This polymer has been shown to
be biocompatible, nonimmunogenic, and degradable, thereby making it
potentially suitable as a delivery vehicle. In the presence of polyanions,
chitosan can form hydrogel nanoparticles by complex coacervation. For
example, chitosan—-DNA nanoparticles have been widely studied for their
application in gene delivery. Mao et al. have synthesized chitosan-DNA
nanoparticles and studied the transfection efficiency [99]. Targeting agents, like
transferrin, have also been conjugated to these particles to increase the
internalization, while drugs like chloroquine have been encapsulated within
these particles to investigate controlled release. Mitra et al. have used chitosan
to encapsulate doxorubicin, a highly toxic chemotherapeutic drug [114]. For
encapsulation, they first conjugated doxorubicin with dextran. This drug—
dextran conjugate readily formed particles when mixed with chitosan. In vivo
studies then showed that the chitosan—drug conjugate circulated in the blood
longer than the drug alone and also that the conjugate decreased the tumor size
to a larger extent than the free drug.
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In a very recent example of using soft polymeric nanoparticles bioconjugates
for targeted drug delivery in vivo, Langer and coworkers used a nanoparticle
construct of biocompatible and biodegradable poly(p,L-lactic-co-glycolic acid)-
block-poly(ethylene glycol) (PLGA-b-PEG) [115]. PLGA-b-PEG copolymers
having terminal carboxyl groups were precipitated into nanoparticles in the
presence of the cancer therapy agent docetaxel, resulting in the encapsulation
of the drug within the nanoparticles. With an aim to target the particles
specifically to cancer cells, the terminal carboxyl groups on the nanoparticles
surface were conjugated to RNA oligonucleotide aptamers (specific to PSMA
proteins expressed on the surface of LNCaP prostate epithelial cancer cell) by
carbodiimide coupling chemistry. Animal studies showed that the aptamer
bioconjugate nanoparticle resulted in complete shrinkage of the tumor after a
single intratumoral injection of maximal tolerated dose for i.v. administered
docetaxel (Fig. 4.8). The nanoparticle synthesis involves FDA approved
materials and the technique thus holds promise for clinical trials of the
effectiveness of polymeric nanoparticles bioconjugates in cancer therapy.
Additional advantages for clinical studies include small size, facile synthesis,
relative stability, and immunogenic nature of the targeting agents.
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FIGURE 4.8 Effect of a single intratumoral injection on tumor size. Saline (black);
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encapsulated NPs (DtxI-NP, red); or Dtxl-encapsulated NP-Apt bioconjugates (Dtxl-
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other groups. Reprinted with permission from Reference [115]. Copyright 2006
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4.3.2 Analytical Applications

Given the ability to synthesize a variety of responsive hydrogel structures,
chemical and biological sensing application remains an intriguing application.
One of the earliest types of hydrogel nanoparticle employed in ““‘sensing’ was a
pH-responsive particle. The simplest method of fabrication involves the use of
a pH-responsive moiety, such as a weak acid, which can be copolymerized into
the polymer network. At low pH, the acid groups are protonated and the
particles will be in a somewhat condensed form, while at a higher pH where the
acid groups are deprotonated, the particles adopt a swollen structure due to
Coulombic repulsion among the negatively charged regions and a change in the
free energy of mixing with water. Similarly, charged microgels are responsive to
ionic strength, where an oppositely charged ion neutralizes the charge and
causes the gel to shrink. Similar approaches have enabled the fabrication of
cross-linked block copolymer micelles with pH responsivity. While this
approach appears to be a generalizable motif by which one can imagine
designing hydrogel nanoparticles that “sense” their surroundings, very little
has been done on creating hydrogel nanoparticles for real chemical sensing
applications. However, a few examples are beginning to emerge. For example,
we have demonstrated that hydrogel microstructures can be rendered sensitive
to protein binding provided the interaction is multivalent and therefore results
in an increase in the microgel cross-link density [30]. This approach has been
extended to reversible biosensors based on antibody—antigen displacement or
competitive binding. In this example, we have first incubated antigen-
presenting microgels with antibodies, which then bind to the microgel surface.
These microgels also possess a photoaffinity label (benzophenone), which can
then be photoactivated, thereby photocoupling the antibodies to the microgels.
The antibody—antigen-based cross-links can then be reversibly switched by
exposure to free antigen, which displaces the cross-link and swells the particle.
This approach has been coupled to a microlensing technology that allows for
rapid, label-free readout of the sensor response [116].

In addition to these applications, microgels have been used for the
separation of proteins from complex media. Kawaguchi et al. reported that
proteins could be separated using thermoresponsive microgels [117]. They used
regular pNIPAm microgels and observed that at 7> VPTT larger amounts of
protein bound to the particles than at 7'< VPTT. The higher degree of protein
adsorption at 7> VPTT was attributed to hydrophobic interaction between
the protein and dehydrated polymer. In an approach that utilized Coulombic
interactions, Elaissari et al. used cationically charged pNIPAm microgels for
extraction of RNA. It was observed that the interaction between the cationic
particles and negatively charged RNA decreased with an increase in pH, ionic
strength, and temperature, thereby indicating that adsorption was mainly
governed by electrostatics [118]. In an immunoseparation study, Kondo et al.
synthesized poly(styrene/NIPAm/glycidyl methacrylate) microgels. These
particles were designed such that they flocculated at high temperature and at
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high ionic strength. Using the glycidyl methacrylate comonomer as a chemical
handle for chemoligation, BSA was coupled to the particles, which were then
used for immunoseparation of anti-BSA from serum. After incubation with the
serum, the particles were separated by flocculation [119]. Similarly, particles
that contained magnetite were used by this group for separation and
purification using a magnetic field to collect the particles [120].

Hydrogel nanoparticles have also been employed in a molecularly imprinted
polymer (MIP) scheme. The principle behind MIP is based on both shape and
molecular-recognition templating. When the polymerization is carried out in
the presence of “template” molecules, it is envisioned that the polymer will
rigidify around that template, forming a cavity that is optimized for binding of
that molecule. After the templates are removed, it is hoped that the cavity
retains that shape and is able to bind and detect that particular molecule or
similar molecules in a complex mixture. Ye et al. have synthesized hydrogel
nanoparticles in the presence of theophylline and 17B-estradiol. The sensing
molecules were dissolved in the mixture of methacrylic acid and trimethylol-
propane trimethacrylate and then polymerized either thermally or by UV
irradiation. In these studies, they used radioligand binding analysis to
determine the sensitivity and selectivity of analyte binding [121]. Competitive
binding experiments showed high selectivity for the analyte.

Daunert and coworkers in a recent report showed how biological processes
can be used to tailor the response of hydrogels [122]. A biological recognition
unit was incorporated into the hydrogel structure and conformational changes
in the unit, in response to external factors, resulted in volume changes in the
hydrogel. Calmodulin (CaM) is a protein that undergoes different conforma-
tional changes on binding with Ca®' (native to dumbbell-like), certain
peptides, or a certain class of drugs like phenothiazines (native to more
constricted). CaM was incorporated in the hydrogel by genetically engineering
the protein to have a cysteine residue at the C-terminus, which was further
conjugated to an allylamine in order to attain oriented immobilization of the
protein in the hydrogel network. For incorporating phenothiazine in the
polymer network, a derivative having polymerizable acrylate group was
synthesized. Free radical polymerization of the polymerizable protein and drug,
an acrylamide monomer, and cross-linker BIS resulted in the desired hydrogels.
The hydrogel showed reversible swelling that was dependent on the
concentration of Ca®". On saturating the hydrogel with Ca®", the resulting
conformational change in CaM and the phenothiazine binding site of CaM
became accessible to the immobilized drug, resulting in the increased cross-
linking and shrinkage of the hydrogel. The gel swelled on Ca®* removal,
resulting from the release of the drug derivative from the binding site and also
since the water uptake property of the polymer was changed due to
modification of the hydrophobic surface of the protein. The hydrogel also
showed response to phenothiazines. When the hydrogel was treated with free
phenothiazine (chlorpromazine), the hydrogel swelled due the competitive
binding of the free drug replacing the bound immobilized drug from the
binding site of the conjugated protein. These protein- and drug-modified
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hydrogel biomaterials hold promise for microactuators and in microfluidics, as
also demonstrated by the authors.

Miyata et al. have demonstrated gels that respond to tumor markers [123]. The
gels were prepared by biomolecular imprinting (Fig. 4.9). In this work, the gels
responded to the tumor-specific marker «a-fetoprotein, AFP, which is a
glycoprotein used for serum diagnosis of primary hepotoma. Lectin (Con A)
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FIGURE 4.9 Schematic representation of tumor marker responsive hydrogel
preparation. (a) Synthesis of the tumor marker responsive hydrogels. (b)
Representation of hydrogel behavior in response to tumor markers. Reprinted with
permission from Reference [123]. Copyright 2006 National Academy of Sciences, USA.
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and polyclonal anti-AFP antibody were conjugated with N-succinimidylacrylate
to form polymerizable vinyl groups and the gels were formed by copolymerizing
these groups with acrylamide in the presence of template AFP. This formed a
lectin—~AFP-antibody complex, and the removal of the AFP created the AFP-
imprinted gel. It was shown that AFP-imprinted gels shrank upon exposure to
AFP, as the lectin—~AFP-antibody forms a gel cross-linking complex.
Nonimprinted gels experienced slight swelling in AFP solutions. The gels were
also shown to be specific to the glycoprotein, as the gels did not shrink, but swelled
in ovalbumin solutions.

4.3.3 Biomaterials

Perhaps the broadest definition of biomaterials comes from the National
Institutes of Health Consensus Development Conference: “[a biomaterial is]
any substance (other than a drug) or combination of substances, synthetic or
natural in origin, which can be used for any period of time, as a whole or part
of a system which treats, augments or replaces any tissue, organ or function of
the body” [124]. Research in the field of biomaterials is often linked to
developing a more biocompatible system, such as making an implant or
surgical device less damaging to the body. In the case of hydrogels, much of the
effort has been put in coating the surface of the implants or devices with
polymers or bulk gels. With the advent of responsive hydrogels, many
researchers began working on making “smarter biomaterials,” where these
materials can sense a change in the environment and respond to it in a
programmed fashion. In this section, we describe a few of those examples
pertaining specifically to hydrogel nanoparticles.

As mentioned previously, Kawaguchi has studied the interaction of proteins
with microgels extensively [117,125,126]. For example, the group has studied the
effect of temperature on the nonspecific adsorption of proteins to thermo-
responsive microgels. They have also investigated the activity of enzymes that are
covalently bound to the microgels. In one example, they attached trypsin
peroxidase to pNIPAm microgels and studied its activity as a function of
temperature [127]. The enzyme activity decreased with increase in temperature
due to the decrease in the pore size. This caused the decrease in the rate of
diffusion of the substrate to the enzyme. They also studied a similar system with a
small molecule, ubiquinone, attached to the particle and observed similar
temperature-dependent results. Duracher et al. have studied the adsorption of
HIV-1 capsid protein p24 on polystyrene core—pNIPAm shell particles [128]. As
predicted by numerous studies, they observed higher adsorption at 7> VPTT of
pNIPAm due to hydrophobic interactions. Similarly, Urakami et al. studied the
phagocytosis of polystyrene-co-polyacrylamide gel particles as a function of
hydrophobicity. They observed that phagocytosis by granulocytes increased with
the increase in polystyrene content of the particles, again presumably due to an
increase in hydrophobic association with the granulocyte [129]. In similar
studies, Kimhi and Bianco-Peled used isothermal titration calorimetry to study
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the adsorption of small molecules (aspartic acid and valine) to pNIPAm
microgels as a function of temperature [130]. They found that at 25°C aspartic
acid binds strongly to the polymer particles due to formation of hydrogen bonds
and at 37°C valine binds strongly due to the hydrophobic effect.

More advanced architectures can be prepared that take advantage of
biocatalytic systems. For example, Ogawa et al. have synthesized pNIPAm
microgels containing a pendant vinyl imidazole side chain, which again allows
for pH-tunable gel swelling [28]. The enzyme urease, which catalyses the
hydrolysis of urea into ammonia, was then physically entrapped in the particles.
As the enzyme produced ammonia, the pH of the medium decreased. Hence, in
the presence of urea, the particles shrank due to increase in pH and subsequent
deprotonation of the imidazole unit. When the substrate was removed, the
particles swelled to their original size as the local pH equilibrated with the pH of
the surrounding bath. To demonstrate the potential utility of such a
biomechanical system, the authors incorporated these particles into a membrane.
Upon introduction of urea to one of the solvent reservoirs, they observed that the
permeability of the membrane increased as the particles shrank.

An important aspect of many implanted biomaterials relates to the ability of
cells to adsorb and proliferate on the material surface. It is clear that even
materials with low surface energies and hence low degrees of nonspecific protein
adsorption can tend to foul over time in cell culture or following implantation.
Therefore, it is important to evaluate fouling of biomaterials as well as to arrive at
new strategies for mediating cellular recruitment at synthetic surfaces. Thus, in
addition to the aforementioned protein adsorption studies, Kawaguchi and
coworkers have also studied the effect of cell binding to thermoresponsive
particles on a solid surface [117]. They first deposited pNIPAm microspheres on a
plate to produce a 2D array upon which the cell culture medium was seeded. They
observed that the cells produced more reactive oxygen species at 37°C than at
25°C, indicating that the cells are under more mechanical stress at the higher
temperature. This is presumably due to stronger attachment at 7> VPTT. They
also observed that the amount of reactive oxygen species produced when the
system was heated from 25 to 37°C was much higher than just incubation at 37°C.
This they attributed to the stimulus inflicted by the dynamic deswelling process. In
addition to this system, they have also used a ligand—receptor system to study the
mechanical stress on the cells [117]. Our group has fabricated particles in which the
adsorption of the proteins to the particles is reduced by using PEG grafting [131].
In this report, we used pNIPAm core/pNIPAm shell particles and attached PEG
either to the core or to the shell by copolymerisation of PEG-monomethacrylate.
Reduced protein adsorption was observed for both the core- and shell-grafted
PEG particles. It was further observed by NMR and protein adsorption
measurements that at high temperature the PEG chains phase separate to the
particle surface, and because of the polymer’s hydrophilicity reduce protein
adsorption. In the case of the particles in which the PEG is attached to the core, the
PEG chains are able to penetrate the shell and phase separate to the surface, thus
reducing the surface energy of the deswollen particles.
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FIGURE 4.10 Diameter of hydrogels cross-linked with CYKC (o) and CSKC (m)
upon exposure to 0.5mgmL~' a-chymotrypsin. Tyrosine containing hydrogels
degraded within 20 min, while hydrogels containing serine do not degrade. Reprinted
with permission from Reference [132]. Copyright 2005 American Chemical Society.

The development of materials that can interact with cells and proteins is
important for drug delivery devices and extracellular matrix (ECM) mimicking.
Protease responsive hydrogels have been described in the literature, such as those
developed by Moore and coworkers [132]. In this work, hydrogel particles that are
degraded by a-chymotrypsin were developed. They described a conjugation
technique by which a disulfide transfer reaction under acidic conditions allows for
a cross-linker that contains peptide sequences to be synthesized. A methacryla-
mide containing a chemotrypsin-sensitive sequence, CYKC, was incorporated
into polyacrylamide hydrogels. Hydrogels containing the CYKC cross-linker
completely degraded in 20 min in the presence of chymotrypsin, while hydrogels
containing a chymotrypsin-insensitive CSKC cross-linker remained intact
(Fig. 4.10). Kim and Healy have also synthesized pNIPAm gels with peptide
cross-links. These gels can be used as an extracellular matrix mimic, where the
peptide can be cleaved by a metalloproteinase, which subsequently leads to gel
erosion. Figure 4.11 shows a schematic depiction of this process [133].

In another example of core/shell particles that may have utility in
biomaterials applications, we have prepared a system in which the shell acts
a barrier between the protein in the solution and a core-localized ligand buried
under the shell [134]. In this case, we have synthesized a core to which biotin is
attached, followed by addition of a shell containing a degradable cross-linker.
Initially, the cross-linker density is high enough that the pore sizes are smaller
than the size of the protein avidin. As the cross-linker is degraded, the average
pore size increases and allows permeation of avidin to the core, where it can
bind to biotin (Fig. 4.12). We have also observed protein size dependent
permeation; that is, for larger proteins, more cross-links have to be degraded to
allow for binding. These systems are interesting from the view of the
topological complexity and also because they may be a model system for a
particle that can “express’ a particular functionality at the surface following a
biological or chemical signal, which disrupts shell-localized cross-links.
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FIGURE 4.11 Schematic of peptide cross-linked hydrogel degradation by MMP-13
(collagenase-3). The letters indicate the single-letter amino acid designations. Reprinted
with permission from Reference [133]. Copyright 2003 American Chemical Society.

4.4 CONCLUSIONS

Toward the end of the last century, it was commonly thought that the term
“nanotechnology” was coined exclusively for “hard materials,” but this
changed as polymeric materials became more common ingredients in
nanometric systems. In this chapter, we have discussed various types of
hydrogel nanoparticles and their applications in nanotechnology. As more and
more research is carried out in this field, it becomes clearer that these materials
hold great promise on their own, and as a bridge between more traditional
nanostructures and biological systems. For example, gels that respond to a

Protein

Pore size < protein Pore size > protein
no binding binding

FIGURE 4.12 Schematic of permselective core/shell microgels. The particles exhibit
shell cross-linker density-dependent permeation of the protein. Reprinted with
permission from Reference [134].
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change in their environment are potentially useful in the context of truly
bioresponsive structures that may enable us to manipulate natural systems in a
rational fashion.

Although many groups have worked in this field, we believe that most of the
potential resources are untapped. There are opportunities for new efforts in
advanced synthetic approaches to complex hydrogel nanomaterials, both in
colloid synthesis (e.g., size and shape control) and in new chemoligation
methods for controlled bioconjugate synthesis. The rational design of
multifunctional architectures will be enabled by such efforts, thereby allowing
the improvement of current applications areas, as well as the implementation
of hydrogels in new arenas. In the case of core/shell particles reported by our
group and others, the range of potential applications in which such materials
can be applied is just beginning to be uncovered. Early studies of the detailed
structure/function relationships in hydrogel particles are now leading to the
design of primitive applications-oriented nanomaterials. These proof-of-
concept studies can then feed back into the synthetic labs and provide
guidance for the synthesis of the second generation of materials. In parallel, it
will become increasingly important to perform detailed studies of cytotoxicity,
immunogenicity, and pharamcokinetics, if these materials are to be employed
in biotech applications. Finally, ground level integration between chemists,
biochemists, engineers, and clinicians is desired to enable the design, synthesis,
and testing of structures that are truly applicable in clinical applications such as
drug delivery devices, implantable biomaterials, biosensors/assays, and
targeted chemotherapeutic formulations.
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I CHAPTER 5

Nanotechnology and Drug Delivery

XIAOJUN YU, CHANDRA M. VALMIKINATHAN, AMANDA ROGERS,
and JUNPING WANG

5.1 INTRODUCTION

With the advent of science and technology, the ability to understand biology
and medicine has improved tremendously. As almost all biological components
or entities have structures that originate at the submicron level, understanding
and modifications at this level could effect the final performance of such
systems. The simple word “nano’” has changed the way that people look at the
environment around them. Nanotechnology is a multidisciplinary scientific
field that applies engineering and manufacturing principles to the design,
synthesis, characterization, and application of materials and devices on
nanoscale [1, 2].

In the last several decades, nanotechnology has been developed in several
areas, which include drug delivery, bioMEMS, tissue engineering, biosensors,
miocrofludics, microarrays, and bioimaging [3]. The nanotechnology-based
drug delivery system has emerged to be the mainstream research among all the
applications because it offers an extraordinary opportunity to make significant
advances in medical diagnosis and treatment. Corporate investment on
nanotechnology for drug delivery and medical diagnostics is increasing year
by year and nanotechnology-based drug delivery has already been commercia-
lized by a lot of companies.

Nanotechnology-based drug delivery is generating continuing interest among
researchers at the federal government agencies as well as private industrial
sectors. According to statistics published in 2002 [1], several foundations and
government agencies like NIH, NSF, and NASA have increased funding new
research ideas and interests in the field of nanotechnology-based drug delivery
systems for targeted and controlled release of therapeutic elements. The field of
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nanotechnology-based drug delivery system that started as a small division in
2001 by National Nanotechnology Initiative with funding of $116 million is
expected to reach $82 billion by the end of 2007 [4] and is expected to grow
stronger and attract further investments [5]. On the industrial side, pharma-
ceutical companies have started to invest into projects that modify existent
delivery systems. The demand for drug delivery systems in the United States has
grown rapidly and bounds to create a niche for itself in the market for
innovative technologies that will change the face of science and technology.
There are around 150 companies that have active research divisions working on
targeted controlled drug delivery and this number is bound to increase in the
near future owing to tremendous developments in the field of medicine and
increased understanding of the human anatomy and diseases associated with
it [6].

Traditional nanotechnology for drug delivery mainly referred to those
nanoscale vehicles which were mainly utilized to improve the drug bioavail-
ability and minimize the side effects of the drug by holding or transporting the
drug molecules to the desired locations. Recently, new nanoscale platforms
have been under development for not only therapeutic purpose but also
diagnostic applications [7]. In addition to the traditional function of drug
delivery, these nanotools have been utilized for medical diagnostics via
fluorescent imaging [8] or magnetic resonance imaging (MRI) [9], as well as for
some new therapeutic strategies such as the photothermal therapeutics in
clinical oncology [10]. Investigations on multifunctional nanoparticles with the
combination of therapeutic, targeting, and imaging functions for advanced
drug delivery systems have drawn more and more attention from current
researchers [11-13].

5.2 ADVANTAGES OF NANOSTRUCTURED DELIVERY SYSTEMS

Once a stable and effective active pharmaceutical ingredient (API) has been
identified, there are several ways to administer it into the human body. The most
common ways of administration are oral, transdermal, and nasal delivery methods
[14]. The oral delivery pathway is the easiest and most sought-after delivery
method but has its own disadvantages with the current designs. The limitations
include reduced bioavailability and ineffective way to deliver proteins and peptides
due to the effects of pH in the digestive system, the effect of passage through
various organs, and the effects of stress from the intestines [15]. The nasal and
transdermal methods cause patient discomfort and also have reduced efficiency
and availability in the system [16]. Other challenges involved in conventional drug
delivery systems include difficulties for providing reproducible amounts of release
per fixed time frame, poor solubility of drugs, and difficulties for targeting specific
regions without affecting healthy tissues [6]. Nanotechnology-based drug delivery
systems have many advantages and provide the insight for solving the problems
associated with conventional drug delivery systems.



NANOTECHNOLOGY AND DRUG DELIVERY 95

5.2.1 Localized and Targeted Delivery

Nanotechnology-based drug delivery systems can be controlled to deliver drugs
to specific sites and target drugs to certain cells only, without affecting
neighboring normal cells [17, 18]. Several external stimuli such as ultrasound
and magnetic field have been able to influence drug targeting in nanocarriers
for tumor eradication. Several biologically relevant molecules such as
transferrin [19], folate [20], and antibodies [21] play important roles in internal
targeting and internalization of drugs. The localized and targeted delivery
greatly helps in reducing systemic toxicity and largely increases effectiveness of
the therapeutic ingredients [6].

5.2.2 Controlled Delivery

The nanotechnology-based drug delivery platform provides researchers with
options to deliver highly toxic drug intermediates and complexes, as well as
DNA and viral vectors at optimum dosages at controlled intervals of time [16].
Release profile from materials largely depends upon the nature of the delivery
system. By choosing the correct type of materials for preparation of nan-
oparticles, the release profile can be modified [22]. In addition, nanotechnology
opens the door to modify the property of materials at the atomic scale leading
to creation of materials with varied delivery rates that are extremely
controllable [23].

5.2.3 Enhanced Circulation Time and Biodistribution

Nanocarriers may increase the circulation time of drugs within the body.
Particle size is intrinsically related to rate of clearance from the circulation.
Larger particles tend to be removed much faster than smaller particles. In
addition to increased circulation time, nanoparticles also exhibit enhanced
biodistribution over their larger counterparts. When administered to test
animals, larger particles tend to be found in high concentrations in the spleen
and liver rather than in the target locations. Smaller particles are more likely to
be taken up by other cells within the body, including target cells [24].

5.2.4 Drug Solubility

Nanotechnology allows for the delivery of all types of drugs. Particularly, it
has been especially effective for the delivery of drugs exhibiting poor solubility
in water to living tissues. Micelles, which are typically assembled from
amphiphilic materials, possess a hydrophobic core surrounded by a hydrophilic
outer layer, known as a corona. Hydrophobic molecules may be easily
encapsulated in the microenvironment of the core. The hydrophilic corona
facilitates travel of the nanoparticles through water-based solutions. This
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allows for increased delivery of hydrophobic compounds in aqueous
environments of the human body [25-27].

5.2.5 Intracellular Drug Delivery

Intracellular drug delivery helps in reducing toxicity and improving
dosage efficiency [28]. Hydrophobic drug carriers at the nanoscale are able to
easily pass the cell membrane [29]. Endocytosis in cells is limited by particle size
and targeting issues. The maximum size of a material that can penetrate the cell
membrane is about 500 nm. The internalization of nanomaterials into the cell is
also affected by the ability of the material to be activated and targeted to specific
cell organelles such as the nucleus or the mitochondria [30].

The delivery of hydrophilic and genetic components into the cell poses the
greatest challenge. The common methods for cellular internalization of the
nanoparticles include direct diffusion through the cell membrane owing to
concentration gradients, crossing the voltage-gated channels and receptor-
mediated endocytosis. Lipid-and micelle-based delivery systems provide
various opportunities to encapsulate or bind to specific hydrophilic and
hydrophobic constituents, hence producing nanoparticles that can be modified
on the surface to cause endocytosis [30].

5.2.6 Ability to Cross Biological Membranes

The difficulties in crossing the biological membranes like the blood—brain
barrier (BBB), gastrointestinal system, and the vascular endothelial system
have posed great challenges for drug delivery. Conventional delivery methods
such as intravenous delivery, oral delivery, or transdermal delivery of
microparticles have failed in regions that need to penetrate the BBB or the
gastrointestinal systems owing to various physiological environmental aspects
including the pH differences and the size properties. Nanotechnology-based
drug delivery devices have the ability to cross biological membranes when
tailored with appropriate properties. Metallic nanomaterials, polymeric drug
carriers, and lipid-based delivery systems have provided the researchers with
opportunities to drive the drug through biological membranes.

5.2.7 Enhanced Surface Areas

It has been a long known fact that size reduction per unit volume of material
increases the surface area of materials. This fundamental concept is valid for
drug delivery technologies employing nanoscale entities. As compared to the
conventional drug delivery systems, nanotechnology-based drug delivery
systems have improved surface areas. This increased surface area per unit
volume leads to improvement on loading and releasing efficiency of drugs.
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5.3 ACTIVATION AND TARGETING OF NANOTECHNOLOGY-BASED
DRUG DELIVERY SYSTEMS (EXTERNALLY AND INTERNALLY)

5.3.1 Activation and Targeting Through PhysicoChemical Stimuli

5.3.1.1 pH-Sensitive Carriers pH-sensitive carriers are of particular
interest in chemotherapy and for the delivery of molecules that will be
delivered into cells via an endosomal mechanism. This is due to the fact that
tumor sites and endosomes used in intracellular trafficking tend to have lower
pH than normal interstitial fluids [31]. Thus, pH-sensitive delivery systems are
ideal for intracellular delivery of drugs, genes, proteins, and other compounds
[20, 31-36].

Some pH-responsive delivery systems depend on interactions between drugs
and the materials from which the delivery systems are made. These systems
depend on drug/carrier conjugation, including the formation of acid-cleavable
bonds between drug and carrier molecules. For instance, Bae et al. [37] have
reported the formation of polymeric micelles for adriamycin (ADR) delivery.
ADR was conjugated to a polymeric backbone via an acid-labile hydrazone
bond. Significant and rapid ADR release was exhibited at low pH (pH 3.0),
whereas release was much slower at pH 7.4 [37]. Similar studies using
doxorubicin (DOX) found that doxorubicin release from polymeric micelles
was also affected by acid-cleavable bonds between the polymer and the drug.
Drug release was not found to be minimal at pH 7.4, whereas considerable
release was exhibited at pH 5.0 [31, 38].

Drug-drug interactions that are pH sensitive may also play a role in
modulating drug release from pH-responsive delivery systems. DOX-loaded
particles prepared by Kataoka et al. [38], displayed a drug release that
depended upon conjugation not only between drug and polymer molecules but
also between the drug molecules themselves. It was found that some of the
DOX encapsulated in polymeric micelles actually formed a dimer referred to as
DOX—-DOX via the formation of an azomethine bond. Release was, in part,
dependent on the type of DOX being released. DOX monomer was released
preferentially in the initial release phase, whereas DOX—DOX was found to
play a role in the sustained release of the drug. DOX—DOX also showed a Ph-
dependent release. Under acidic conditions, the azomethine bond in
DOX—-DOX may be cleaved to release additional DOX monomer. Thus, the
formation of DOX—DOX dimers via acid-labile bonds may play a role in the
pH sensitivity of DOX-loaded polymeric micelles [38].

Another effective way to design a pH-dependent delivery system involves
exploiting the properties of the materials from which the delivery systems are
made. Amphiphilic and titratable lipids and polymers have been examined
extensively for the creation of pH-responsive delivery systems.

pH-sensitive liposomes have been prepared using combinations of cationic
and anionic lipids in conjunction with titratable weakly basic (cationic) or
weakly acidic (anionic) amphiphiles. Typically, these liposomes are negatively
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charged at neutral pH and stable in neutral or basic environments. As pH is
decreased, the amphiphilic component of the bilayer is protonated until the
bilayer is no longer charged. This results in a loss of electrostatic stabilization
of the liposomes, causing them to aggregate and fuse with nearby membranes.
The pH at which liposomes are destabilized depends on factors including the
anionic to cationic lipid ratio and the pK, of the titratable component. Shi
et al. [32] have combined the use of pH-sensitive liposomes with antibody/
antigen targeting methods. Folate receptor targeting ligands were added to pH-
sensitive liposomes. These systems were investigated for their ability to deliver
both drugs and genes to tumor sites and showed promise as vehicles for
intracellular drug and gene trafficking [32].

pH-responsive polymers typically contain ionizable components that are
capable of acting as proton donors or acceptors. Weak polyacids like poly
(acrylic acid) (PAAc) are proton acceptors at low pH, and proton releasers
at neutral pH, while the opposite is true of weak polybases like poly
(4-vynilpyridine) [39]. Nanoparticulate drug delivery systems that are pH
responsive typically incorporate weak polyacids or polybases in conjunction
with hydrophobic components. When the ionizable components are charged,
electrostatic interactions keep the nanoparticles intact and separate in solution.
As pH is modulated, the charge on the ionizable component is modified until
hydrophobic interactions are more significant than electrostatic ones. When
this occurs, the nanoparticles tend to aggregate and fuse with one another and
with nearby membranes. The deformation of the nanoparticle matrix results in
release of molecules being carried therein [33, 35, 39].

One of the most popular applications for pH-sensitive polymeric
nanoparticles is delivery of cancer therapy to tumor sites. For instance,
S-fluorouracil (5-FU)-loaded pH-sensitive nanoparticles comprised of pullulan
acetate/sulfonamide (PA/SDM) conjugates have been synthesized by Liang
et al. [33]. Pullulan acetate is a hydrophobic component whereas SDM is
weakly acidic with pH-dependent solubility. 5-FU is a chemotherapy drug that
is currently used clinically for cancer treatment. The properties of the PA/SDM
components allowed for self-assembly of nanoparticles containing 5-FU. It was
found that nanoparticles comprised of PA/SDM conjugates aggregated as pH
was decreased from 7.5 to 6.0. The ambient pH in tumors tends to be
approximately 6.8. Release studies indicated that drug release was significantly
greater at lower pH (6.0 and 6.8) than at higher pH (7.4 and 8.2). The decrease
in pH caused the SDM group to deionize, resulting in more hydrophobic
behavior and causing structural deformation and aggregation of the
nanoparticles. As a result, overall 5-FU release was greater at pH 6.8 (tumor
pH) than at pH 7.4 (ambient physiological pH). This study highlights the
potential for the use of pH-sensitive carriers for delivery of chemotherapeutic
agents to tumors [33].

While most pH-sensitive delivery systems currently under investigation
involve release at low pH, some systems have been designed specifically
for release at high pH. Meissner et al. [35] have reported the creation of
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pH-sensitive nanoparticles for the delivery of tacrolimus, a drug that has been
proven effective in the treatment of irritable bowel disease. Nanoparticles were
prepared from a pH-sensitive polymer known as Eudragit P-4135F (EP4135F).
Unlike the particles previously discussed, these particles were stable at lower
pH and released at higher pH. This was due to the pH-dependent degradation
rate of the polymer matrix. The polymer matrix was found to disintegrate
much more quickly at pH 7.4 than at pH 6.8. This allows for the delivery of
drugs to the distal ileum, where the release of tacrolimus is facilitated by the
luminal pH [35].

5.3.1.2 Thermally Responsive Carriers Thermoresponsive nanocarriers
may be prepared by incorporation of heat-sensitive polymers. Such polymers
exhibit a property known as critical solution temperature (CST). At this
temperature, a temperature-responsive polymer undergoes a phase transition
in solution. Polymers that are water soluble below a certain temperature and
phase separate above that temperature are said to have a lower critical solution
temperature (LCST). The opposite is true for polymers with a higher. Most
applications to drug delivery involve the use of LCST polymers. The general
form of such polymers is represented by poly(N-substituted acrylamide) and
the most popular variety is poly(N-isopropylacrylamide) (PNIPAAm). This
polymer undergoes a very obvious, reversible phase transition in water at its
LCST of approximately 32 °C. Modifications to this polymer have allowed for
the modulation of the LCST [39].

Temperature-responsive polymers may be incorporated into drug delivery
systems in a variety of fashions. One method of incorporation involves the
synthesis of core—shell nanoparticles in which the outermost shell consists of a
heat-sensitive polymer. For instance, Cammas et al. [40] have reported the
formation of polymeric micelles from amphiphilic block copolymers of
N-isopropylacrylamide (IPAAm) and styrene. The heat-sensitive IPAAm was
used to form the outer core while styrene was used to form the hydrophobic
inner core of the micelles. It was found that nanoparticles formed from
copolymers of IPAAm with styrene exhibited reversible transition at
approximately 32 °C. In other words, the micelles remained intact below the
LCST and aggregated to form a turbid solution above the LCST only to
disperse into micelles again upon subsequent temperature reduction below the
LCST. The hydrophobic agent adriamycin, used in cancer treatment, was
incorporated into the micelles without the observation of significant changes in
their properties, thereby indicating the potential for the use of such vessels for
delivery of hydrophobic drugs [40].

Graft copolymers of PNIPAAm with other polymers have also been
investigated for their sensitivity to temperature change. Various graft
copolymers can be formed in order to adjust the LCST and the release
properties of the resulting nanoparticle systems. Cammas et al. [40] claimed to
have prepared poly (IPAAm) copolymers with LCST values as low as 26 and
as high as 39 °C. In another report, Chaw et al. [36] have reported the use of
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nanoparticles synthesized from cholesteryl end-capped poly(N-isopropylacry-
lamide-co-N,N-dimethylacrylamide) [P(NIPAAm-co-DMAAm)] and choles-
teryl grafted poly[N-isopropylacrylamide-co-N-(hydroxymethyl) acrylamide]
[P(NIPAAm-co-NHMAAm)] for the delivery of hydrophobic drugs, including
cyclosporine A (CyA) and indomethacin (IND). They found that the presence
of hydrophilic NHMMAam and DMAAm segments increased the LCST of
polymer systems [36]. Similarly, copolymers of NIPAAm with methacrylic acid
(MAA) prepared by Lo et al. were found to exhibit higher LCST than pure
PNIPAAm polymers at neutral pH [34]. Both studies also indicated that, at
physiological pH, drug release was greater at temperatures above the LCST
[34, 36].

Nanoparticles that are capable of being controlled by multiple external
stimuli have also been prepared. Lo et al. [34] have prepared “intelligent”
nanoparticles that are both thermal and pH responsive. These nanoparticles
were synthesized from poly(D,L-lactide)-g-poly(N-isopropylacrylamide-co-
methacrylic acid) and (PLA-g-P(NIPAm-co-MAA)) graft copolymer by
dialyzing an organic polymer solution against distilled water. Copolymers of
NIPAm with methacrylic acid (MAA) were designed to increase LCST and add
pH sensitivity to nanoparticle systems. At neutral pH, the MAA molecules are
ionised, thereby preventing aggregation of nanoparticles. The LCST of
nanoparticles at neutral pH was shown to be above 37°C. At lower pH,
eventual deionization of the MAA molecules results in decreased LCST and
eventual aggregation of nanoparticles. Nanoparticles were tested for the
delivery of both hydrophobic and hydrophilic agents, pyrene and 5-fluoroacil,
respectively. In both instances, it was found that drug release was controlled by
both environmental pH and ambient temperature [34].

5.3.1.3 Photochemically Controlled Delivery System Photochemical
technology, named photochemical internalization (PI), was initially reported as
a method for enhancing the delivery of macromolecules into cytosol [41, 42].
This method explored the potential use of photosensitizers that localize
primarily to the endosomes and lysosomes of cells to rupture endosomes and
lysosomes and thereby deliver endocytosed macromolecules into the cytosol
when exposure to light. This strategy was developed specifically for drug and
gene delivery [43]. In the drug delivery system, with the aid of tumor focused
light, the photosensitizer acted as the enhancer for the uptake of hydrophilic
anticancer drugs, such as bleomycin that are easily metabolized [44]. This
strategy significantly improves the drug bioavailability as well as provides the
whole system targeting property, thus enhancing the antitumor effect.

The photosensitizers can also be used for anticancer drugs loaded in actively
targeted liposomes [45—47] or polymeric micelles [48] delivered to tumor sites of
patients. Since these anticancer agents are light sensitive, they would be kept
harmless in light-free states. During treatment, a tumor-focused light is used to
induce the photosensitizers eradicating the tumor cells. This method is called
photodynamic therapy (PDT).
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5.3.1.4 Magnetic Targeted Drug Delivery of Nanocarriers Magne-
tically induced drug delivery involves encapsulation of magnetic material,
usually magnetite (Fe,O5) inside a polymer container that has a drug either
tagged or trapped. The magnetic particles aid in targeting of the drug to the site
and slow degradation of the polymer carrier causes the slow release of the drug
[49]. Magnetic targeting and eradication of cancerous tissues can also be
performed by increasing temperature of the metallic magnetic nanoparticles
once they have been internalized into tissue or cells where a tumor is located
[50].

5.3.1.5 Ultrasound-Mediated Drug Delivery and Targeting Ultra-
sound has for long been a tool in diagnostic medicine and imaging
applications. Recently, owing to widespread developments in the field of
medicine and engineering, the ultrasound-mediated drug delivery and targeting
have been explored. The ability to use ultrasound as a targeting tool has been
termed as Sonophoresis and this field of science has aided in the delivery of high
molecular weight drugs through several barriers, including the skin. Several
therapeutic classes of drugs like gene-based drug, chemotherapeutic, and
thrombolytic drugs have been successfully delivered across barriers [51]. The
common approach is to create a contrast agent that aids in targeting tumor by
using a microbubble. These microbubbles are formed by agitation of gases
through solutions. Recent developments in technologies enable researchers to
make nanobubbles from biologically relevant polymers, lipid bilayers, and
gases [52].

5.3.2 Drug Targeting through Targeting Molecules

Targeting molecules may be conjugated onto nanoparticles to actively target
them to particular sites for the delivery of their payloads. Many of these
molecules are comprised of peptides or peptide fragments. Multiple targeting
molecules may be attached to the surface of a nanoparticle in order to increase
its chances of coming into contact with a receptor-bearing cell. This is
particularly the case when target cells over express surface receptors for certain
molecules. Targeting molecules are also valuable in the context of intracellular
drug trafficking via receptor-mediated endocytosis [19, 20, 32, 40, 53-58]. Some
of the most commonly used targeting molecules include monoclonal
antibodies, folate, transferrin, and a category of peptide ligands known as
aptamers. This section will discuss their potential applications for drug
targeting.

5.3.2.1 Monoclonal Antibodies Over the last decade, extensive studies
have been conducted on targeting monoclonal antibodies (mAb) to receptors
on the surface of tumor cells. This type of antibody-based therapy could
potentially target the tumor cells with little or no impact on normal cells
surrounding the tumor [59].
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Several research groups have designed bispecific antibodies (BiAbs) [60].
The design of BiAbs was based on the fusion of two independent antibodies
with one that binds to the tumor and the other that binds to the drug via a
sulfydral-or maleimide-based linkage. This method has been modified to create
specifically designed delivery units or carriers where the antibody and a drug
bound to a spacer or a polymer backbone, which eventually degrades. This
method has also been employed for binding one arm of the BiAbs to the target
cells and the other arm to a killer cell or a T cell that acts on the tumors [30].
The antibody targets the specific site and causes the docking of the polymer
backbone containing the drug [61]. The degradation or the breakdown of the
polymer chain causes the internalization of the drug that breaks and eventually
destroys the tumor.

5.3.2.2 Folate Ligands Folate receptors (FR) bind folate and folate—
drug conjugates. These folate molecules are subsequently taken up by FR-
bearing cells via endocytosis. An acidic endosomal compartment is created
around the folate molecule as it is taken into the target cell. Folate ligands have
been conjugated to a variety of compounds for delivery to FR-bearing cells.
Folate-based delivery systems are advantageous for a variety of reasons. FR bind
folate conjugates with an extremely high affinity, which guarantees selectivity. In
addition, folate-bearing molecules are internalized by target cells without
exposure to harsh conditions [20, 32].

Molecules that have been conjugated to folate ligands thus far include
radioactive pharmaceutical agents, MRI contrast agents, proteins, oligonucleo-
tides, ribozymes, drug loaded nanocarriers, and other therapeutic agents. Folate
conjugates have been particularly beneficial in cancer therapy, as tumor cells are
known to express large numbers of folate receptors [32]. Folate conjugates of
several chemotherapeutic agents including taxol, maytansine, nitroheterocyclic
bis(haloethyl) phosphoramidite, and 5V-hydroxyl of 5-fluoro-2V-deoxyuridine-
5V-omonophosphate (FAUMP) have been created [20].

5.3.2.3 Transferrin Ligands Transferrin (TF) is an iron-transporting
serum glycoprotein. TF receptors are expressed in significant quantity on
erythroblasts and cancer cells. After binding to TF receptors, TF-bearing
particles are taken into cells via endocytosis and contained in endosomes. The
endosomal pH causes TF to release its iron [57].

Polymeric nanoparticles conjugated to polyethylene glycol-coupled trans-
ferrin (PEG-TF) were prepared by Li et al. [57] for the delivery of pDNA to
K562 cells. Their results indicated that TF-PEG nanoparticles delivered an
initial burst of pDNA followed by a controlled release over the course of
several days with a cumulative release of 67.1—81.3% of encapsulated
compound after the first week. Nanoparticle uptake was proven to depend
on TF receptor-mediated endocytosis because the presence of free TF in
solution decreased the binding efficiency of TF-PEG nanoparticles [57].
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Transferrin may also be used as a means of crossing the BBB. Visser et al. [19]
have reported the use of pegylated liposomes conjugated to transferrin to deliver
protein drugs to brain capillary epithelial cells (BCEC), which bear TF receptors.
TF-PEG liposomes were loaded with horseradish peroxidase (HRP) as a sample
drug and incubated with BCEC. A comparison of TF-bearing pegylated
liposomes with non-TF-bearing carriers was conducted at 37 and 4 °C. At 37°C,
the TF-bearing liposomes showed a two to four times greater association with
BCEC cells than liposomes without TF ligands. These results indicate that the
potential exists for the creation of TF-bearing liposomes that are capable of
releasing peptide drugs within the endothelial cells of the BBB [19].

5.3.2.4 Aptamers Aptamers are nucleic acid ligands formed from DNA
and RNA oligonucleotides. Their unique structures enable them to bind
specifically to target sites in a fashion similar to antibodies. Aptamers are
optimal targeting molecules for a number of reasons. They are typically
submicron sized and highly biocompatible. Synthesis via the SELEX procedure
(see Reference [55] for more details) allows for the synthesis, selection,
purification, and amplification of aptamers suited for a wide variety of targets.
Most aptamers are not immunogenic and can achieve prolonged circulation
time and in vivo stability. Stability may be further enhanced through chemical
modification of aptamers [53, 54].

Farokhzad et al. [53] have synthesized nanoparticle—aptamer bioconjugates
with the ability to target prostate cancer cells. Polymeric nanoparticles
containing the model drug rhodamine-labeled dextran were conjugated to
RNA aptamers that bind to the prostate-specific membrane antigen (PSMA),
which is present in prostate cancer cells more so than in healthy cells. The
nanoparticle—aptamer conjugates were taken up by cells containing PSMA
receptors to a much greater extent than they were by cells lacking the receptor.
Thus, the results indicated that nanoparticle-aptamer conjugates could be
effectively used to target drug-loaded nanoparticles to cancerous cells [53]. In
subsequent studies, nanoparticles were loaded with the chemotherapeutic agent
docetaxel and conjugated to PSMA aptamers. In vivo tests were performed
using mouse xenograft models of prostate cancer. The results showed that
aptamer—drug-loaded nanoparticle conjugates were more effective than drug-
loaded nanoparticles without aptamers, drug injections, or empty nanoparti-
cles in effecting complete tumor regression. Thus, the use of aptamers
for targeting can increase the efficacy of nanoparticle-based drug delivery
systems [55].

5.3.2.5 Lectins Certain biologically active molecules must be protected
from proteolysis within the gastrointestinal (GI) tract when delivered orally.
This may be accomplished by encapsulating them in nanoparticles that are
stable in the presence of proteases. However, these encapsulating materials
may also discourage passage of molecules into circulation through the
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intestinal epithelial lining. This problem has been addressed by coating such
nanoparticles with lectins that can bind to the intestinal lining. Lectins are
proteins that have the ability to bind to particular carbohydrates. They are
fairly resistant to acidic conditions and enzymatic degradation. In addition,
some lectins like wheat germ agglutinin (WGA) can bind to the intestinal
mucosa [56, 62]. For instance, Russell-Jones et al. [56] have reported the use of
lectin-coated nanoparticles for oral delivery systems. The coatings were
successfully used to encourage nanoparticle uptake by epithelial cells. Lectin
coatings could thus be used to facilitate the transport of biodegradable drug-
loaded nanoparticles through the intestinal wall and into the circulation [56, 62].

5.3.2.6 Synthetically Modified and Designed Peptide Ligands A
variety of other peptide ligands have been explored for targeting of nanosized
drug delivery and imaging systems. Some of these are based on modifications
of naturally occurring peptides. For instance, Nah et al. [58] have reported the
use of the short peptide chain known as artery wall binding peptide (AWBP)
for the delivery of genes to cells of the arterial wall. The AWBP group was
added to a synthetically created peptide chain that was then conjugated to a
nanosized polymeric gene delivery vector. Results indicated that particles
conjugated to AWBP were taken up by receptor-mediated endocytosis [58].

Other ligands, like RGD peptide ligands, can be designed entirely through
synthetic chemistry. These molecules are formed from cyclized Arg-Gly-Asp
chains and have been shown to bind specifically to certain integrins. RGD
ligands may be tailored to bind specifically to integrins that are present at
target sites. For instance, Mitra et al. [63] have reported the use of a
polymer—RGD complex to target the avpB3 integrin. This integrin is present on
the luminal surface of tumor vasculature only during angiogenesis. The use of
RGD ligands allows for the destruction of tumor vasculature by chemother-
apeutic agents, thereby limiting tumor growth potential [63]. Another group,
Dharap et al. [64], has reported the development of synthetic peptides similar
to luteinizing hormone-releasing hormone (LHRH) for the delivery of
drug—polymer conjugates to ovarian cancer cells. These cells tend to
overexpress LHRH receptors, which are not present in most healthy human
tissues. Thus, synthetically designed LHRH ligands may be attached to drug
delivery systems in order to direct chemotherapeutic agents to ovarian cancer
cells without affecting healthy tissues [64].

5.3.2.7 Other Targeting Ligands Aside from those mentioned above,
numerous small molecular ligands have been used for targeting purposes.
Insulin, NGR peptide, NGF peptide, and gelatinase inhibitory peptide
CTTHWGEFTLC have all been explored for their ability to bind to specific
target receptors. These ligands have been coupled with delivery vehicles
ranging from liposomes and polymeric nanoparticles to quantum dots and
have the potential to function as targeting agents for therapeutic and imaging
purposes [6].
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5.4 MULTIFUNCTIONAL NANOPARTICLE SYSTEMS

Research into nanotechnology goes far beyond drug delivery. The future looks
toward the creation of multifunctional nanoparticles capable of performing
other tasks in conjunction with drug delivery as shown in Fig. 5.1. Several
strategies exist for the creation of multifunctional nanoparticles. Prominent
among these are the simultaneous attachment of several molecules to
multivalent systems and combination of drug molecules with nanocarriers
that have inherently advantageous properties.

5.4.1 Multivalent Strategies

Some systems allow for the incorporation of multiple compounds via
encapsulation, conjugation, or some combination of the two. This is
particularly true of polymeric systems, including those based on dendrimers
and carbon nanotubes.

5.4.1.1 Dendrimers Dendrimers are ideal systems for performing multiple
functions due to their ability to encapsulate drugs in both covalent and
noncovalent fashions. The branched nature of dendrimers allows for the
conjugation of multiple compounds. As unimolecular micelle, dendrimers have
the added capacity to carry molecules via encapsulation in their hydrophobic
cores. Thus, multifunctional systems can be created by encapsulating one
molecule within the micelle core and covalently linking a second molecule to
the micelle surface. For example, dendrimer carriers containing contrast agents
like fluorescein isothiocyanate (FITC) have been prepared and conjugated to
folates in order to target them to cancer cells. These FITC/folate conjugated
dendrimers have been subsequently conjugated with drugs, including
methotrexate and taxol. Such dendrimer systems serve the dual purpose of
imaging cancer cells and delivering cancer therapies. In doing so, they take
advantage of the capacity for multiple covalent attachments in addition to non
covalent encapsulation [65, 66]. Small dendrimer carriers for gadolinium have
also been designed for delivery of this MRI contrast agent. In the future
perhaps the surfaces of these nanocarriers may be conjugated to chemicals for
the purpose of targeting or drug delivery in conjunction with imaging [6].

5.4.1.2 Polymeric Nanocarriers Nanocarriers formed from straight-
chain polymers like PLGA and PCL possess multivalent potential as well.
While compounds may be loaded into the hydrophobic core of polymeric
micelles or into the matrix of polymeric nanospheres, their surfaces may be
modified and conjugated to other substances. These substances could include
targeting agents, drugs, or additional polymeric substances to modify the
release properties of the system. This opens avenues for polymeric carriers with
function in imaging in conjunction with drug delivery, delivery of multiple
drugs at once, or delivery of drugs in conjunction with biomolecules like
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peptides or nucleic acids. In addition, some surface modifications may allow
for the use of polymeric micelles as coating materials for scaffolds in tissue
engineering. Studies with the sample drug pyrene have indicated that polymeric
micelle coatings can exhibit controlled drug release from surfaces [27]. Thus, it
is possible that tissue engineering scaffolds may be coated with drug-loaded
micelles in order to release drugs or growth factors to prevent infection or
enhance tissue regeneration.

5.4.1.3 Carbon Nanotubes (CNT) Carbon nanotubes are essentially
rolled graphite sheets. They may be single or multilayered, SWNT and
MWNT, respectively. Both are commercially available with varying structures
and purities [67-69]. Bianco et al. [67] have reviewed at length the potential of
CNT for drug, peptide, and gene delivery.

Carbon nanotubes may be covalently or noncovalently functionalized in
order to increase their biocompatibility, solubility, and drug-loading capacity.
Thus, far most research into multifunctional CNT has focused on covalent
attachment of multiple molecules. Covalent strategies to enhance solubility and
drug-loading capacity typically involve surface modifications to the external
CNT walls and tips to create carboxylic functionality. Addition reactions to
CNT external walls create functionalized, soluble nanotubes. Targeting
antigens, fluorescent probes, drug molecules, peptides, and other biomolecules
may all be covalently linked to functionalized CNT surfaces [67-70].

Linking multiple agents to the same CNT creates the potential for multi
functional systems. For instance, Wu et al. [70] have used multiple covalent
attachments to create CNT that are useful in both drug delivery and imaging.
Amphotericin B, an antifungal agent, was covalently linked to amino groups
on the surface of the nanotubes. Fluorescein, a fluorescent probe, was also
covalently attached to the CNT surface. A strategy of orthogonal protecting
groups was used to ensure that both molecules were successfully incorporated.
The chemicals were shown to retain their advantageous properties when taken
up by mammalian cells, with fluorescein maintaining its optical properties and
amphotericin retaining its antifungal properties [70].

5.4.2 Exploiting Inherent Material Properties

Some materials, particularly metals and ceramics, possess properties that are
clinically useful. For instance, many metals can easily be magnetized, heated,
or made to fluoresce by the introduction of a magnetic or an electric field [71].
Ceramics have structural properties that render them useful in tissue
engineering [72]. These materials may be used to deliver biologically active
molecules. The resulting delivery systems are multifunctional due to the
inherent properties of the nanocarrier materials.

5.4.2.1 Electrical Properties The ability of metallic particles to act as
conductors has rendered them useful for the purpose of biomolecule delivery
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and activation. In several studies, gold nanoparticles have been functionalized
with the redox enzymes. The gold particles were shown to enhance electron
transfer, thereby increasing enzymatic activity. Thus, it is possible for gold
nanoparticles to act both as delivery vehicles for the enzymes and as electron
conduits for enzymatic activity [71, 73]. Nanowire assemblies formed from
redox enzymes and gold nanoparticles may also be used as very precise
biosensors [73].

Some studies have investigated the electron-transfer potential of block
copolymers [74]. Polymeric micelles derived from such copolymers might serve
to both deliver and activate enzymes in a fashion similar to gold nanoparticles.

5.4.2.2 Optical Properties The optical properties of some metals allow
for the creation of nanoparticulate systems that serve both imaging and drug
delivery purposes. Quantum dots are smaller semiconductor nanocrystals that
have been used for imaging since the 1980s. Quantum dots have been
conjugated to a variety of biological materials, including peptides, antibodies,
and oligonucleotides. Thus far, these particles have been used to image living
tissues, including cancer cells and genes. However, it is feasible that drug
molecules might also be attached to quantum dots, thereby creating a system
for drug delivery in combination with imaging [75].

5.4.2.3 Magnetic Properties Magnetic metallic nanoparticles have
already been used extensively for MRI. Iron oxide associated with dextran
has been used clinically as a contrast agent for MRI. Iron oxide particles have
also been successfully associated with insulin to reduce cellular internalization
of the somewhat toxic magnetic particles. In the future, these particles may also
be coupled to drug molecules, creating magnetic nanoparticles that function in
imaging and drug delivery [4, 6].

5.4.2.4 Thermal Properties Some metals can be heated via the introduc-
tion energy from an electric field or via irradiation. Such metals have already
been used for tumor ablation via hyperthermia [76]. Gold nanoparticles have
already been loaded with anticancer drugs [77]. It is feasible that gold or other
metallic nanoparticles containing anticancer agents might be used in the future
for the treatment of tumors via drug delivery in conjunction with hyperthermia
[76-78].

5.4.2.5 Structural Properties Ceramic nanoparticles are primarily used
for the creation of bone scaffolds or biocompatible coatings in the field of
tissue engineering. It is possible, however, for these particles to perform
additional functions. For instance, capsules formed from nanohydroxyapatite
and nanocrystalline calcium sulfate have been investigated for the delivery of
vancomycin and gentamicin. Such materials could be used in bone scaffolds to
provide structural support and prevent or treat the bone infection osteomyelitis
[79]. The incorporation of growth factors into ceramic nanoparticles for use in
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tissue engineering has also been reported. In this instance, the particles serve
the dual function of providing structural support as part of the bone scaffold
and encouraging bone regeneration via growth factor delivery [72].

5.4.2.6 Polymeric Micelles as Nanoreactors Polymeric micelles have
been investigated for the entrapment of metallic nanoparticles for use as
contrast agents in MRI and other imaging techniques. In some instances, the
polymers may entrap a metal salt and interact with it in such a way as to cause
metal chelation to occur. The micelle thus provides a microenvironment that
serves as a reactor for the production of metallic particles [74]. The
microenvironment provided by the core of polymeric micelles may in the
future be modified in such a way that it is capable of acting as a microreactor
for the synthesis or activation of a biologically active compound like a drug or
growth factor.

5.5 CONCLUSIONS

The ability to manipulate materials at the atomic length scale has led to
diversified applications in the field of biomedical engineering, including drug
delivery. Several techniques and materials for the synthesis of nanoparticles
like dendrimers, liposomes, micelles, and metallic and polymeric nanoparticles
have been in use over the last few years. More recently, understanding of
molecular biology has shown that various targeting mechanisms and imaging
and diagnostic tools play a major role in the success of these nanotechnology—
based delivery systems. The efficiency of the therapeutic application will
dramatically improve by performing multiple functions using the same
nanotherapeutic platform.

The application of nanotechnology in the field of medicine has attracted
attention from the federal and the industrial sectors around the globe. The
annual international nanotechnology funding in 2004 had reached approxi-
mately 3 billion and is bound to increase several fold over the next decade.
Several nanotechnology based-drug delivery products have recently been
available in the market and several others are in clinical trials. These
products will change the face of the biomedical therapies and will attract
further attention from researchers, federal funding agencies, and venture
capitalists.
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I CHAPTER 6

Polymeric Nanoparticles and
Nanopore Membranes for Controlled
Drug and Gene Delivery

JINGJIAO GUAN, HONGYAN HE, BO YU, and L. JAMES LEE

6.1 INTRODUCTION

Drugs range from conventional small-molecule therapeutics to emerging
protein/peptide-based macromolecular biopharmaceutics. Although the ther-
apeutic effects of a drug are of paramount importance, the way to deliver it is
also critical. Nucleic acids have also been used to treat/prevent diseases in gene
therapy which holds potential to revolutionize medicine. But its development is
significantly hampered by a lack of efficient and safe delivery techniques.
During the past four decades, considerable effort has been made to develop
systems to facilitate delivery of drugs and nucleic acids. Such a system is called
a drug/gene delivery system (DGDS). A successful DGDS should offer at least
one of three benefits: enhancing therapeutic outcome, improving patient
compliance, or reducing therapeutic cost. Specific goals for developing a novel
drug delivery technique may vary, but generally include targeting diseased
organs, tissues, or cells; reducing side effects such as infection, systemic
toxicity, and unwanted immune reactions; increasing drug bioavailability;
optimizing pharmacokinetics; minimizing risk and/or discomfort associated
with administration such as injection; enabling self-administration and
lowering involvement of health care workers; and lowering the cost of drug/
gene delivery systems [1]. A primary driving force for developing advanced
DGDSs is associated with many emerging protein, peptide, and nucleic acid
based therapeutics. They are potent, but expensive and labile. Delivering them
to target tissues or cells in an efficient, controlled, safe, and patient-friendly
manner remains a major challenge for drug/gene delivery research.

Biomedical Nanostructures, Edited by Kenneth E. Gonsalves, Craig R. Halberstadt, Cato T. Laurencin,
and Lakshmi S. Nair
Copyright © 2008 John Wiley & Sons, Inc.

115



116 BIOMEDICAL NANOSTRUCTURES

Recently, polymer-based DGDSs with critical structural features at the
nanometer scale have attracted immense interest. Polymers are macromole-
cules composed of a large number of identical or similar repeating units
organized in a chain-like molecular architecture. They exhibit a wide diversity
of compositions, structures, and properties. Some characteristics of polymers,
such as biocompatibility, biodegradability, a broad range of mechanical
properties, and ease of processing, make them extensively useful in drug
delivery. Besides material, size is another determining factor for a DGDS. A
cell can be regarded as a combination of numerous nanomachines such as ion
channels and ribosomes, and a majority of drugs/genes fall into the nanometer
range in terms of molecular size. It is obvious that a DGDS with nanoscale-
sized features would have better potential to be more effective in interacting
with both the biological systems and the drugs/genes. Such a system therefore
would be more likely to achieve controlled drug/gene delivery. In this chapter,
three types of polymeric nanostructures for drug/gene delivery are described,
including particulate nanostructures or nanoparticles (NPs), nanopore
membranes, and fibrous nanostructures or nanofibers. Fabrication of these
polymeric nanostructures and their applications in drug/gene delivery will be
introduced first, followed by a brief discussion on the future trends in this
dynamic field.

6.2 NANOPARTICLES FOR DRUG/GENE DELIVERY

NPs have been widely studied for drug/gene delivery, and some products such
as Doxil®™ and Abraxane®™, have reached clinics. A very important factor of
drug/gene delivery NPs is their nanometer size. In the following section, we will
first discuss why the size of NPs is critical in drug/gene delivery. Different types
of polymeric NPs will then be introduced. Because drug delivery polymeric
NPs are used in biological fluids and most of the NPs are produced in the
presence of water, the water solubility of polymers plays a major role in the
fabrication, structures, properties, and functions of the NPs. We therefore
classify NPs based on the water solubility of the polymers used. In some cases,
different types of polymers are used together to manufacture NPs. The polymer
that plays a major role in determining the preparation method and properties
of the NPs is taken as a standard for classification.

6.2.1 Why is Size Important for NPs in Drug/Gene Delivery?

Drugs are conventionally administered in the form of free, unassociated
molecules. This strategy is simple, but it is becoming increasingly limited in
many conditions, especially in those involving the use of highly cytotoxic
chemotherapeutics and environmentally sensitive biopharmaceutics. In recent
decades, particulate systems at the micrometer scale, or microparticles (MPs),
have been under active study for controlled drug/gene delivery. For example,
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porous MPs of 20 pm diameter were used for deep lung drug delivery via
inhalation [2] and particles larger than 40 wm for embolization therapy [3].
Between free drug molecules and MPs lie particles between 10 and 1000 nm in
size. This size range offers considerable advantages over free drugs and MPs in
view of drug/gene protection, delivery of poorly soluble drugs, sustained
release, blood circulation time, organ/tissue/cell targeting, cellular uptake, and
barrier penetration. These benefits are discussed in the following sections.

6.2.1.1 Drug/Gene Protection For optimum therapeutic efficacy and
patient compliance, drug/gene release from NPs over a sustained period of
time is often desired. Many drugs, especially protein, peptide, and nucleic acid
based agents, however, are subject to rapid clearance and degradation in the
body. Protection of these drugs from degradation and unwanted interactions
is thus needed before they are released. Protection is also necessary for
targeted delivery through intravascular or oral routes because the drug/gene
must pass a series of biological and physiological barriers before reaching its
target.

6.2.1.2 Delivery of Poorly Soluble Drugs Many potent drugs are poorly
soluble in water, resulting in either low bioavailability or a need for a dosage
form causing significant adverse side effects. One such example is paclitaxel, a
widely used anticancer drug with very low water solubility. It is currently
delivered with Cremophor EL, a solvent associated with acute hypersensitivity
reactions. In addition, a large number of potent candidate drugs are discarded
during drug discovery process because of their low water solubility, resulting in
significant waste of efforts [4]. Polymeric NPs may represent a general and
simple solution to this problem.

6.2.1.3 Sustained Release Sustained drug release is desired in many
conditions to achieve optimized therapeutic outcomes and improved patient
compliance. An in vivo study on diabetic rats showed that subcutaneously
injected insulin-loaded polymeric NPs of 85—185nm exerted a much longer
hypoglycemic effect than free insulin [5]. In another study, intramuscularly
delivered 600 nm PLGA NPs loaded with plasmid DNA showed sustained
gene expression [6]. Although MPs may also offer sustained release, only NPs
can be used as circulation depot [7].

6.2.1.4 Extended Blood Circulation For intravenously administered
NPs, long circulation time is a prerequisite for targeted drug delivery and
sustained drug release in blood. The smallest capillaries set the upper limit for
the size of circulating rigid particles at approximately 5 wm. However, particles
at the micron scale are rapidly taken up by the reticuloendothelial system
(RES), while particles less than 200 nm in size with appropriate surface
properties have significantly low RES uptake and can circulate in blood for
considerably prolonged periods of time [7, §].
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6.2.1.5 Targeted Delivery Targeted delivery is one of the most pursued
goals in drug/gene therapy. NPs are capable of targeting at many different
levels, from organs, to tissues and cells, to even subcellular compartments.
Organ and tissue targeting can be achieved because vasculatures of different
organs and tissues have fenestrations of different sizes. For example, blood
vessels in the liver contain fenestrations of approximately 106—175nm [9].
These organs can thus be selectively targeted by controlling the size and surface
properties of the NPs. Many types of tumors are characterized by porous
blood vessels. The pore cutoff size is between 380 and 780 nm. Circulating NPs
between 100 and 300nm would thus leak through the nanopores and
accumulate in the tumor because of the enhanced permeation and retention
(EPR) effect [10]. Moreover, by attaching ligands, NPs can actively target
virtually any type of accessible cells with identified cellular receptors.

6.2.1.6 Enhanced Cellular Uptake While phagocytic cells can take up
micron-sized particles more efficiently, nonphagocytic cells—the targets of
most therapies—preferentially internalize particles at the nanometer scale. One
study showed that NPs of 100 nm were taken up at 2.5-fold and 6-fold greater
rates than 1 and 10 pm particles, respectively, in a Caco-2 cell line [11]. Similar
results have been observed with other cell lines [12]. A gene transfection study
also showed that DNA-loaded particles of less than 100 nm size had 27-fold
greater transfection than particles larger than 100 nm in a COS-7 cell line [13].
The size of the NPs affected the pathway of particle internalization as well [14],
implying that the intracellular fate of NPs can be controlled. This is
particularly important for drugs or genes that need to function in specific
cellular compartments.

6.2.1.7 Barrier Penetration The extremely small size of NPs facilitates
their penetration across various biological barriers for drug delivery. Oral
administration is generally the most preferred drug delivery method, but it is
not applicable to many drugs because of their susceptibility to degradation in
the GI tract and low permeability through the intestinal barrier. Polymeric NPs
can not only protect the encapsulated drugs from degradation and prolong the
residence time of drugs in the absorption site of the GI tract but also efficiently
penectrate the mucosal layer covering the intestinal lumen [15]. As a result,
increased bioavailabilities of drugs such as heparin, insulin, peptides, and
paclitaxel have been obtained [5, 16—18]. The blood/brain barrier (BBB) is
another formidable barrier for drug delivery. It is formed by tight junctions
between the capillary endothelial cells and protects the central nervous system
(CNS) from harmful agents in the blood. A large number of drugs are
precluded from entering the CNS. Overcoming the BBB is thus a major
challenge for treating many devastating brain diseases such as brain tumors.
Studies have shown that NPs could efficiently cross the BBB [19] and a recent
study concluded that NPs less than 100 nm in diameter crossed the BBB much
more efficiently than larger NPs [20].



POLYMERIC NANOPARTICLES AND NANOPORE MEMBRANES 119

6.2.2 NPs Prepared from Water-Insoluble Polymers

NPs made of water-insoluble polymers can be prepared from either preformed
polymers or monomers. Poly(lactic acid) (PLA) and poly(lactic-co-glycolic
acid) (PLGA) are the most widely used hydrophobic polymers for this
application because they are biocompatible, biodegradable, and approved by
the US Food and Drug Administration (FDA) for internal use in humans. To
render NPs’ desired surface properties which are critical in determining their
interactions with biological systems and performance as drug/gene carriers,
amphiphilic copolymers are commonly incorporated into them. Poly(ethylene
glycol) (PEG), a hydrophilic polymer extensively used in drug delivery has been
coupled with various hydrophobic polymers to form amphiphilic block
copolymers, for example, PLA—PEG and PLGA—PEG. They are commonly
used for the preparation of PEG-coated NPs. NPs are also prepared from
many other hydrophobic polymers and their derivatives, such as polycapro-
lactone (PCL) and polyalkylcyanoacrylate (PACA). A number of methods
have been developed to fabricate NPs from these hydrophobic polymers, and
they are introduced in this section.

6.2.2.1 NPs Prepared by Precipitation of Polymers

Emulsion/Solvent Evaporation 1In this method, the polymer is dissolved in a
water-immiscible organic solvent like dichloromethane, chloroform, or ethyl
acetate. The drug is also dissolved or dispersed in the polymer solution. When this
solution is added to a large amount of aqueous solution and homogenized, small
droplets of the polymer solution form in the water, resulting in a system termed
oil-in-water emulsion. Surfactants such as poly(vinyl alcohol) (PVA) are
commonly used as emulsifying agents to stabilize the droplets. Solid polymeric
NPs form after the organic solvent evaporates. To encapsulate a water-soluble
drug, the drug is usually dissolved in water and emulsified in an oil phase, forming
a water-in-oil emulsion. This water-in-oil emulsion is then emulsified again in
water, forming a water-in-oil-in-water emulsion [21]. PEG-coated PLGA NPs of
200 nm size were prepared using this method to encapsulate protein and peptide
drugs [7]. The formation of a nanosized emulsion usually requires sonication or
high speed homogenization. In a modified emulsion/solvent evaporation method,
a semipolar water-miscible solvent such as acetone was added in the organic phase.
Pouring this organic phase into water resulted in the spontaneous formation of
nanosized droplets, probably caused by the decreased interfacial tension between
the organic and the aqueous phases and interfacial turbulence induced by the
rapid diffusion of acetone into water. PLGA NPs of 200—300nm size
incorporating 5-FU were produced using this method [22].

Solvent Displacement In contrast with the emulsion/solvent evaporation
method, a water-miscible solvent such as acetone or ethanol is used to dissolve
the polymer and the drug in this method. The drug needs to be insoluble or only
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slightly soluble in water. By pouring the solution into an aqueous solution, rapid
diffusion of the organic solvent into the aqueous phase leads to the precipitation
of the polymer and the drug as NPs. A surfactant like poloxamer 188, a triblock
copolymer of poly(ethylene oxide)—poly(propylene oxide)—poly(ethylene
oxide), and soy lecithin may be used to facilitate the formation and stabilization
of NPs [23]. One example of applying this approach is the production of 100 nm
PLGA NPs incorporating a model drug of coumarin-6 [24]. To increase the
loading capacity for a lipophilic drug, an oil solvent for the drug can be included
in the organic phase. The resulting NPs have an oily core surrounded by a
polymer coat and are thus called nanocapsules. PLA nanocapsules of 180 nm
diameter containing halofantrine were prepared using this method [23].

Salting Out 1In this method, a solution of a polymer and a drug in a water-
miscible solvent, for example, acetone, is added to an aqueous phase
containing PVA and saturated salt such as magnesium chloride or magnesium
acetate [25]. Although acetone is miscible in water, an oil-in-water emulsion
forms under mechanical stirring because of the salting out of the organic
solvent induced by the salt. By adding pure water to the system, acetone
diffuses out of the oil phase into the aqueous phase and solid polymeric NPs
form. Using this method, drug-loaded PLA NPs ranging from 230 to 730 nm
were produced [25]. In another study, PLA and PLGA NPs with a mean size
below 200 nm were formed [26].

Supercritical Fluid CO, Technology Supercritical carbon dioxide (scCO»,) is
attracting considerable interest for producing particulate drug delivery systems
because it is nontoxic, nonflammable, inexpensive, and biologically and
environmentally benign [27]. ScCO, has been used as a solvent to dissolve
drugs and polymers together. When such a solution is atomized through a
nozzle into a low pressure chamber, drug-loaded polymeric microparticles are
formed [28]. This technique is attractive because of the complete elimination of
organic solvents, but it is significantly limited by the low solubility of high
molecular weight polymers in scCO,. On the contrary, the low solubility of
scCO, for polymers can be utilized in another particle manufacturing method
called supercritical antisolvent precipitation (SAS). In SAS, a drug and
polymer solution in an organic solvent is atomized into scCO,. Rapid
extraction of the organic solvent into the scCO, phase leads to the precipitation
of drug-loaded polymeric NPs [29].

6.2.2.2 NPs Prepared by Polymerization of Monomers PACA NPs
are prepared using this method. PACA is a biodegradable polymer used as
tissue adhesive in surgery. Thus, this polymer attracts great interest for drug
delivery applications. To prepare PACA NPs, an alkylcyanoacrylic monomer
such as isobutylcyanoacrylate (IBCA) or isohexylcyanoacrylate (IHCA) is
added to an acidic aqueous solution to form an emulsion via vigorous
mechanical stirring. This is followed by polymerization. Surfactants such as
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Dextran 70 or polysorbates may be used as a colloidal stabilizer. The produced
NPs are approximately 70—350nm in size [5,20,30]. Many drugs have
been incorporated with PACA NPs. They can be added either during or after
the polymerization process. Encouraging results have been obtained with
PACA-NP-based drug delivery systems. Doxorubicin-loaded PACA NPs were
shown to be able to overcome cancer’s multidrug resistance (MDR), which is
responsible for a significant portion of the failure of chemotherapy [30,31].
Insulin-loaded PACA NPs also showed both a sustained hypoglycemic effect
when delivered via subcutaneous injection and enhanced absorption via oral
administration compared with free insulin [5]. When formulated with PACA
NPs, the antitumor effect of antisense oligonucleotides was also significantly
enhanced [32].

6.2.3 NPs Prepared from Water-Soluble Polymers

Like water-insoluble polymers, water-soluble polymers are also widely used to
prepare NPs for drug/gene delivery. These polymers are of either natural or
synthetic origin and include highly engineered copolymers. The water solubility
of polymers offers the potential to produce NPs in water without the need of
organic solvents, which are toxic and can denature labile macrobiomolecules such
as proteins. Many hydrophilic polymers are charged in water. They can interact
with ionic drugs, allowing controlled association and release of the drugs. Many
of these polymers also carry reactive groups, permitting the modification and
grafting of functional molecules. On the contrary, because of their water
solubility, the polymer chains need to be associated with one another to maintain
distinct NPs in water. Based on whether preformed polymers or monomers are
used as precursors and the fabrication methods, NPs prepared from water-
soluble polymers are divided into three groups: cross-linked preformed polymers,
self-assembled block copolymers, and polymerized monomers.

6.2.3.1 NPs Prepared by Cross-Linking of Polymers A variety of
hydrophilic polymers have been used to prepare drug/gene delivery NPs by
cross-linking of polymer chains. Production processes usually start with
dissolving the polymers in water and are followed by forming an intermediate
distinct phase via various approaches such as ionic gelation, emulsification,
solvent displacement, complex coacervation, or salt-induced desolvation. Cross-
linking is then carried out to form NPs. In some cases, the intermediate step is
skipped, and the polymers dissolved in water are cross-linked directly to generate
NPs. The cross-links can be either chemical bonds or physical interactions.
Chemical-bond-based cross-linking has been used to generate gelatin and
polyethylenimine (PEI) NPs for drug/gene delivery. Gelatin is a protein product
traditionally obtained by the partial hydrolysis of collagen. It is a “generally
regarded as safe (GRAS)” material and has a long history of safe use in
pharmaceuticals and food. Gelatin is a polyampholyte and is positively charged
at an acidic pH. To form NPs, the distinct phase is often formed in the first step
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by water-in-oil emulsification, solvent displacement, complex coacervation, or
salt-induced desolvation. It is followed by the chemical cross-linking of gelatin
with various agents such as glutaraldehyde and glyoxal. Anticancer drugs such
as doxorubicin [33], paclitaxel [34], cytarabine [35], and methotrexate [36], and
ophthalmic drugs such as pilocarpine HCI and hydrocortisone [37] have been
incorporated into the gelatin NPs, and the biodistribution of the paclitaxel-
loaded NPs in the body has been studied [34]. Plasmid DNA was also
incorporated into gelatin NPs using this method [38, 39]. In one study, gene-
loaded gelatin and pegylated gelatin NPs with an average size of 200 nm were
delivered through both intravenous and intratumoral routes into mice, which
showed significant expression of the reporter gene [39]. Recently, gelatin NPs
conjugated with the antibody for targeting human T-cell leukemia cells and
primary T-lymphocytes have been produced, showing promise for using gelatin
NPs for delivering drugs and genes to specific cell types [40, 41]. PEI NPs were
produced by covalently cross-linking PEI with poly(ethylene oxide) (PEO) in a
water-in-oil emulsion system [42]. The formed NPs, called nanogels, had
diameters of 20—220 nm and were slightly positively charged at pH 7 before the
drug was loaded [43]. The cationic nature of the nanogel was utilized to form
complexes with negatively charged drugs such as retinoic acid, indomethacin,
oligonucleotides, and nucleoside analogs [42—45]. Ligands such as folate,
transferrin, or insulin have been conjugated to the nanogels to achieve
receptor-mediated delivery [44, 45]. Drug-loaded nanogel particles were found
to transport across polarized monolayers of human intestinal epithelial cells and
bovine brain microvessel endothelial cells through transcellular pathways. An
in vivo study also showed substantially enhanced brain accumulation of
oligonucleotides carried by nanogel compared with free oligonucleotides
following intravenous injection to mice [45]. These results indicate the potential
use of nanogels for delivering poorly soluble and high molecular weight drugs
through oral routes and across the BBB.

Since many water-soluble polymers are polyelectrolytes, ionic interaction is
widely used for cross-linking the polymers. Alginate NPs were prepared by
cross-linking anionic sodium alginate with cationic calcium ions and/or
polymers such as chitosan or poly-L-lysine. In one study, alginate NPs
measuring approximately 235nm in diameter and encapsulating several
antitubercular drugs were produced and administered to guinea pigs through
the pulmonary route [46]. They showed significantly higher bioavailabilities
and much longer efficacy than the orally administered free drugs. Plasmid
DNA and oligonucleotides were also encapsulated into alginate NPs by this
method [47—49]. This method has also been applied to chitosan, an in-
expensive, biodegradable, biocomptatible, and bioadhesive polysaccharide
carrying a high density of positively charged primary amino groups in water at
an acidic pH. Calvo et al. produced chitosan NPs by using tripolyphosphate
anions as cross-linking agents [50]. These NPs had high loading capacity for
proteins like bovine serum albumin [51], tetanus toxoid, diptaheria toxoid [50,
52], and insulin [53, 54]. An immunosuppressant drug, cyclosporin A [55], and
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an anticancer drug, doxorubicin [56], have also been formulated into chitosan
NPs using this method. Encouraging results were obtained using these NPs in
nasal and ocular drug delivery [53, 55].

Plasmid DNA is a large polymer carrying a high density of negative charges
in water. It can act as both a therapeutic agent in gene delivery and a cross-
linking agent for polycations such as chitosan and PEI. Leong et al. prepared
DNA —chitosan NPs by simply mixing DNA and chitosan solutions in the
presence of sodium sulfate [57]. The NPs formed spontaneously in water and
were generally 100—300 nm in diameter with a narrow size distribution. Oral
administration of the chitosan NPs containing an allergen gene to mice showed
a substantial immunization effect compared with the treatment with naked
DNA [58]. In another study, chitosan—DNA NPs were delivered to the livers
of rats through bile duct and portal vein infusions. A relatively high level of
gene expression was observed with low toxicity [59].

Perhaps, the most extensively and intensively investigated polymer for
nonviral gene delivery is PEI. PEI is highly positively charged at a neutral
pH. It therefore binds DNA in water, forming PEI-DNA complexes. The
morphology of the complexes is highly dependent on the charge ratio of PEI
to DNA, which, in turn, is equivalent to the ratio of the nitrogen atoms of
PEI to the phosphates of DNA (N/P ratio), as shown in Fig. 6.1. Compact
PEI-DNA NPs called polyplexes form within an appropriate range of the
N/P ratio, generally from 3 to 20. These NPs are preferred for gene
transfection. Besides primary amines, PEI also has a large amount of
secondary and tertiary amines. Following the cellular uptake of the NPs via

FIGURE 6.1 Atomic force microscopy (ambient tapping mode) images of complexes
formed by branched 25 kDa PEI and A-DNA in water at N/P ratios of (a) 1:10, (b) 3:1,
(c) 30:1, and (d) 300:1. Highly compact PEI-DNA NPs form at an N/P ratio of 3:1.
Scan areas = lpm X 1 pm.
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endocytosis, theses amines can probably act as a ‘“‘proton sponge,”
eventually leading to the escape of the NPs from the endosomes and
subsequent lysosomal degradation [60, 61]. Besides the intrinsic capabilities
for DNA condensation and endosomal escape, PEI has been modified with
additional features for enhanced biocompatibility and transfection efficiency
[62, 63]. For in vivo gene delivery, PEG has been coupled with PEI to achieve
improved water solubility, reduced immunogenicity, and extended circula-
tion time. A number of ligands such as galactose [64], folate [65], tranferrin
[66], and antibody [67] have been conjugated to PEI to attain receptor-
mediated targeting. PEI-DNA NPs have shown therapeutic promise in
many animal studies. Significant transgene expressions in the lung have been
observed following delivery of PEI-DNA NPs via various routes, including
intravenous delivery [68], nasal instillation [69], intratracheal instillation [70],
and pulmonary delivery [71], indicating a great potential of PEI-DNA NPs
for treating lung diseases such as cystic fibrosis. The expression of the
therapeutic bcl-2 gene in CNS neurons was also achieved by the peripheral
intramuscular injection of PEI-DNA NPs [72]. In addition, the intravenous
delivery of transferrin-coated PEI-DNA NPs into mice bearing tumors
resulted in preferential transgene expression in distant tumors as compared
with the major organs [73]. Tumor-preferential transgene expression was
also observed following the intraperitoneal injection of PEI-DNA
complexes [74].

6.2.3.2 NPs Prepared by Self-Assembling of Block Copolymers
Block copolymers can form polymeric micelles with core—shell architecture by
self-assembly in water. Such copolymers must contain a hydrophilic segment
that forms the outer shell. PEG or PEO is the most commonly used polymer for
this purpose. When administered into the blood circulation, the outer shell
provides steric repulsion against adsorption of plasma proteins and avoids rapid
clearance by the RES. The other segment(s) of the copolymer must be able to
segregate in water as the solid core. It can be made from various types of
polymers, such as PLA, PLGA, PCL, poly(glutamic acid), PEI, and poly(benzyl
aspartate). The core formation can be driven and stabilized by different
interactions, including electrostatic attraction, hydrophobic interaction, chemi-
cal bonds, and polymer—metal complexation [75]. The chemical composition,
molecular size, and block lengths of the copolymers can be changed easily,
allowing versatile manipulation of the structure and properties of polymeric
micelles. More importantly, ligands can be easily conjugated to the end of the
outer hydrophilic segment of the copolymers to provide an active targeting
capability [76].

Polymeric micelles are usually between 10 and 50 nm in diameter [77].
This size range is generally smaller than other drug delivery NPs. Because of
their small size, polymeric micelles are less likely to be recognized and taken
up by the RES compared with larger NPs. Moreover, they may be
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particularly suitable for passive targeting of tumors with a small vasculature
cutoff size [10]. Polymeric micelles also have a narrow size distribution,
which is desirable for controlling their distribution and drug release rate in
the body. Drug molecules are entrapped in the core of the micelles and are
protected from hydrolytic and enzymatic degradation. A wide variety of
drugs with diverse characteristics have been formulated with polymeric
micelles and tested in vitro and in vivo. Enhanced antitumor activity was
observed with different anticancer drugs, including doxorubicin [76],
cisplatin [75], paclitaxel [78], and camptothecin [79]. Polymeric micelles
were also found to be able to cross the intestinal barrier and release poorly
soluble drugs over a sustained period of time [80]. In addition encouraging
results have been obtained when polymeric micelles were used to deliver
oligonucleotides [81].

6.2.3.3 NPs Prepared by Polymerization of Monomers Peppas et al.
developed a free-radical precipitation/dispersion method to synthesize
hydrogel NPs of cross-linked methacrylic acid (MAA) grafted with PEG.
Since poly(methacrylic acid) and poly(acrylic acid) are pH-sensitive
polymers, the produced poly(MAA-g-PEG) and poly(AA-g-PEG) NPs
exhibited a considerable change in size, upon a change in pH ranging in
diameter from 200 nm (pH 2.0) to 2 pm (pH 6.0) [82, 83]. The poly(MAA-
g-PEG) hydrogel NPs were tested for oral delivery of insulin. Insulin was
loaded into the NPs by expanding the polymer network at a high pH.
While in the stomach, which is characterized by a low pH because of the
gastric acid, the NPs shrank and the insulin was physically entrapped and
protected from the acid. As the NPs entered the intestine—the major site
for drug and nutrient absorption—the pH increased up to 8.0. As a result,
the NPs swelled and insulin was released. A significant reduction of serum
glucose compared with that of control animals was observed after the
insulin-loaded poly (MAA-g-PEG) hydrogel NPs were delivered orally to
diabetic rats [83].

6.3 NANOPORE MEMBRANES FOR DRUG DELIVERY

6.3.1 Overview of Nanopore-Based Devices
for Sustained Drug Delivery

Depot systems for sustained drug delivery have gained interest in recent
years. Polymer-based formulations such as Lupron Depot® and Gliadel®
Wafer are in clinical use for cancer treatment. Many other technologies are
currently under development. Notable examples are chip-based devices
containing well-defined reservoirs for the controlled release of multiple drugs
[84, 85]. Another promising technique for this application is nanopore-
mediated drug release. Silicon-based membranes containing arrays of
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uniform channel-like nanopores have been created using microfabrication
techniques [86, 87]. The pore size was extremely uniform across the entire
membrane and could be precisely controlled down to a width as small as
7 nm. Capsules have been built on these membranes with a high drug-loading
capacity, and the release kinetics of encapsulated drugs could be controlled
by the pore size. The silicon-based nanopore membranes have also been used
in biocapsules for the immunoisolation of transplanted pancreatic islet cells
for the treatment of diabetes [88]. By precisely controlling the pore size, these
membranes would allow the free passage of small molecules such as water,
oxygen, nutrients, and insulin, produced by the encapsulated cells, while
preventing the entrance of larger and harmful entities such as host antibodies
and other immune system constituents. Alumina nanopore membranes with
densely packed pores 46—75 nm in diameter produced by anodization have
also been tested for immunoisolation [89]. When implanted in the body of a
diabetic patient, the encapsulated cells are expected to produce insulin in
response to the blood glucose level of the patient for an extended period of
time without the need for immunosuppressants.

While the above two techniques can produce chemically inert and
mechanically stable nanopore membranes with highly uniform and well-
defined pore structures, silicon and alumina are intrinsically nonbiodegradable.
If implanted, they must be removed by surgery after use. Polymers such as
PLGA, on the contrary, can be fully biodegradable and biocompatible.
Compared with silicon-based materials and micro/nanofabrication, polymers
are also inexpensive and a variety of low cost techniques are available for the
creation of polymeric micro/nanostructures, including nanopore membranes.
This section will summarize the fabrication methods for polymeric nanopore
membranes and their applications in drug delivery, including a recently
developed method for the preparation of a polymeric nanopore membrane.
This is followed by a design of the drug delivery device based on this nanopore
fabrication technique.

6.3.2 Polymeric Nanopore Membranes for Drug Delivery

Track etching is a well-established process for generating nanopores in a
polymer film via swift heavy ion irradiation and subsequent selective etching to
remove the polymer in the latent tracks [90]. Polycarbonate (PC) and
poly(ethylene terephthalate) (PET) are the polymers primarily used in this
technique, though others include polypropylene, poly(vinyldiene fluoride), and
polyimides. The produced nanopores range from 10nm to hundreds of
nanometers in diameter with a density from 1 to 10'°/cm”. Compared with the
phase-inversion technique, track etching produces a relatively uniform pore
size over a large size range. Sustained drug release through PC membranes with
200—300 nm pores has been demonstrated [91].

The phase-inversion technique may create nanopores based on liquid—liquid
diffusion between the polymer-rich and the polymer-poor phase [92]. Within the
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membranes, the polymer-rich phase is solidified into a solid matrix, while the
polymer-poor phase develops into the pores. The membrane structure elements
such as pore size and pore size distribution can be controlled by adjusting
the experimental conditions. Phase inversion is a simple process with low cost.
However, the relatively wide pore size distribution limits its applications. Phase
inversion has been employed to prepare porous membranes for controlled drug
delivery [93, 94].

A novel technique, sacrificial template imprinting, has recently been
developed in our laboratory to produce polymeric nanonozzle arrays [95]. A
bundle of optical fibers was first etched to create an array of extremely sharp
tips or nanotips. The nanotip array was used as a master to create a negative
poly(dimethyl siloxane) (PDMS) mold by nanoimprinting. It was followed by
another nanoimprinting step to produce a PVA nanotip array. A final
nanoimprinting step was performed by applying a PLGA film on the PVA
nanotips by spin coating the PLGA solution. Parameters such as the spin rate
and polymer concentration were carefully controlled to allow for a minimum
exposure of the PVA nanotips through the PLGA film. By dissolving the PVA
template in water, a PLGA film with an array of well-defined nozzle-like
nanopores was created (Fig. 6.2). The pore geometries can be controlled by a
number of variables. For example, the fiber diameter can be reduced from
3 wm to less than 200 nm by pulling the optic fibers. This allows for the
creation of high density nanotip arrays. The angle of the cone-shaped nanotips
depends on the differential etching rates of the fiber and the surrounding
cladding material. The size of the small end of the nozzles depends on the tip
shape and the imprinting depth. The dimension of the larger end of the nozzles
depends on the angle of the tip and the layer thickness. Replication accuracy
requires complete wetting between the mold and the casting fluid (i.c., between
optic fiber and PDMS resin, or cured PDMS and PVA /water solution, or dry
PVA and PLGA solution). Compared with other polymer nanopore

FIGURE 6.2 Scanning electron microscopy image of PLGA nanonozzle array. Pore
size: 250 nm.
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fabrication techniques, this method can produce high density nanopores with
very uniform size from a biodegradable or many other nonbiodegradable
polymers. Efforts on the integration of the nanopore membranes into
functional devices are ongoing in our laboratory.

To incorporate the nanopore membrane into a practical drug delivery device,
we have designed a fabrication procedure for a capsule-like microdevice, as
shown in Fig. 6.3. The device consists of two parts: a drug reservoir and a
nanonozzle gate. The manufacturing process integrates three modules: (1)
microfabrication of the drug reservoir and drug loading, (2) fabrication of the
nanonozzle gate by integrating a nanonozzle membrane with a supporting
microporous membrane, and (3) device assembly by bonding the two parts
together. The entire device, including the drug reservoir, microporous support,
and nanonozzle membrane, can be made of biocompatible and biodegradable
polymers. It is thus advantageous as an implantable device. A biologically and
environmentally benign technique based on CO, has been developed in our
laboratory for bonding polymers, including PLGA [96]. It can be performed at
room temperature in the absence of any organic solvent. Biomolecules such as
enzymes and even cells can withstand the bonding conditions and remain active
after the treatment [97]. In principle, devices of different sizes ranging from
micrometer to centimeter scale can be produced, depending on the intended use.
The pore size of the nanonozzles can also be tailored to control the drug release
rate. Nanoclay has been added into PLGA to enhance the mechanical stability of

1. Drug reservoir 2. Release gate

Microporous support

l‘::t::i/::]
b Drug H Nanonozzle
[ <.~ membrane

popodrn

3. Device assembly

FIGURE 6.3 Schematic representation of fabrication of a nanopore-based micro-
device for controlled drug release.
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the nanopore membrane [98]. One envisioned application of such a device is
sustained release of interferon-a in tumors.

6.4 ELECTROSPUN POLYMERIC NANOFIBERS (EPNFs)
FOR DRUG DELIVERY

Besides nanoparticles and nanopore membranes, another class of polymeric
nanostructures that have attracted considerable interest for drug delivery is
nanofibers, which will be discussed in detail in Chapter 7. Electrospinning is
currently the most widely used method for the production of polymeric nano-
fibers. It can be simply carried out by applying a high voltage (several thousand
volts/cm) to a capillary filled with polymer fluid (solution or melt), which is
ejected out toward a counterelectrode serving as the collector. The liquid jet
undergoes a whipping process and splaying occurs in a region where the
repulsive force from the electric charges carried by the jet becomes larger than
its cohesive force. This splaying and solvent evaporation, together with a large
elongation because of the acceleration of the polymer jet by the electric force,
are responsible for the formation of nanometer-sized polymeric fibers [99]. This
method is highly versatile, allowing the incorporation of multiple ingredients
into single fibers by simply dispersing them into a precursor solution or
suspension. Coaxial electrospinning has been used to produce core—shell
nanofibers that incorporate proteins [100]. A wide range of polymers have been
electrospun to form nanofibers, including the polymers widely used in drug
delivery, such as PEO/PEG [101], PLGA [102—104], PCL [105], chitosan [106],
PVA [107], and gelatin [108]. Compared with other methods for nanofiber
fabrication, such as self-assembly and template synthesis, electrospinning
is simple, cost-effective, and suitable to yield very long fibers from
various polymers.

EPNFs can form nonwoven scaffolds (Fig. 6.4) that are morphologically
similar to the extracellular matrix (ECM) of natural tissues. The ECM is
characterized by a high porosity, wide distribution of pore size, and a broad
range of mechanical properties. These attributes contribute greatly to the
structures and functions of tissues and organs. EPNFs provide an excellent
platform for cell growth and tissue formation. As a result, EPNFs are widely
studied as structural elements in tissue engineering [109] and wound healing
[102, 104, 105]. Biologically and therapeutically active compounds are usually
incorporated into the EPNFs for synergistic effects. Such compounds include
antibiotics [102, 104, 110], antifungal drugs [110], heparin for prevention of
vascular smooth-muscle-cell proliferation [105], proteins [100, 107], and
plasmid DNA [103]. Currently, research on drug delivery EPNFs is focused
on the demonstration of drug incorporation, the effect of drug loading on
nanofiber properties, and the characterization of drug release from the
nanofibers. Encouraging results have been obtained, making EPNFs promising
as future drug delivery carriers.
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FIGURE 6.4 SEM image of electrospun PCL nanofibers. Courtesy of Dr. John
Lannutti in the Department of Materials Science and Engineering at The Ohio State
University.

6.5 CONCLUSIONS

Since major diseases such as cancer, diabetes, Alzheimer’s disease, and
cardiovascular diseases will continue to deteriorate human health in the
foreseeable future, new genomic and proteomic drugs are emerging at an
accelerated pace with the use of high throughput drug discovery technologies.
However, the full realization of the potential of these new therapeutics will need
powerful drug/gene delivery technologies. At the same time, polymer nanotech-
nology is rapidly expanding. Its application to drug/gene delivery has offered
unprecedented opportunities for the creation of a variety of polymeric
nanostructures. Among them, multifunctional NPs will remain as a major focus
in the near future. Besides their therapeutic effects, these NPs should possess
functions such as drug protection, targeting, controlled release, stimuli reactivity,
barrier penetration, in vivo imaging, and result reporting. Polymers likely will be
the major structural materials for the NPs, but they will be joined by many other
functional materials such as magnetic particles, quantum dots, and biomolecules
for additional functionalities. Simple mixing of the multiple components into a
nanosized particle is not enough to achieve the desired functionalities. The
organization of the various components into a well-defined and predesigned
structure will be essential. One such example is a virus, which can be regarded as
a nanomachine that is designed, produced, and optimized by nature specifically
for gene delivery. A virus consists of proteins, nucleic acids, and other molecules
precisely arranged in the highly organized 3D structure necessary for the
execution of a series of functions in a well-defined order. Virus-based vectors
have been engineered for gene delivery, but their usage is restricted by high
toxicity and immunogenicity. As a result, the “artificial virus” is widely regarded
as the next-generation gene delivery vector. It is a virus-like structure, but built
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with synthetic materials and capable of efficient gene transfer without the viral
toxicity and immunogenicity. Constructing a functioning artificial virus is
extremely challenging. The conventional bottom-up approaches carried out in
bulk solution for the production of NPs will not be sufficient to achieve all the
structures and functions. Nanoengineering techniques such as single-molecule
manipulation at the nanoscale likely will be essential for manufacturing such
artificial viruses. Other than NPs, many other multifunctional, nanostructured
DGDSs likely will be developed. These systems may consist of components such
as nanopores for controlled drug release, micro/nanosensors for disease
detection, ligands for targeting, and functional NPs for imaging and external
activation. The success of such a comprehensive DGDS will require a deep
understanding of diseases and biological/physiological systems as well as the
integration of knowledge across engineering, science, and medicine.
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I CHAPTER 7

Development of Nanostructures
for Drug Delivery Applications

NIKHIL DUBE, JOYDEEP DUTTA, and DHIRENDRA S. KATTI

7.1 INTRODUCTION

The prevalent methods for drug administration, namely oral and intravenous
routes, are not always the most efficient routes for a particular treatment.
These conventional free drug therapy methods have some disadvantages such
as the low bioavailability of the drug at the target site, toxic side effects of the
drug on healthy tissues, and degradation of the drug in the body before
reaching the desired site of action [1]. Blood concentration of a drug, which is
administered in a conventional manner, rapidly increases after administration
and then decreases as it gets metabolized, and in due course its therapeutic
effect comes to an end [2]. The key point in drug administration is that the
blood concentration of the bioactive agent should remain between a maximum
value (which represents the drug toxic level) and a minimum value (below
which the drug is not effective) and this range of concentration is often referred
to as the “therapeutic range” [3]. In controlled drug delivery systems designed
for long-term administration, the drug level in the blood remains almost
constant between the desired maximum and minimum for an extended period
of time. Bioactive agents (such as drugs, proteins, nucleic acids) administered
through oral or intravenous routes can be degraded prematurely by
metabolism as well as by the destructive acidic and enzymatic conditions
existing in gastrointestinal tracts in the body. The circulation time of these
molecules in the body can be increased by entrapping them in appropriate high
molecular weight materials, of which most commonly used are polymers.
Hydrophobic drugs do not dissolve in the blood and do not reach their target,
and this reduces their pharmacological efficacy. They can be more efficiently
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delivered by encapsulation in hydrophilic drug carriers [4]. Drug delivery
systems are designed to ensure the drug distribution in a manner such that its
major fraction interacts exclusively with the target tissue at the cellular and
subcellular level in addition to providing the desired kinetics for a specific
duration. Therefore, problems associated with the administration of free drugs,
such as limited solubility, poor biodistribution, lack of selectivity, unfavorable
pharmacokinetics, and healthy tissue damage, can be overcome or ameliorated
by the use of drug delivery systems. Drug delivery systems are designed to
provide methods for targeting and releasing desired quantities of therapeutic
compounds in well-defined regions in the body. In the process of delivery, the
drug of interest is encapsulated in different forms like nano- and micro-
structures or macroscale drug releasing implants, which leads to controlled
release of the drug. This enhances the therapeutic efficacy of the drugs and
reduces the side effects. A variety of delivery systems have been developed to
incorporate and release drugs, ranging from classical small molecules to large
DNA fragments and proteins.

The main advantage of drug delivery systems is their ability to modify
pharmacokinetics and biodistribution of the drug in the body as required [5].
The rate of drug release from the carrier determines its therapeutic effect.
The rate of release from a drug carrier is controlled by the properties of the
carrier material, the properties of the drug used, and the type of drug carrier
system. The release rate can also be controlled using external stimulants like
pH, ionic strength, temperature, magnetism, and ultrasound, depending on
the type of delivery vehicle used. The mechanism of drug release can be
either (a) diffusion of the drug from the carrier, (b) biodegradation of the
material of encapsulation, (c) swelling of the encapsulating carrier followed
by diffusion of the drug, or (d) a combination of the aforementioned
mechanisms (a—c) [3].

Through proper targeting, drugs can be selectively delivered to the target
site in requisite doses without affecting healthy tissues and organs. The
biodistribution of the drugs can be improved primarily by two mechanisms,
passive and active targeting. The natural tendency of particulate drug delivery
systems to localize in the mononuclear phagocyte system (MPS), particularly,
in liver and spleen macrophages, and enhanced permeability and retention
(EPR) effect [5] observed in solid tumors are examples of passive targeting. In
active or ligand-mediated targeting, the site-specific actions of drug delivery
systems are achieved by combining them with ligands targeted against cell
surface antigens or receptors. The drugs are combined with antibodies or
ligands having specificity for the cell type of interest, therefore enabling active
drug targeting. For example, cells of multiple cancer types including liver,
kidney, and breast have been reported to overexpress folic acid receptors [6].
Hence, drug delivery systems can be surface modified to incorporate folic acid,
which leads to greater accumulation of the drug inside the cancerous cells as
against healthy ones. Thus, targeted drug delivery is a promising for the
treatments of a variety of diseases [7—9].
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The advent of nanotechnology has brought a revolution in the area of drug
delivery. In the nanoworld, dimensions in the range from 0.1 to 100 nm play a
vital role and the knowledge of the materials/mechanisms at the nanoscale may
accelerate the improvement of drug delivery systems [10]. It is improving the
capability of biomedical devices, which could offer ways of treating life-
threatening conditions, including cancer and heart diseases. Nano- and
microcarriers, due to their unique features, occupy a special niche in drug
delivery technology. Therefore, it would be appropriate to discuss “what is that
makes these nanoscale delivery systems unique?”’

7.2 NANOSYSTEMS FOR DRUG DELIVERY

Over the years, drug delivery systems have had an enormous impact on medical
technology, greatly improving the performance of many existing drugs and
enabling the use of entirely new therapies. The delivery systems can vary in size
ranging from macro- (>1 mm) to micro- to nanoscale. A considerable amount
of research has been conducted for the preparation of macroscopic implants
and microscale drug delivery systems [11, 12]. The various microfabrication
techniques for drug delivery systems as well as the prospects of coupling drug
delivery to macroscale sensors and implants have been discussed elsewhere [11,
12]. Nanosystems offer a variety of advantages as compared to micro- and
larger scale delivery systems. The smaller sized nanostructures can easily be
engulfed by various cells in the body (endocytosis), and hence offer the
advantage of easy transport across the cell membrane. The average diameter of
human cells spans 10—20 wm and the size of cell organelles is limited to a few
hundred nanometers. Nanoscale devices offer a significant advantage as they
can readily interact with biomolecules on the cell surface and within the cells,
without having an adverse effect on the behavior and biochemical properties of
those molecules [13]. Anatomical features such as the blood—brain barrier
(BBB), the branching pathways of the pulmonary system, and the tight
epithelial junctions of the skin make it difficult for larger sized carriers to reach
many desired physiological targets [14]. Due to their subcellular sizes,
nanocarriers can penetrate through fenestrations of blood capillaries, accumu-
late within the interstitial space, and be taken up by cells via endocytosis [15].
Hence, nanostructured drug carriers help to overcome the barriers imposed by
the anatomical features of human body to allow for efficient delivery of drug
molecules to otherwise unreachable diseased cells and tissues.

A wide variety of therapeutic molecules like hydrophilic and hydrophobic
drugs, peptides, nucleic acids, DNA, vaccines, and other biological macro-
molecules can be delivered using nanocarriers [16—40]. Similar to their microscale
counterparts, nanoscale carriers can be administered via the oral, intravenous,
transdermal, nasal, intratumoral, and ocular routes of administration.

This chapter discusses the synthesis, properties, and drug delivery applications
of a variety of nanoscale drug delivery vehicles including nanoparticles,
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nanofibers, dendrimers, liposomes, nanotubes, fullerenes, nanogels, nanocrys-
tals, viral vectors, and virus-like particles (VLP).

7.3 POLYMERIC NANOPARTICLES

Polymeric nanoparticles have received a considerable attention worldwide for
their potential in controlled and targeted drug delivery systems. Nanoparticles
are generally made from silica [16, 17], carbon [18], and metals like gold [19],
platinum [20], and polymers [21]. Amongst these, polymeric nanoparticles have
been the most promising drug carriers due to their structural and functional
characteristics. Polymers offer greater flexibility in terms of method of
preparation and the type of bioactive agents that can be encapsulated. The
use of several polymeric materials as promising drug carriers is due to their
biocompatibility, biodegradability, bioresorbabilty, and their ability to be
functionalized [3]. Encapsulation of the drug within a polymeric carrier allows
for greater control on the pharmacokinetics of the drug molecule [21]. The
availability of a variety of polymers and the ability to modify the kinetics of
drug release make polymeric nanoparticles potential candidates for a wide
number of therapeutic applications. Due to the above advantages, the
discussion of this section is focused on polymeric nanoparticles and their
potential uses in drug delivery systems. A large number of synthetic polymers
such as poly(lactic acid) (PLA) [22], poly(glycolic acid) (PGA) [23], and
their copolymers poly(lactide-co-glycolide) (PLGA) [24], polyacrylates [25],
poly(caprolactone) (PCL) [26], and poly(ethyleneoxide) (PEO) [27], and natural
polymers like albumin [28], gelatin [29], alginate [30], collagen [31], and chitosan
[6] have been exploited in formulating drug containing nanoparticles.

7.3.1 Synthesis

Several methods have been used for the preparation of polymeric nanopar-
ticles. The emulsion methods employed are single (oil-in-water) emulsion
method [24—26, 32—34], double emulsion (water-in-oil-in-water (w/o/w))
method [35—37], and emulsification—solvent diffusion method [38—40].
Several other methods like self-assembly of copolymers to polymeric micelles
[41—-43], spray drying [44], and salting out [45, 46] have also been reported for
the synthesis of nanoparticles used in drug delivery applications. Polymeric
nanoparticles can also be formed by the polymerization of monomers instead
of using preformed polymers as in the methods mentioned above. The most
common route is emulsion polymerisation, and nanoparticles formed by this
method are uniformly dispersed in the aqueous phase and are stabilized by
emulsifier molecules [47, 48]. The choice of the process for the formulation of
drug-loaded nanoparticles depends on many factors like type of polymer, drug,
interaction between the polymer and the drug, and final properties desired [49].
However, this chapter will not focus on all the available methods for
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nanoparticle synthesis. For more information, the readers are directed to some
excellent papers published on the various methods of nanoparticle synthesis.

7.3.1.1 Structure and Property The most important characteristics of
nanoparticles that influence their eventual performance as drug delivery
systems are particle size, encapsulation efficiency, and zeta potential.

Size and Shape The size of nanoparticles is very crucial for successful use as
a drug delivery device. A smaller size is required for rapid dissolution in the
body or arterial uptake [50, 51]. Larger particles are preferred for prolonged
dissolution or targeting of MPS [34]. The factors that influence the size of
polymeric nanoparticles are polymer concentration and molecular weight and
the surfactant concentration [37, 52]. The shape of the nanoparticle has an
important bearing on the drug release mechanism. The mechanism of drug
release can be degradation, diffusion, or a combination of both [3]. For
particles with a compact structure, drug release is controlled by the
degradation of the polymer matrix, whereas for particles with pores and
channels, release mainly depends on the diffusion of the drug [53].

Drug Encapsulation The drug loading efficiency largely depends upon the
method of preparation, physicochemical properties of the drug, nature of
polymer and surfactant used, and the interaction between the polymer, drug,
and surfactant [32—34]. Drug can be incorporated in the nanoparticles using
primarily two approaches, (i) incorporation during the preparation of particles
or (ii) incubation/adsorption after the formation of particles [54]. In the first
approach, the drug is chemically conjugated to the polymer matrix or
physically entrapped in the polymer matrix, whereas the latter approach
involves physical adsorption of the drug on the nanoparticle surface. The
amount of drug encapsulated is higher when incorporated during the
formation of particles; however, in this approach there is a possibility that
drug stability gets affected by process parameters such as method of
preparation and presence of additives [54].

Zeta Potential Another characteristic of polymeric nanoparticles that is of
extreme interest is zeta potential. Zeta potential represents an index for particle
stability. Particles with zeta potentials more positive than +30mV or more
negative than —30 mV are normally considered stable [55]. For the case of
charged particles, as the zeta potential increases, the repulsive interactions will
be larger leading to the formation of more stable particles with a more uniform
size distribution. This stability is important in preventing aggregation. Surface
modification is most commonly used approach for controlling zeta potential of
nanoparticles and thereby improving their stability [56].

7.3.1.2 Applications of Nanoparticles for Drug Delivery Nanoparticles
have been widely investigated for their drug and gene delivery applications.
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Drug release from the nanoparticle eventually determines the therapeutic
efficacy of the carrier. Broadly, the release characteristics of the nanocarriers
can be modulated using the polymer and drug properties and external
conditions such as pH, temperature, and magnetic field. The availability of a
variety of parameters, which can be used to control the drug release profiles of
the nanoparticles, has given rise to their applications in a number of biomedical
areas. Some of the important applications of nanoparticles for therapeutic
purposes are discussed in the this section.

Cancer Chemotherapy Chemotherapy in cancer is often limited by the
toxicity of the anticancer drugs used. This is because both the target cancerous
cells and normal cells are nonselectively exposed to the drug, which can lead to
undesired toxic side effects. Polymeric nanoparticles as drug carriers have been
investigated in an attempt to increase the therapeutic efficacy and to reduce the
undesired toxicity of anticancer drugs. The two most widely reported
approaches for targeting cancer cells are passive [57, 58] and active targeting
[59, 60]. One of the methods of active targeting is by the use of ‘“‘stealth
nanoparticles’ that have been developed to avoid both the opsonization process
and the recognition by macrophages [61]. This is achieved by modifying the
surface of these nanoparticles so as to enable a hydrophilic nature to the surface.
The hydrophilic coating prevents protein binding, complement activation, and
preferential uptake by the reticuloendothelial system (RES) through steric
repulsion mechanism [62]. The two polymers most widely used for coating
nanoparticles to increase their blood circulation and accumulation in tumors
after systemic delivery are PEG [63—65] and PEO [66—68]. More details on
nanocarriers used for cancer therapy can be found in Chapter 16.

Drug Delivery to Brain The BBB represents an insurmountable obstacle for a
large number of drugs, including antibiotics, antineoplastic agents, and a
variety of drugs that act on central nervous system (CNS) active drugs. This
barrier is formed at the level of endothelial cells of the cerebral capillaries and
essentially comprises the major interface between the blood and the brain [69].
The brain blood vessel endothelial cells are characterized by having tight
continuous circumferential junctions between them, thus abolishing any
paracellular pathways between these cells. The presence of the tight junctions
and the lack of employment of pathways between cells greatly restrict the
movement of polar solutes across the cerebral endothelium. The diffusion of
drugs from the blood into the brain mainly depends upon the ability of the
biologically active molecule to traverse lipid membranes [70].

Polymeric nanoparticles can be advantageous in a number of ways for
efficient delivery of drugs to brain and the central nervous system. The solid
matrix of polymeric carriers protects the incorporated drugs against degrada-
tion, thus increasing the chances of the drug reaching the brain [71].
Furthermore, carriers can target delivery of drugs to the brain, and this targeted
delivery can be controlled. Several studies have reported the use of polymeric



DEVELOPMENT OF NANOSTRUCTURES FOR DRUG DELIVERY APPLICATIONS 145

nanoparticles for targeted drug delivery to brain [72]. Several molecules like
lectin [73], polysorbate-80 [74], apolipoprotein E [75], transferrin [76], and
peptides [79] have been used as active agents for targeting brain capillary
endothelial cell membranes and have been found to facilitate the drug transport
across BBB. The surface properties of nanoparticles can be manipulated in a way
so0 as to evade recognition by the macrophages of the RES, hence improving their
likelihood of reaching the brain [71]. The mechanism of nanoparticle-mediated
transport of drugs through BBB is believed to be endocytosis by the endothelial
cells lining the brain blood capillaries [80].

Gene Delivery  For effective gene delivery, plasmid DNA must be introduced
into target cells, transcribed, and the genetic information ultimately translated
into corresponding protein. The two main types of vectors that are used in gene
therapy are based on viral or nonviral systems. The viral gene delivery system
shows a high transfection yield, but it has many disadvantages such as
oncogenic potential and immunogenicity [81]. Nonviral delivery systems have
been increasingly proposed as alternatives to viral vectors because of potential
advantages like ease of synthesis, cell and tissue targeting, low immune
response, and unrestricted plasmid size [82].

Cationic polymers have been reported as promising carriers among the
nonviral gene delivery systems. Polycation—DNA complexes are generally very
stable and a number of cationic polymers have been investigated as gene carriers
[81, 82]. Chitosan [83—85] and polyethyleneimine (PEI) [86, 87] have been used
extensively to form nanoparticles (used for encapsulating DNA), and hence as a
gene delivery vehicle. These polymers due to their cationic polyelectrolyte nature
interact ionically with the negatively charged DNA and form polyelectrolyte
complexes [86]. In these complexes, DNA is better protected against nuclease
degradation, leading to better transfection efficiency. The chemical structure of
polycations, size and composition of complexes, ligands used as targeting
agents, plasmid dosage, and pH of transfection medium determine the
suitability of polymeric nanoparticles for safe and efficient gene delivery.

7.4 NANOFIBERS

Conventionally, fibers having diameters less than 1 pwm would be classified as
nanofibers. However, most studies involving the use of nanofibers for drug
delivery have made use of fibers with diameter ranging from a few nanometers
to hundreds of nanometers [89]. The length of nanofibers can be as large as
thousands of meters. Nanofibers can be made from carbon [90], organometallic
compounds [91], inorganic compounds [92, 93], and organic polymers [94]. The
high surface area and controlled pore size coupled with the ability to modify
the release kinetics of the encapsulated bioactive molecules by modulation of
composition and morphology of nanofibers make them very good candidates
for the delivery of bioactive agents [95]. Due to several advantages such as



146 BIOMEDICAL NANOSTRUCTURES

biodegradability, biocompatibility, and easy processability offered by many
polymers, a variety of polymers in the form of nanofibers have been widely
investigated for drug delivery applications [96]. Hence, the present discussion
focuses on the methods of synthesis, and drug and gene delivery applications of
polymeric nanofibers.

7.4.1 Fabrication

Nanofibers can be fabricated by a variety of methods such as drawing [97, 98],
template synthesis [99—102], self-assembly [103—107], phase separation [108],
and electrospinning [109—112]. Of these methods, electrospinning has been
found to be the most suitable method for the synthesis of nanofibers to be used
in drug delivery applications. Therefore, in this section, the discussion on
synthesis is limited to electrospinning. However, for an elaborate discussion on
other techniques, the reader is directed to some excellent reviews [96, 113, 114].
Electrospinning is relatively versatile, straightforward, cost-effective, and fast
technique [110]. Depending on the bioactive agent to be encapsulated (small
drug molecules or macromolecules like proteins and nucleic acids), suitable
polymers from a variety of synthetic and natural polymers can be chosen to
synthesize nanofibers by electrospinning [109]. Moreover, it seems to be the
only method, which can be further developed for large-scale production of
nanofibers for industrial applications [113]. The above advantages offered by
electrospinning make it a very attractive technique for the synthesis of
nanofibers for drug delivery applications.

7.4.1.1 Electrospinning An eclectrospinning system comprises a polymer
solution, contained in a syringe with a connected needle [109]. The polymer
solution is usually provided a charge using a high voltage power source. The
positive output of the power supply unit is connected to the needle of syringe
containing the polymer solution, whereas the negative output is connected to a
grounded plate [109]. In the process, a high voltage electric field is applied to the
tip of the needle connected to the syringe containing the polymer solution.
During this process, the polymer droplet gets charged and mutual charge
repulsion within the droplet gives rise to a force that opposes the surface tension
at the tip of the needle. At a critical voltage, the droplet elongates to form a cone
at the tip of the needle known as the “Taylor cone” [110]. When the applied
voltage exceeds a critical voltage, the electrical force within the liquid overcomes
the surface tension and a fine jet of polymer emerges from the cone. The charged
polymer jet is directed to the grounded collector. It has been reported that the
path taken by the jet to the grounded electrode is not straight, but undergoes
whipping motion/bending instabilities resulting in a progressive decrease in the
diameter of the jet [109]. As the jet travels in air, the solvent evaporates, resulting
in formation of polymer fibers, which are collected as a nonwoven fiber mesh on
the grounded collector. The viscosity of the polymer solution/melt plays a very
crucial role in producing nanofibers from the emerging jet [112]. In case of
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solutions with low viscosity, the jet breaks into droplets and the process is called
electrospraying [115]. Polymer solutions with higher viscosity and long-chain
molecules are required to obtain continuous fibers [113]. The parameters that
affect electrospinning can be classified into three categories: (i) solution
parameters such as viscosity, conductivity/polarity, and surface tension,
(ii) process parameters such as applied electric voltage, tip-to-collector distance,
diameter of the needle tip, feed rate, and the hydrostatic pressure applied to the
polymer solution, and (iii) ambient parameters such as temperature, air velocity,
and humidity of the electrospinning chamber [116].

A more detailed understanding of the electrospinning process and the
influence of different fabrication parameters on the properties of polymeric
nanofibers can be found in the reports by Frenot and Chronakis [109], Zong
et al. [116], and Huang et al. [117].

7.4.1.2 Applications of Nanofibers Polymeric nanofibers have been
used in a wide variety of applications, including industrial air filtration [118],
protective clothing with a desired pore size [119], biomedical and pharma-
ceutical applications such as tissue engineering [96], and drug and gene
delivery [98, 111]. The potential medical application of nonwoven polymeric
nanofibers in the area of tissue engineering is to act as a scaffold for cells to
attach and organize into tissue. The ideal tissue engineering scaffold should
mimic the extracellular matrix, the natural abode of cells. The structure and
morphology of nonwoven nanofibers can be manipulated to match the
components of the extracellular matrix of natural tissues [96]. Previous studies
have demonstrated that cells seeded on biodegradable polymeric nanofibers,
when supplied with suitable nutrients and growth factors, can attach,
proliferate, and maintain their phenotypic expression [120]. Electrospun
nanofibrous scaffolds can also be used as carriers for hydrophilic and
hydrophobic drugs and large molecules like DNA and proteins, and the
release profile can be finely controlled by the modulation of the scaffold’s
morphology, porosity, and composition [113]. Due to their small diameter,
nanofibers have a very high surface area to volume ratio. An advantage of the
delivery of bioactive agents via polymer nanofibers is that the dissolution rate
of the agent increases with increasing surface area of the corresponding carrier
[117]. The large surface area also makes nanofibers amenable to surface
functionalization with cell-specific ligands and antibodies. Thus, nanofibers
with the encapsulated bioactive agent can be used for active targeting to
specific cells and tissues for therapeutic applications [121]. In this section, the
applications of polymeric nanofibrous matrices as delivery vehicles for
bioactive agents are divided into two parts (low molecular weight drugs and
macromolecules) based on the class of the therapeutic agent used.

Drug Delivery from Nanofibers Polymeric nanofibers have been widely
reported for their use in the delivery of small drug molecules. The variety of
advantages offered by electrospun nanofibers as discussed in the previous
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sections have been exploited in a number to studies to investigate the
application of nanofibers as drug carriers.

Kenawy et al. [122] reported electrospun nanofibers (as drug delivery
vehicles) made from PLA and poly(ethylene-co-vinyl acetate) (PEVA). In these
studies, the antibiotic tetracycline hydrochloride was used as a model drug. It
was found that electrospun PEVA showed a higher drug release rate in Tris
buffer than the fibers derived from 50/50 PLA/PEVA or pure PLA. This is due
to the partial crystallinity of PLA, which limits the diffusion of the drug from
the fibers. Similarly, Zeng et al. [123] studied the preparation of PLA
nanofibers containing antituberculosis drug rifampin. The effect of ionic and
nonionic surfactants on the properties of nanofibers and drug release kinetics
in Tris buffer were investigated. The drug was perfectly included in the fibers
and no burst release of the drug was observed. The release was attributed
mainly to PLA degradation in the medium containing proteinase K, which
degrades PLA, and not to the diffusion or permeation of drug through PLA
carrier. Zong et al. [114] reported the formation of PLA nanofiber meshes
containing a hydrophilic antibiotic, mefoxin, which is commonly used for the
prevention of infections after surgery. The drug was completely released from
the matrix within 48 h, with a burst release in the first 3 h. In a similar study,
Kim et al. [122] prepared nanofibrous scaffolds made of PLGA containing
mefoxin. Due to limited physical interactions between mefoxin and PLGA
matrix, the majority of the drug localized on the surface of the nanofibers.
Hence, the drug molecules on the fiber surface were easily washed away in
aqueous solutions, resulting in a large initial burst and minimum sustained
release for prolonged time. In order to achieve sustained drug release,
amphiphilic PEG-b-PLA block copolymer was added to the existing
drug—polymer solution. In this case, some drug molecules were encapsulated
within the hydrophilic block of PEG-b-PLA and the initial burst release was
reduced. The functionality of the released drug was investigated using
Staphylococcus aureus bacteria inhibition. The antibiotic released from these
electrospun scaffolds was effective inhibiting bacterial growth. The influence of
fiber diameter and the initial drug loading on the release profiles of drug-loaded
electrospun PLA nanofibers was studied by Cui et al. [123]. Paracetamol, an
analgetic drug, was chosen as a model drug. The results demonstrated that the
release profiles of the electrospun meshes were biphasic, with an initial burst
release followed by a constant release of the drug. The pores formed after the
diffusion of drug molecules from the outer layer led to the subsequent constant
release of the drug from the inner part. It was found that the initial burst
release increased with the amount of drug loaded in the fibers. In case of fibers
with lower drug entrapment, the lower porosity of fibers created by initial
diffusion of the drug led to slower release in later stages. This study
demonstrated the ability to modulate the kinetics of drug release from
electrospun fiber for their applications as drug delivery systems. In yet another
study, Katti et al. [124] reported the encapsulation of a broad-spectrum
antibiotic, cefazolin, in PLGA nanofibers. They investigated the influence of
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electrospinning fabrication parameters on the morphology and diameter of
drug-loaded nanofibers. The study demonstrated the feasibility of incorporat-
ing different concentrations of cefazolin in PLGA nanofibrous matrices.

Verreck et al. [125] studied the formation of electrospun nanofibers made of
polyurethane in which water-insoluble drugs were incorporated in an
amorphous state. Itraconazole and ketanserin were chosen as the model
drugs. The effect of drug/polymer ratio and polymer concentration on fiber
morphology was investigated. Fiber diameter decreased with increasing drug/
polymer ratio and decreasing polymer concentration. Itraconazole was released
without an initial burst. The release time for higher drug loading was greater
and the mechanism of drug release was diffusion from the polymer matrix.
Ketanserin release showed a biphasic profile with a faster initial release rate
compared to itraconazole. The differences in the rate of release between the
two drugs were due to different solubility and diffusivity of drugs in the
polymer. Rosen et al. [126] studied the formation of bioerodible nanofibrous
matrices made from poly[bis(carboxyphenoxy)methane] (PCPM) by phase
separation with a steroid as model drug. The drug release was characterized by
an initial induction period where no erosion occurred and was followed by a
near linear drug release. It was found that PCPM completely degraded into its
monomer under physiological conditions and the drug was released at the rates
useful for therapeutic applications. The study suggested the use of PCPM as a
prototype polyanhydride for use in bioerodible drug delivery systems. In
another study, Taepaiboon et al. [127] synthesized drug-loaded PVA
nanofibrous matrices by electrospinning. Four model drugs with different
degrees of solubility in the polymer were used in this study. The properties
of the drug influenced both the morphology of the nanofibers and release
kinetics of encapsulated drugs from the nanofibers. The results demonstrated
that the release rate and the amount of drug released were mainly governed by
the molecular weight of the drugs, with both parameters (release rate and the
amount of drug released) decreasing with increasing molecular weight.

In a novel method reported by Huang et al. [128], PCL nanofibers
containing drugs were synthesized using a coaxial/core—shell electrospinning
process [129], wherein the core consisted of a drug solution and the shell
consisted of a polymer solution. Resveratrol (an antioxidant) and gentamicin
sulfate (an antibiotic) were used as model drugs. The morphology of the
electrospun fibers was influenced by the concentration of the encapsulated drug
and its interaction with the polymer. The results demonstrated that the drug
release from the fibers was smooth with no burst release, indicating a perfect
inclusion of drugs inside the fibrous matrix. The release kinetics mainly
depended on the degradation of the PCL carrier and not on the diffusion of the
drug through the carrier. Therefore, this study demonstrated the feasibility of
synthesizing core—shell-type nanofibers using the electrospinning technique
and the possibility of using the same for drug delivery applications.

In a recent study by Jiang et al. [130], polyethylene glycol-grafted chitosan
(PEG-g-CS) and PLGA were electrospun to form nanofibrous scaffolds and
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their potential as drug delivery carrier was investigated. Ibuprofen was used as
a model drug and the effect of interaction between the drug and the polymer on
the drug release was studied. The drug was loaded by two methods, covalent
conjugation to PEG-g-CS component or by the electrostatic interaction
between the charged carboxylic acid group of ibuprofen and amino groups of
chitosan. Drug-loaded PLGA fibers showed burst release, whereas the (PEG-g-
CS)/PLGA nanofibers containing drug showed a slower and sustained release.
The reason for this observation was attributed to the electrostatic or covalent
interaction between the drug and the polymer in (PEG-g-CS)/PLGA
nanofibers, which limited the diffusion of the drug from the matrix.

Macromolecular Delivery from Nanofibers The high surface area and high
permeability with interconnected pores make nanofibers promising candidates
to provide local and sustained delivery of macromolecules like proteins,
enzymes, growth factors, and DNA. In the construction of nanofibrous
matrices as macromolecule carriers, properties such as structural stability and
biochemical activity of the bioactive agent need to be engineered into the
design. Nanofibrous meshes designed as scaffolds for drug delivery should be
able to offer site-specific delivery of bioactive macromolecules in a controllable
and sustainable manner [119]. Additionally, the scaffold should be able to
protect the active agent from the biological system until it is released. Various
studies have shown the possibility of several polymers to be processed
into nanofibrous scaffolds for macromolecular delivery using electrospinning
[131—138]. The retention of the bioactivity of released agents and their cell
transfection capability has been confirmed by these studies. Some of these have
been discussed in this section.

In a study conducted by Luu et al. [131], nanofibrous matrix composed of
PLGA and PLA—PEG—PLA triblock copolymer were evaluated for DNA
encapsulation. The results of their study demonstrated that an increase in the
concentration of the amphiphilic copolymer lead to an increase in the thickness
of the nanofibers, and as a consequence, slower release of DNA. The structural
integrity of the DNA encapsulated was found to be intact after the
electrospinning. The transfection efficiency of released DNA was accessed
using preosteoblastic cells. Their results indicated that pCMVp plasmid
released from the fibers was taken up by the cells, and subsequently, the B-gal
gene was successfully expressed and translated into protein B-galactosidase by
the cells. In a similar study by Liang et al. [132], pPCMV plasmid DNA was
formulated in a core—shell structure. The DNA was condensed in dimethyl-
formamide, with subsequent encapsulation of the condensed DNA globule in
PLA—-PEG—PLA triblock copolymer and PLGA was used in the shell. The
mixture of encapsulated DNA and PLGA was electrospun to form a
nanofibrous scaffold. The polylactide shell protected the encapsulated DNA
from degradation during electrospinning. The bioactive plasmid DNA was
found to exhibit a controlled release rate and could transfect preosteoblastic
cells in vitro.
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In a recent study, Zeng et al. [133] investigated the release kinetics of a
model protein from nanofibrous scaffolds made of PVA (containing bovine
serum albumin (BSA)). A hydrophobic coat of poly(p-xylene) (PPX) was
applied to the electrospun fibers to control the protein release rate from the
fibers. The authors observed that PPX-coated nanofibers exhibited a
significantly retarded release of BSA, depending on the coating thickness of
PPX, in contrast to the burst release of BSA from uncoated PVA nanofibers. In
the same study, luciferase was used as a model enzyme to assess the activity of
enzymes after their release from the fibers. Continuous release of the enzyme
from nanofibers was observed and its structure was found to be intact as
determined by gel electrophoresis. In another study, Jiang et al. [134] reported
core—shell nanofibers made of PCL as the shell and PEG as the core
containing BSA and lysozyme for their application in protein delivery. The
fibers were synthesized by coaxial electrospinning in which the two polymers
were simultaneously spun to form the coaxial fibers. The size of the core and
shell and the protein release rate were controlled by the feed rate of the
solution. The electrospinning process did not affect the structure and stability
of the proteins. In a similar study by the same group [135], nanofibrous meshes
of dextran were evaluated for macromolecular delivery. Uniform nanofibers of
dextran were formed with the use of various solvents like water, dimethylsulf-
oxide, and dimethylformamide, and appropriate process conditions. The
structure and activity of the bioactive agents used (BSA and lysozyme) were
retained postelectrospinning. Thus, the results of the above studies demon-
strated the potential of encapsulating water-soluble macromolecules in
nanofibrous matrices for macromolecular delivery applications.

Proteins such as growth factors are often the most important biochemical
signals for tissue engineering applications. Growth factors are important for
controlling cellular activities of growth and proliferation and stimulating tissue
formation. They can be delivered directly in their original form, or their
expression can be induced through gene delivery. Growth factors often have
short half-lives and are rapidly degraded or cleared, thereby minimizing their
biological effect [136]. Numerous studies have investigated the feasibility of
developing nanofibrous scaffolds loaded with growth factors and the results
have demonstrated their potential as delivery vehicles with retained bioactivity
of the agent [137—149]. In one of the studies aimed to assess the potential of
delivering growth factors for therapeutic applications in nervous system, a
copolymer of caprolactone and ecthyl ethylene phosphate (PCLEEP) was
electrospun to obtain fibrous scaffolds [137]. Human nerve growth factor
(NGF) was encapsulated in the fiber and its sustained release via diffusion was
observed for 3 months. Their results demonstrated that NGF released
stimulated the growth of neurons in vitro. Therefore, such a sustained release
system for NGF would be useful, as NGF is known to have a short half-life in
vivo [137]. In a similar study, Beaty et al. [138] investigated the delivery of NGF
from PEVA nanofibrous matrix. The dynamics and bioactivity of NGF
released from the polymer matrix were studied using mammalian cells. The
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results of their in vitro cell culture studies demonstrated that the released NGF
stimulated the growth of neurons. In another study by Elbert et al., fibrin
matrices were studied as NGF delivery systems [139, 140]. Their results
suggested that these nanofiber matrices could enhance peripheral nerve
regeneration, thereby indicating that fibrin nanofiber-based carrier devices
for NGF delivery hold promise for therapeutic applications in central nervous
system disorders like Alzheimer’s disease and Parkinson’s disease [141].
Delivery of growth factors required for bone repair and regeneration from
nanofibrous matrices has also been studied [142—148]. Some of the growth
factors that are important in the process of bone regeneration are beta
transforming growth factor (TGF-B), platelet-derived growth factor (PDGF),
and vascular endothelial growth factor (VEGF) [142]. Delivery of TGF-
[143, 144], PDGF [145—147], and VEGF [148, 149] from polymeric nanofi-
brous scaffolds has been investigated and the results of these studies
demonstrated the controlled release of the growth factors from the nanofibrous
scaffolds, and hence suggest their potential use as carriers of growth factors
required for bone growth and regeneration.

The results of the aforementioned studies on the use of nanofibrous
scaffolds as delivery vehicles for biological agents seem promising and pave the
way for the investigations to be conducted so as to develop nanofibers as
carriers of therapeutic agents for the treatment of various diseases.

7.5 DENDRIMERS

Dendrimers are highly branched, globular, macromolecules possessing a three-
dimensional architecture [150, 151]. The term dendrimers originated from the
Greek words dendron and mers, where ‘“‘dendron” means tree and “mers”
means part. Therefore, dendrimers would mean part of a tree and relates to the
symmetrical branch-like structure of these polymers (Fig. 7.1). Technically, a
dendrimer is a polymer, which is a large molecule consisting of many smaller
chemical units linked together. There are two major strategies that are
available for the synthesis of dendrimers. The first, introduced by Tomalia, was
the “divergent method,” wherein the growth of a dendron originates from a
central core. This approach involves assembling monomeric modules in a
radial, branch-upon-branch motif [152]. The second method, pioncered by
Hawker and Frchet, follows a “convergent growth process™ [153]. It proceeds
inward from what will become the dendrimer surface to a reactive focal point,
leading to the formation of a single reactive dendron. The convergent approach
is particularly well suited for the preparation of dendrimers to be used as
building blocks for larger functional nanostructures as it provides access to
dendritic “wedges” with differentiated reactivity at their focal point and chain
ends. Fig. 7.1 provides a schematic representation of the synthetic route
followed in the above two methods [154]. Dendrimers can be synthesized in a
stepwise manner, which allows controlling their size by manipulating the
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FIGURE 7.1 Schematic representation of the two methods for synthesizing dendritic
macromolecules (dendrons): (a) the divergent method, in which the synthesis begins
from a polyfunctional core and continues radially outward by successive stepwise
activation and condensation, and (b) the convergent method in which the synthesis
begins at what will be the periphery of the final macromolecule and proceeds inward.
(Reprinted from Reference [154], with permission from Elsevier.)

monomer concentration used for its synthesis [150]. In this way, dendrimers
with well-defined size in nanoscale from 70 to 300 nm can be synthesized
[151—154].

7.5.1 Properties of Dendrimers

Dendrimers possess unique properties such as high degree of branching,
multivalency, globular architecture, and well-defined molecular weight
[155,156]. Appropriate manipulation of these properties allows for the design
of reproducible and effective drug delivery systems [157,158]. The stepwise
synthesis of dendrimers affords molecules with a highly regular branching
pattern, a low polydispersity index, and control over the number of peripheral
groups. Therefore, dendrimers resulting from stepwise synthetic processes are
distinct with perfect branching as compared to the more readily accessed
dendrimers obtained by polymerization processes that are often less well-
defined hyperbranched polymers with irregular branching. The dendrimer
structure/architecture also possesses some interesting properties [159]. Cavities
in the core structure and folding of the branches create cages and channels that
may be either hydrophilic or hydrophobic in nature depending on the chemical
nature of the monomeric units. Specific binding sites may also be incorporated
during synthesis. The surface groups of dendrimers are amenable to
modification and can be customized for specific applications. Therefore, the
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choice of the method of dendrimer synthesis and the monomers used in its
synthesis permit control over properties such as shape, size, density, polarity,
reactivity, and solubility.

7.5.2 Applications of Dendrimers in Drug Delivery

Structures based on dendrimers have made a significant impact in the area of
nanotechnology as they provide for well-controlled functional building blocks.
They can be used for a wide variety of applications [155,160,161] ranging from
unimolecular devices or nanoreactors to sensors to medical technology
including targeted drug and gene delivery. Many potential applications of
dendrimers are based on their unparalleled molecular uniformity, multi-
functional surface, and presence of internal cavities. These specific properties
make dendrimers ideal carriers in biomedical applications such as drug delivery
and gene transfection. The bioactive agents may either be encapsulated into the
interior of the dendrimers or they may be chemically attached or physically
adsorbed onto the dendrimer surface. The surface, interior, and core of the
carrier can be tailored for the specific needs of the active material and its
therapeutic applications.

There are now more than 50 families of dendrimers [162], with each family
possessing unique properties. Poly(amidoamine) (PAMAM) dendrimers are
the first complete dendrimer family to be synthesized, characterized, and
commercialized [154]. The internal tertiary amines of PAMAM dendrimers
are available for acid—base interactions and hydrogen bonding as well as for
other noncovalent interactions with encapsulated guest molecules, thus
making the polymers effective agents for encapsulating various drugs [163].
Patri et al. [164] investigated the drug delivery potential of PAMAM
dendrimers to reduce toxicity and to increase aqueous solubility. The
dendrimer surface was functionalized with hydroxyl groups to obtain highly
soluble dendrimers. The drug methotrexate was covalently conjugated to the
dendrimer. The drug inclusion complex, in which the drug was entrapped in
the cage of the dendrimer core by noncovalent interaction, was also evaluated
for its release kinetics. The results of this study demonstrated that
methotrexate was immediately released from the inclusion complex as
opposed to the methotrexate—dendrimer conjugates, which were stable in
both water and PBS buffer solution. Therefore, this study indicated that a
cleavable, covalently linked drug—dendrimer conjugate is probably more
appropriate for drug delivery as it does not release the drug prematurely in
biological conditions.

One of the simplest ways to construct dendrimer—drug conjugates is to
couple drug molecules directly to the surface of the dendrimer. Because of its
multiple surface functionalities, one dendrimer molecule has the capacity to
carry multiple drug molecules. The number of drug molecules per conjugate
can be varied by changing the coupling conditions. There are several reports on
the preparation of dendrimer—drug conjugates via the covalent attachment of
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drugs to the dendrimer surface [165, 166]. In a study by Malik et al. [165], a
PAMAM dendrimer—platinate conjugate was examined for its antitumor
activity. The results of the study demonstrated that the conjugate showed
antitumor activity in all the tumor models tested, including a platinum-
resistant tumor model. In another study, Zhuo et al. [166] prepared PAMAM
dendrimers and attached 5-fluorouracil to the dendrimers to form conjugates.
Their results demonstrated hydrolysis of the conjugates in a phosphate buffer
solution and the consequent release of free 5-fluorouracil.

Nonsteroidal antiinflammatory drugs (NSAIDs) are among the most
frequently used drugs in the world, especially for symptoms associated with
osteoarthritis and other chronic musculoskeletal conditions [167]. Some of the
NSAIDs widely used are ketoprofen, ibuprofen, diflunisal, and naproxen.
NSAIDs cause a wide variety of reported adverse effects, including renal
dysfunction, gastrointestinal hemorrhage, and hypersensitivity reactions [168].
These undesired effects have limited the use of NSAIDs. Drug conjugation,
cellular transport, and cellular therapeutic activity of NSAIDs-based
dendrimer conjugates as drug delivery vehicles have been widely investigated
[169—171]. Denis et al. [168] studied the aqueous solubility of NSAIDs
ketoprofen, ibuprofen, diflunisal, and naproxen in the presence of the
ethylenediamine (EDA) core PAMAM dendrimers. The study demonstrated
that PAMAM dendrimers have the potential to significantly enhance the
solubility of NSAIDs. The results also demonstrated that the solubility of
NSAIDs in the dendrimer solutions increased in an approximately linear
manner with an increase in dendrimer concentration. The authors also proved
that the bioavailability of the drugs increased with an increase of drug
solubility. The reason for the enhancement of solubility of NSAIDs is believed
to be an electrostatic interaction and hydrogen bond formations between the
surface amine groups on the dendrimer molecule and the carboxyl group of
NSAIDs. In another study, Kolhe et al. [169] reported the synthesis and
evaluation of hydroxylated PAMAM dendrimer—ibuprofen conjugates with a
high drug payload to improve intracellular delivery and to minimize systemic
side effects. The study demonstrated the potential of drug—dendrimer
conjugates to enter lung epithelial cell lines rapidly and localize predominantly
in the cytoplasm. The high drug payload dendritic nanodevices translate into
rapid pharmacological response with improved efficacy. Future studies are
warranted to evaluate the pharmacokinetic and pharmacodynamic aspects of
these nanomaterials in animal models. In yet another study, Na et al. [172]
investigated the potential of polyamidoamine (PAMAM) dendrimers as
carriers of ketoprofen. Their results demonstrated that the in vitro release of
ketoprofen from the drug—dendrimer complex is significantly slower compared
to pure ketoprofen. The blood distribution studies were conducted with mice
and the results demonstrated a prolonged pharmacodynamic behavior for the
ketoprofen—PAMAM dendrimer complex. Therefore, this study indicated that
PAMAM dendrimers might be considered as potential drug carriers with the
capability to provide a sustained release along with reduced side effects.
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Dendrimers can also act as carriers, to transfer genes through the cell
membrane into the nucleus. PAMAM dendrimers have been investigated as
genetic material carriers [173—175]. The terminal amino groups of PAMAM
dendrimers interact with phosphate groups of nucleic acids. This ensures
consistent formation of transfection complexes. A transfection agent called
SuperFect, consisting of activated dendrimers, is now commercially available.
Activated dendrimers can carry a larger amount of genetic material than
viruses. SuperFect—DNA complexes are characterized by high stability and
provide efficient transport of DNA into the nucleus. The high transfection
efficiency of dendrimers may not only be due to their well-defined shape, but
may also be caused by the low pK of the amines (3.9 and 6.9). The low pK
permits the dendrimer to buffer the pH change in the endosomal compartment
[176]. The unique properties of dendrimers such as their well-defined size
within nanoscale and multiple attachment sites that allow for the attachment of
ligand and bioactive agents simultancously make them suitable candidates for
gene delivery. Compounds, which can facilitate nuclear localization, can be
incorporated in the dendrimer surface. The above factors suggest that
dendrimers can be used as potential transfection agents at the cellular and
systemic levels [177].

Dhanikula and Hildgen [178] reported novel polyester-co-polyether
dendrimers consisting of a hydrophilic core synthesized by a combination of
convergent and divergent syntheses. PEO was incorporated in the interior of
the dendrimers to provide a hydrophilic interior region. The dendrimers
demonstrated the ability to encapsulate both hydrophilic and hydrophobic
model compounds, with sufficiently high drug loading. Rhodamine and
B-carotene were used as model hydrophilic and hydrophobic compounds,
respectively. It was demonstrated that the physical entrapment and/or
hydrogen bonding by PEO in the interior and branches of the dendrimer is
responsible for drug encapsulation. The release of both types of encapsulated
compounds (hydrophilic and hydrophobic) in phosphate buffer was found to
be slow and sustained, with approximately 90% of drug being released in
170 h. Therefore, this study suggested that these dendrimers could be designed
to serve as potential delivery vehicles. In another study for both hydrophilic
and hydrophobic drugs, Bhadra et al. [179] reported the synthesis of a novel
PEGylated peptide dendrimers for the delivery of an antimalarial drug,
artemether. In this study, a peptide dendrimer on a PEG core with r-lysine as a
repeating unit was synthesized. Artemether was found to form a complex with
the dendritic interior as a result of hydrogen bonding and hydrophobic
interactions. Chondroitin sulfate A (CSA) was conjugated to the system, which
increased drug loading depending on the degree of conjugation. It was
observed that CSA conjugation reduced hemolytic toxicity and macrophage
toxicity. CSA-conjugated systems proved to be effective in removing ring and
trophozoidal forms of Plasmodium falciparum culture in vitro. Their in vivo
studies on mice demonstrated prolonged release of artemether from both CSA-
coated and uncoated systems up to 13 h after the intramuscular administration
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of the drug carriers. This study suggested the suitability of dendrimers for
possible controlled delivery of antimalarials.

Therefore, dendrimers provide a uniform platform for drug attachment that
has the ability to bind and release drugs through several mechanisms. The
features discussed earlier in the text make dendrimers promising candidates for
the development of drug delivery systems.

7.6 LIPOSOMES AND LIPID NANOPARTICLES

A liposome is a microscopic spherical vesicle with a membrane composed of a
phospholipid bilayer used to deliver drugs, vaccines, or genetic material into a
cell [180,181]. Depending on the number of bilayers, liposomes are classified as
multilamellar (MLYV), small unilamellar (SUVs), or large unilamellar (LUVs)
[182]. The sizes of liposome can range from 25 nm to 10 wm in diameter. The
size¢ and morphology of liposomes can be regulated by the method of
preparation and the concentration of the lipid. Liposomes, as interesting
parenteral carrier systems, were described for the first time by Bangham and
Horne in the 1960s and were introduced as drug carriers in the 1970s [183].
Liposomes have been widely explored as drug delivery vehicles due in part to
the ease with which their assembly can be manipulated to produce specifically
designed carriers for a variety of applications. Additionally, liposomes are also
appealing because of their biocompatibility, ability to deliver both hydrophilic
and hydrophobic drugs, including small molecules and large biomolecules such
as DNA, and their ability to accommodate various ligands/coatings on their
surface. Some of the obstacles for the development of liposomal formulations
are limited physical stability of the lipid dispersions, possibility of drug
leakage, low activity due to the absence of specific cell/tissue targeting,
nonspecific clearance by the MPS, and difficulties in scaling up of the process
[184—187].

Biodegradable and nonbiodegradable polymeric nanoparticles are of great
importance for their potential uses in controlled and sustained drug release
[188]. Nevertheless, the cytotoxicity of the polymers after internalization into
cells is a crucial and often less discussed aspect [189]. Also, large-scale
production of polymeric nanoparticles can be challenging. Therefore,
polymeric nanoparticle-based carrier systems have had limited success in
terms of their commercialization. Therefore, considerable attention has been
directed toward the development of solid lipid nanoparticles (SLNs) and
nanostructured lipid carriers (NLCs) for their application as controlled
delivery systems [190]. SLNs and NLCs consist of matrix prepared with
biocompatible and biodegradable lipids or lipidic substances, which are solid,
at both room and physiological temperatures [191]. SLNs based on pure
triglycerides or waxes exhibit limited drug payloads due to the solubility of
drug in the lipid that can lead to potential drug expulsion from the crystal
lattice upon polymorphic transitions into perfect crystals [192]. These
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disadvantages of SLNs can be overcome by the design of NLCs, which are
produced by preparing a blend of a solid and liquid lipid (oil), which leads to
an imperfect matrix structure. The matrix of NLCs by virtue of these
imperfections can accommodate drugs in molecular form or as amorphous
clusters [193]. Compared to other delivery systems such as liposomes,
microemulsions, and polymeric nanoparticles, SLNs and NLCs possess specific
advantages that include production without organic solvents, long time
physical stability, and the possibility of protection of chemically labile moieties
inside the particles [190—198]. SLN formulations for various application routes
including parenteral, oral, dermal, ocular, pulmonar, and rectal have been
developed [199-210].

7.6.1 Synthesis of Liposomes and Lipid Nanoparticles

Liposomes are formed by the self-assembly of phospholipid molecules in an
aqueous environment. The approaches for liposome synthesis include extrusion
[211], reversed-phase evaporation [212], and detergent-based procedures [213].
For more details on these methods, readers are directed to the review article by
Watwe and Bellare [214]. As in the case of liposomes, multiple preparative
methods have been established for the production of finely dispersed lipid
nanoparticle dispersions. In this section, some of these methods are described
briefly keeping in view the possibility of scaling up, a prerequisite for
commercialization purposes.

7.6.1.1 High Pressure Homogenization (HPH) HPH is a suitable
method for the preparation of SLNs and NLCs and can be performed at
elevated temperatures (hot HPH technique) or at low temperatures (cold HPH
technique) [215—217]. The particle size in this approach is decreased by
cavitation and turbulence. Briefly, for the hot HPH, the lipid and drug are
melted (approximately 5°C above the melting point of the lipid) and combined
with an aqueous surfactant solution having the same temperature. High speed
stirring forms a hot preemulsion. The hot preemulsion is then processed in a
temperature-controlled high pressure homogenizer. Generally, a maximum of
three cycles at 500 bar are sufficient to form a nanoemulsion. The obtained
nanoemulsions are crystallized upon cooling down to room temperature
forming SLNs or NLCs. The cold HPH is more suitable for processing
temperature-labile drugs or hydrophilic drugs. In this approach, the lipid and
drug are melted together and then rapidly ground under liquid nitrogen
forming solid lipid nanoparticles. A presuspension is formed by high
speed stirring of the particles in a cold aqueous surfactant solution. This
presuspension is then homogenized at or below ambient temperature forming
SLNs or NLCs. The homogenizing conditions are generally five cycles at 500
bar. Both the aforementioned HPH techniques are suitable for processing lipid
concentrations of up to 40% and generally yield very narrow particle size
distributions (polydispersity index < 0.2) [218—219]. Scale-up feasibility for the
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large-scale production of SLNs using this technique has also been reported
[220—221].

7.6.1.2 Microemulsion Method In this method [220, 222], first, a warm
microemulsion is prepared by stirring a solution containing typically 10%
molten solid lipid, 15% surfactant, and 10% cosurfactant. This warm
microemulsion is then dispersed under stirring in excess cold water (typical
ratio 1:50) using a specially developed thermostated syringe. The excess water
is removed either by ultrafiltration or by lyophilization in order to increase the
particle concentration followed by ultrafiltration to finally arrive at SLN. The
disadvantages of the process are the removal of excess water from the prepared
SLN dispersion and the high concentrations of surfactants and cosurfactants
that could enhance cost and pose regulatory hurdles during scale-up.

7.6.1.3 High Speed Stirring and/or Ultrasonication Another method
for the production of SLN is from lipid microparticles (produced by spray
congealing) using high speed stirring or sonication [223]. The advantages of
this method are the ecase of production and the use of simple equipments
with easy availability. The problem associated with high speed stirring is
that it results in particles of broader size distribution, which in turn can lead
to physical instabilities such as particle growth upon storage. This difficulty
can be overcome through the use of higher surfactant concentrations;
however, this could then lead to toxicological problems. A further
disadvantage of this approach is the potential metal contamination due to
ultrasonication. In order to overcome the problems associated with the
two methods, high speed stirring and ultrasonication have been combined to
enable the formation of physically stable particles with narrow size
distributions [224, 225].

Some other methods like w/o/w double emulsions [226] and solvent
emulsification—evaporation/diffusion [227, 228] are also employed for the
preparation of drug-loaded SLNs and NLCs.

7.6.2 Drug Delivery Applications of Liposomes

Liposomes have been extensively investigated as potential drug delivery
systems due to the enormous diversity of structure and compositions that they
provide [184]. They can encapsulate water-soluble drugs in their aqueous
spaces and lipid-soluble drugs within the membrane itself [180]. They release
their contents by interacting with cells in one of the four ways: adsorption,
endocytosis, lipid exchange, or fusion [186]. They are capable of targeting
drugs by passive as well as active means. Unmodified liposomes undergo rapid
clearance from blood stream due to sequestration by macrophages of the RES.
This property and the flexibility of altering size of liposomes have enabled their
use in passive targeting of a number of drugs. The possibility of liposomes to
passively target the RES and to encapsulate drugs with toxic side effects has



160 BIOMEDICAL NANOSTRUCTURES

been studied [229]. The use of antibiotic amphotericin B in the treatment of
systemic fungal infections is associated with extensive renal toxicity [229]. The
toxicity associated with this compound is probably the result of its interaction
with cholesterol in mammalian cells. Liposomal amphotericin B (Ambisome)
[230], the first liposomal preparation to be licensed for clinical use, is used for
the treatment of systemic fungal infections. Ambisome, by passively targeting
the liver and spleen, reduces the renal toxicity of the drug at normal doses,
although renal toxicity appears to remain unaffected when the formulation is
administered at elevated doses [231]. Ambisome may also be used to treat drug-
resistant leishmaniasis, a parasitic infection of the reticuloendothelial system
[232]. The ability of liposomes to be taken up by macrophages and to
concentrate in the liver and spleen undoubtedly makes them ideal for the
treatment of diseases of the liver and spleen.

Liposomes have been established as immunoadjuvants (enhancers of the
immunological response), potentiating both cell-mediated and humoral
immunity [233]. Liposomal vaccines can be made by associating them with
cytokines [233], microbes [234], soluble antigens [235], or DNA [236]. Several
investigations have reported that liposomes encapsulating antigens have been
found to stimulate an immune response for the antigen used in delivery.
Another advantage of liposomal vaccines is that they can be stored under dry
conditions at low temperatures for up to 12 months and still retain their
adjuvanticity [237]. Hence, liposomes hold promise for vaccine therapy as they
can be used for effective antigen/peptide delivery and are able to elicit immune
response against the antigen delivered.

The use of liposomes as carriers for DNA has also been explored [238, 239].
Such liposomes are prepared from phospholipids with an amine hydrophilic
head group. The amine groups of liposomes interact with the phosphate group
of DNA molecules to form the gene carrier. Liposomes prepared in this way
are commonly referred to as cationic liposomes, because they possess a positive
surface charge at physiological pH. The use of cationic liposomes as gene
delivery systems was pioneered in the late 1980s when it was demonstrated that
the complexation of genes with liposomes promoted gene uptake by cells in
vitro [240]. Cationic liposomes have also been actively pursued as a potential
tool for gene delivery to specific cells in the body [241—244]. Although the
experimental data indicate that cationic liposomes are able to facilitate the
transfer of DNA into live mammalian cells, there are still hurdles that need to
be overcome in order to achieve successful gene transfection. These include a
reduction in the rapid clearance of cationic liposomes, production of efficiently
targeted liposomes, ability to transfer the gene to the nucleus of a cell, and the
ability to provide a sustained long-term expression of the genes. At the cellular
level, the problems may be overcome by improving receptor-mediated uptake
using appropriate ligands, the endowment of liposomes with endosomal escape
mechanisms, a more efficient translocation of DNA to the nucleus, and the
efficient dissociation of the liposome complex just before the entry of free DNA
into the nucleus [245].
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7.6.3 Drug Delivery Applications of Lipid Nanoparticles

During the past decade, the interest in lipid nanoparticle technology has been
growing rapidly. Several studies have been reported to evaluate the potential of
SLNSs as drug carriers for controlled delivery of drugs with reduced toxic side
effects [202, 246, 247]. Cavalli et al. [246] have prepared stealth and nonstealth
tripalmitin SLNs loaded with paclitaxel in order to provide an alternative for
parenteral administration of paclitaxel. The commercially available product
Taxol® is a toxicologically critical micellar solution of the drug in Cremophor
EL. The release studies on the SLN formulation demonstrated that 0.1% of the
paclitaxel was released into the receptor medium (phosphate buffer, pH 7.4)
after 120 min. The same group had previously demonstrated similarly
sustained in vitro release profiles for doxorubicin and idarubicin (0.1% after
120 min) in contrast to burst release from reference solutions [202]. Similarly,
for stearic acid SLNs containing cyclosporin A, which is a drug with many
adverse side effects, they determined an in vitro release of less than 4% drug
release after 2 h compared to the release greater than 60% from solution [247].
The clinical use of ketoconazole, an antifungal drug, has been related to some
adverse effects in healthy adults, especially local reactions such as severe
irritation and stinging. In an attempt to minimize the adverse side effects and
providing a controlled release of the drug, Souto and Miiller [248] assessed the
stability of ketoconazole in SLN and NLC dispersions. Lipid particles were
prepared using Compritol™888 ATO as solid lipid. The natural antioxidant a-
tocopherol was selected as liquid lipid compound for the preparation of NLCs.
Ketoconazole loading capacity was identical for both SLN and NLC systems
(5% of particle mass). The results of the study indicated that SLNs were
physically stable as suspensions after 3 months of storage; however, the SLN
matrix was not able to protect the chemically labile ketoconazole against
degradation when exposed to light. In contrast, the NLCs were able to stabilize
the drug.

In an attempt to explore the potential for delivery of active agents using
SLN formulations to brain, Yang et al. [249][249] studied the release
mechanism of camptothecin (CA)-loaded stearic acid SLNs in mice. The
CA-SLN suspension was injected intravenously into the tail vein of the mice.
CA-SLN was found to effectively target the brain by crossing the blood—brain
barrier. In another study by Wang et al. [224], in vitro release profiles and brain
biodistribution studies were performed with an SLN formulation containing
5-fluoro-2"-deoxyuridine (FUdR). The release profile from SLN formulation
was biphasic, with an initial burst release that was followed by a prolonged
release, whereas 100% drug was released from the FUdR solution after less
than 2 h. The biodistribution studies with SLN—FUdR formulation in mice
demonstrated that brain targeting of the drug-loaded SLNs was two times
greater than FUdR solutions. The probable reason for greater brain targeting
with SLN formulations was the increase in effective lipophilicity, which
facilitates the transport through the endothelial cells forming the BBB.
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For more details on lipid nanoparticles, the readers are directed to some
recent review articles [210, 250].

7.7 NANOTUBES AND FULLERENES

Tubes having diameters ranging from a few nanometers to hundreds of
nanometers are most often referred to as nanotubes. Nanotubes made of
carbon are one of the most well investigated in terms of their structure,
property, synthesis, and applications. Therefore, this section focuses on carbon
nanotubes (CNTs) and their drug delivery applications and touches upon some
of the biomedical applications of fullerenes.

The backbone of CNTs is composed solely of carbon atoms, arranged in
form of benzene rings forming graphite sheets, rolled up to give secamless
cylinders. There are two main types of CNTs, single-walled (SWNTs) and
multiwalled carbon nanotubes (MWNTSs), the latter being formed by several
concentric layers of rolled graphite sheets. The dimensions of these tubular
structures range from 0.4 to 2nm in diameter for SWNTs and from 2 to
100nm for MWNTs. Both type of tubes have lengths ranging from
micrometers to millimeters. CNTs are generally composed of sp” hybridized
hexagonal sheets and are perfectly cylindrical in shape [251]. The present
discussion focuses on CNTs and their drug delivery applications.

Another closely related nanomaterial is fullerene, which is considered to
be the third allotrope of carbon after graphite and diamond. Fullerenes have
carbon atoms arranged in the form of a closed shell. It consists of 60 carbon
atoms, arranged as 12 pentagons and 20 hexagons. The structure of
fullerenes is similar to that of a soccer ball. The diameter of fullerene can
be as small as 2 nm [252]. Just as in the case of CNTs, the hexagonal and
pentagonal rings present in fullerenes are sp? hybridized. Due to their unique
properties, both CNTs and fullerenes have been investigated for drug
delivery applications.

7.7.1 Synthesis

The three most popular methods to synthesize CNTs are chemical vapor
deposition, electric arc discharge, and laser ablation, which are briefly
illustrated in the following sections.

7.7.1.1 Chemical Vapor Deposition (CVD) In this process, a hydro-
carbon gas is passed through a tubular furnace. The metal catalyst in the
furnace is heated to high temperatures (500—1000°C) over a period of time by
the hot gases. The basic mechanism in the process involves the dissociation of
hydrocarbon molecules catalyzed by the metal catalyst and saturation of
carbon atoms in the metal particles [253]. Precipitation of carbon from the
metal particle leads to the formation of tubular carbon solids in sp” structure.
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The role of metal catalyst is to speed up the process, to lower the production
costs, and to improve the quality of the final product [254]. Purification is
needed to eliminate impurities formed during the process, such as graphite
compounds, amorphous carbon, coal, and metal particles. This is achieved by
oxidative treatments with acid, microfiltration, thermal treatment, and
ultrasound methods. The characteristics of the CNTs produced by chemical
vapor deposition (CVD) method depend on the working conditions such as the
temperature, concentration of hydrocarbon, the size and the pretreatment of
metal catalyst, and the time of reaction [255]. Methane and ethane are the most
commonly used gases [253], whereas iron and nickel are the most commonly
used metal catalysts.

7.7.1.2 Electric Arc Discharge In this method, an electric arc discharge is
generated between two graphite electrodes under an inert atmosphere of
helium or argon [256]. The high temperature attained allows the sublimation of
carbon leading to the formation of nanotubes. Purification by gasification with
oxygen or carbon dioxide is necessary to obtain CNTs [257]. Both SWNTs and
MWNTs can be obtained using this technique [258, 259]; however, production
of SWNTs usually requires a metal catalyst. The important process variables
are distance between electrodes, electric current, voltage, and electrode
dimensions [259]. Appropriate modulation of these variables leads to the
synthesis of CNTs.

7.7.1.3 Laser Ablation In this process, a piece of graphite mixed with a
catalytic metal is vaporized by laser irradiation under an inert atmosphere of
helium or argon gas. The most commonly used metal catalysts are cobalt and
nickel. As the laser ablates the target, CNTs form and are carried by the gas
flow onto a cool copper collector [260]. A purification step by gasification is
needed to eliminate carbonaceous material. The important process parameters
are laser absorption depth, energy density of the beam, laser pulse duration,
and wavelength of the beam. These parameters when appropriately adjusted
can produce CNTs that possess relatively greater purity [256]. Therefore, this is
a preferred technique for the synthesis of highly pure CNTs [256].

Other methods that are used for making nanotubes include use of solar
energy [261] and plasma torch method [262]. Fullerenes are generally produced
by laser ablation [263], arc discharge [264], and ion beam sputtering [265].
Generally, the conditions for the synthesis of fullerenes are less severe in terms
of time and temperature. Heating of the carbon/graphite source at a lower
temperature and for a relatively shorter period of time results in the
predominant formation of fullerenes.

7.7.2 Purification of Carbon Nanotubes

After the production of CNTs, a significant amount of metal catalyst particles
and amorphous carbon are left as residues. Hence, purification of the
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nanotubes is essential prior to further applications. One of the most commonly
used technique for the purification and eventual solubilization of CNTs in
various solvents is oxidation using strong acid treatments, which permit
removal of the metallic impurities [266]. However, the strong acid conditions
cut the tubes into shorter pieces and generate carboxylic functions at the tips,
which modify their chemical and physical properties [266]. In order to avoid
this change in properties, alternative methods like chromatography, gasifica-
tion, centrifugation, filtration, and chemical derivatization techniques have
been explored [267—270].

7.7.3 Toxicity of Carbon Nanotubes

The toxicity and biocompatibility issues of CNTs are very crucial for drug
delivery applications. CNTs exposed to human epidermal keratinocytes have
been found to elicit inflammatory response, loss in cell viability, and
morphological alterations to cellular structure [271, 272]. In addition to the
aforementioned in vitro studies, there have been in vivo studies conducted on
guinea pigs and rats, which have reported histological evidence of lung
inflammation and granuloma formation on exposure of these animals to
pristine CNTs [273—276]. The nanotubes utilized in the above-mentioned
studies were not purified and the presence of metal ions attached to the tubes
during their synthesis was postulated to be an important reason for their
toxicity. The study by Garibaldi et al. [277] reported the administration of
purified CNTs to rat heart cell lines and the results of the study demonstrated
that highly purified CNTs possess no evident toxicity and can be considered
biocompatible with cardiomyocytes. The toxicity of the CNTs is thought to be
due to their insolubility; however, when molecules are covalently linked to
CNTs to increase their solubility, their toxicity is significantly reduced and
they are safe and suitable for biological applications [278]. Therefore, it is
possible to modify CNTs so as to enable minimum to none adverse tissue
response.

7.7.4 Functionalization of Carbon Nanotubes

A major drawback of CNTs, particularly relevant to their compatibility with
biological systems, is their complete insolubility in all types of solvents.
For drug delivery applications, CNTs must be well dispersed in water and
other solvents. Therefore, intrinsically hydrophobic CNT surfaces can be
functionalized to render the nanotubes soluble in a wide variety of solvents.
This facilitates their use in biomedical applications [252].

One of the commonly used approaches consists of the noncovalent
functionalization of CNTs with surfactants, nucleic acids, peptides, polymers,
and oligomers [279—282]. The advantage of this kind of approach is that the
aromatic structure and thus the electronic characteristics of CNTs are
preserved. The hydrophobic or m—m interactions are responsible for
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noncovalent functionalization. Anionic, cationic, and nonionic surfactants
have all been proposed to disperse nanotubes [283]. In a study by Islam et al.
[283], sodium dodecyl sulfate (SDS) and Triton X-100 were used to obtain
CNT suspensions. Their results demonstrated that the combination of w—m
interactions of aromatic moieties between CNT and SDS and the long lipid
chains of SDS increase the stability of the complex. Triton-X was found to
interact by  stacking. Although surfactants are efficient in the solubilization
of CNTs, they are known to permeabilize plasma membranes and can induce
toxicity [266]. Therefore, the implications stemming from the use of
surfactants interacting with biological systems can limit the possible
biomedical applications of surfactant stabilized CNT complexes. On the
contrary, the solubilization of CNTs with biological components would
certainly be more appropriate for integration of this new type of material
with living systems. Hence, CNTs functionalized with polysaccharides [279],
amino acids [280], proteins [281], and nucleic acids [282] have been explored.
The results of these studies demonstrated an increased solubility in water
medium postfunctionalization, thereby indicating that functionalization of
CNTs with biological component is a promising approach for solubilizing
CNTs.

Another approach for surface modification of CNTs is the covalent
functionalization of CNTs. Two approaches have been widely employed for
chemical modification of CNTs: (i) the use of acids to introduce hydrophilic
functional groups and (ii) the addition reaction of nanotubes to render them
soluble in a variety of solvents [283]. CNT can be oxidized using strong
acids, resulting in reduction of their length while generating carboxylic
groups, which increase their dispersion in aqueous solutions [284]. The most
efficient way to functionalize CNTs is based on the 1,3-dipolar cycloaddi-
tion of azomethine ylides. In this scheme, CNTs undergo an addition
reaction when heated in dimethylformamide in the presence of an a-amino
acid and an aldehyde [285]. The scope of this reaction is very broad
and produces functionalized CNTs (f-CNTs) that possess high solubility in
a wide range of solvents [286]. The covalent modification has the
disadvantage that it impairs the physical properties of the nanotubes due
to modification of their structure and thus limits their application in
electronic devices [266]. However, the covalent bonding approach can be
used advantageously in drug delivery applications as CNTs can be
derivatized with bioactive molecules for their use as delivery vehicles for
therapeutic applications [287].

7.7.5 Biomedical Applications of Carbon Nanotubes

CNTs are unique nanostructures, which are known to have remarkable
electronic, mechanical, thermal, and optical properties [256]. Several applica-
tions of CNTs have been reported, such as chemical sensors, field emission
materials, catalyst support, electronic devices, nanotweezers, reinforcements in
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high performance composites, anode for lithium ion batteries, nanoelectronic
devices, supercapacitors, flat panel displays, and hydrogen storage devices
[288—291]. However, the biomedical applications of CNTs as drug and gene
delivery vehicles are emphasized in the present discussion. The development of
new and efficient drug delivery systems is of fundamental importance to
improve the pharmacological profiles of many classes of therapeutic molecules.
Within the family of nanomaterials, CNTs have emerged as a new alternative
and efficient tool for transporting bioactive molecules in the body. As f-CNTs
display low toxicity and are not immunogenic, they hold great potential in the
field of nanobiotechnology and nanomedicine [279]. CNTs have large inner
volumes relative to the dimensions of the tube, which can be filled with desired
bioactive species, ranging from small drug molecules to proteins, peptides, and
nucleic acids, and the resulting carriers can be delivered to tissues and cells for
therapeutic purposes [292].

7.7.5.1 Drug Delivery by Carbon Nanotubes The use of f-CNTs for
drug delivery of small molecules like anticancer, antibacterial, or antiviral
agents is still unexplored. The development of nanocarriers with the ability to
carry one or more therapeutic agents with recognition capacity, optical signals
for imaging, and specific targeting is of fundamental advantage in the treatment
of different types of diseases [293]. Theoretically, the use of f-CNTs in this
approach would require the introduction of different functionalities on the
surface of CNTs. In an attempt to explore the possibility of CNTs as drug
delivery vehicles, Wu et al. [293] investigated the possibility of double
functionalization of nanotubes with fluorescein and an antibiotic amphotericin
B (AmB), which is used in the treatment of chronic fungal infections. The
double functionalization enabled simultaneous linking of the fluorescent probes
for tracking the uptake of CNTs as well as an antibiotic moiety as the active
molecule. In this study, the antifungal activity of the AmB—CNT conjugate was
assessed against three species of fungi that infect humans. AmB bound to CNTs
was found to preserve its high antifungal activity, thereby indicating that CNTs
show promise for use as antifungal delivery systems. In another study, Pastorin
et al. [294] studied the introduction of a fluorescent probe and anticancer drug
methotrexate to amino-functionalized CNTs by covalent conjugation. The
CNTs were found to internalize in the cytoplasm of cancer cells, and the limited
cellular uptake of methotrexate was enhanced due to its conjugation to CNTs.
In another approach, Yinghuai et al. [295] developed f-CNTs with substituted
carborane cages to form a new water-soluble CNT delivery system for the
treatment of cancer cells. The above studies indicate that CNTs can be a
promising material for the development of drug delivery systems.

7.7.5.2 Nucleic Acid Delivery by Carbon Nanotubes The use of CNTs
as nucleic acid delivery systems for therapeutics is another application that
has been explored. Pantarotto et al. [282] reported the utilization of CNTs as
components for engineering a novel nanotube-based gene delivery vector
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system. They reported the formation of ammonium-functionalized CNTs
associated with plasmid DNA through electrostatic interactions. Upon
interaction with mammalian HelLa cells, the f-CNTs penetrated the cell
membranes and were taken up into the cells. Their results demonstrated that
nanotubes exhibited low cytotoxicity and f-CNT-associated plasmid DNA
was delivered to cells efficiently. Gene expression levels up to 10 times
higher than those achieved with naked DNA were observed. These findings
revealed a novel combination of properties attributable to soluble CNTs and
established the potential of these structures for delivery of nucleic acid. In
another study, Chapana et al. [296] reported the delivery of plasmid pUCI19
from water-dispersible CNTs to Escherichia coli bacterial cells. The
nanotube—plasmid conjugate created temporary membrane disruptions that
enabled plasmid permeability through the bacterial cell wall and hence
facilitated plasmid delivery into the cells. The results of the study encourage
further investigation of the potential of CNTs for targeted and controlled
delivery of DNA molecules. In a related study, Singh et al. [297] investigated
the physicochemical interactions between cationic f~-CNTs and DNA and the
transfection efficiency of DNA-bound nanotube carriers. Three types of
nanotubes, ammonium-functionalized single-walled and multiwalled carbon
nanotubes (SWNT-NH;, MWNT-NHj;), and lysine-functionalized single-
walled carbon nanotubes (SWNTLys-NH;) were electrostatically conjugated
to plasmid pCMV-B-gal. Their results demonstrated that nanotube surface
area and charge density were the critical parameters that determined the
formation of electrostatic complex between f-CNTs and DNA. Another
important study by Kam et al. [298] investigated the transfection efficiency of
CNTs conjugated to short interfering RNA (siRNA), used for gene delivery to
mammalian cells. The noncovalent adsorption of phospholipid molecules and
PEG resulted in stable aqueous suspension of nanotubes. The functionalized
CNTs were conjugated to siRNA by cleavable disulfide linkage. The results of
the study demonstrated the transport, release, and nuclear translocation of
oligonucleotides in mammalian cells with nanotube transporters, thus
suggesting their promise for applications in gene therapy.

7.7.5.3 Protein Delivery by Carbon Nanotubes The use of f-CNTs as
protein delivery vehicle is another research area currently under investigation.
Kam and Dai [299] reported the use of CNTs as protein delivery vehicles
and assessed the functional efficiency of the protein in vitro using mammalian
cells. Three proteins, BSA, protein A (spA), and cytochrome ¢ (cyt-c), were
noncovalently bound to the acid oxidized CNTs. The carriers were found be
biocompatible and were internalized in the endosome, and thereafter released
into the cytoplasm. The in vitro biological functionality and activity of the
protein delivered by the nanotube was evident by the programmed cell death
induced by cyt-c transported inside the cells. In another investigation by Kam
et al. [300], protein streptavidin (SA) used in clinical applications was
chemically conjugated to the acid-functionalized SWNTs. The in vitro release
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efficacy of the CNT delivery system was determined by studying the effect of
protein—nanotube conjugates on human leukemia and human T cells. The
results of the study demonstrated that the functionalized nanotubes did not
exhibit toxicity to the cells. The SA—nanotube carrier entered the cell by
endocytosis and resulted in dose-dependant cell death, whereas SA by itself
could not enter the cells. These studies suggest the potential of CNTs to be
developed as protein carriers for therapeutic applications. Hence, CNTs
represent a new class of molecular transporters with potential for future
protein delivery applications.

7.7.5.4 Vaccine and Peptide Delivery by Carbon Nanotubes The
basic concept for utilizing CNTs in vaccine delivery is to link the antigen to
CNTs, while retaining its conformation and thereby inducing specific antibody
response. In addition, the CNTs themselves should not trigger any response by
the immune system. In a study by Pantarotto et al. [301], CNTs functionalized
with a pyrrolidine ring through the 1,3-dipolar cycloaddition of azomethine
ylides were covalently linked to a peptide sequence derived from the foot-and-
mouth disease virus (FMDYV), generating mono- and bisconjugated peptide
CNTs. Their results demonstrated that both the mono- and bispeptide-
derivatized CNTs elicited strong antibody response in BALC/c mice, thereby
indicating that the antigen conformation was retained during the delivery,
which is essential for the induction of antibody responses with the right
specificity. In addition, the authors determined that the CNTs did not have any
detectable immunogenicity. These findings suggested the potential of CNTs to
present biologically important antigens in an appropriate conformation, and
hence open up the possibility for their use in vaccine delivery. In a more recent
study by Rasenick et al. [302], synthetic oligodeoxynucleotides (ODNs)
containing cytosine—phosphodiester—guanine (CpG) motifs have been shown
to be effective immunoprotective agents in murine models for a variety of viral,
bacterial, and protozoan infections. However, the biological activities of ODN-
CpGs are often short-lived, and therefore, several administrations of high
doses are normally required. Their intracellular delivery faces the challenge of
low uptake by the cells because of the repulsion between the negative charges
on cell membranes and ODNs. Bianco et al. [303] used ammonium f~-CNTs for
efficient delivery of ODN-CpGs to mice cell lines. Their results demonstrated
that the negative charge of ODN-CpG was neutralized by f~-CNTs, and hence,
the repulsion by the negatively charged cell membrane presumably reduced and
the cellular uptake of ODN-CpG was facilitated. These results indicated the
potential of CNTs as carriers for peptides to be delivered into cells, and hence
the possibility of their use in vaccine development.

7.7.6 Biomedical Applications of Fullerenes

For the past decade, the chemical and physical properties of fullerenes have
been an important area of study. Because of their unique structure, fullerenes



DEVELOPMENT OF NANOSTRUCTURES FOR DRUG DELIVERY APPLICATIONS 169

present an attractive option to be used for drug and gene delivery applications.
Bioactive molecules can be filled in their hollow structure, and subsequently the
outer surface can be functionalized for active targeting in the body [304]. In
their natural form, fullerenes are insoluble. However, functional groups such as
carboxylic acid can be added to improve their solubility [304, 305].

Fullerenes have been used as actual therapeutic macromolecules. They are
strong antioxidants, capable of scavenging a variety of free radicals associated
with medical conditions such as neurodegenerative diseases. Oxygen free
radicals use their unpaired electrons to break chemical bonds in critical
molecules such as nucleic acids, thereby triggering cell damage and possible
apoptosis [306]. Fullerenes are believed to interrupt this process essentially by
absorbing the potentially damaging electrons. Fullerenes have been modified
with malonic acid moieties, creating a compound, that showed strong activity
in animal models of neurodegenerative diseases [306]. In an investigation by
Dugan et al. [307], water-soluble carboxylic acid functionalized fullerene deriv-
atives, containing three malonic acid groups per molecule, were synthesized
and found to be efficient free radical scavengers. These data suggest that polar
carboxylic acid fullerene derivatives may have attractive therapeutic properties
in neurodegenerative diseases.

In vivo investigation of the oral and intravenous administration of water-
soluble fullerenes to Fischer rats showed that they distributed rapidly to many
tissues. This observation suggested that they might eventually be useful to
deliver drugs to a target tissue for therapeutic purposes [252]. Foley et al. [308]
proposed using fullerenes as drug delivery agents as a consequence of their
structure closely resembling the clathrin scaffolds that mediate endocytosis.
Their results demonstrated that a fullerene derivative can cross the external
cellular membrane and is preferentially localized in mitochondria.

Fullerenes have been suggested to hold promise for the inhibition of HIV
protease [309], as a target to bone tissues [310], and as an antibacterial agent
[311]. In a study by Friedman et al. [309], a diamino diacid derivative of
fullerene was demonstrated to be a potent inhibitor for the protease enzyme
specific to the human immunodeficiency virus. The study concluded that the
strong hydrophobic interactions between the fullerene derivative and enzyme
led to the inhibition of the virus. Another study by Gonzalez et al. [310]
demonstrated that fullerene functionalized with a bisphosphate could be
successfully used for the targeting of the specific bone tissue. This ability could
be an important step toward the development of future fullerene derivatives
as bone therapeutic agents. The trimalonic acid derivative of fullerene,
carboxyfullerene, is water soluble and has been studied for its antibacterial
activity on Gram-positive bacteria, Staphylococci [311]. The lethal action of
carboxyfullerene was achieved by its insertion into cell walls of bacteria and
disruption of their structure. This study demonstrated the potential of
carboxyfullerenes to be developed as antibacterial systems.

In a recent study, Isobe et al. [312] demonstrated that tetraamino-
functionalized fullerenes could bind a plasmid DNA and transfect the plasmid
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to mammalian cells with high transfection efficiency. The cell uptake of the
fullerene—DNA complex was by the mechanism of endocytosis and the
internalized DNA was protected by the fullerene against enzymatic digestion.
In a related study, Ashcroft et al. [313] reported the synthesis and
characterization of a water-soluble fullerene derivative designed to covalently
attach to an antibody, which recognizes antigen on human tumor cells, thereby
opening the possibility of targeted anticancer agent delivery using fullerenes. In
addition, intracellular uptake of water-soluble fullerene derivatives by human
cancer cells in vitro [314] and significant anticancer activity of a slow release
drug delivery system comprising of the fullerene—paclitaxel conjugate [315]
have also been reported.

Another possible application of fullerenes is found in nuclear medicine [316]
in which water soluble metallofullerenes that contain metal atoms or ions
inside, are used as an alternative to chelating compounds that prevent the
direct binding of toxic metal ions to serum components. It is envisioned that
metallofullerenes can provide a unique alternative to chelating compounds
because of their resistance to metabolism and high kinetic stability in the body.
Metallofullerenes have also demonstrated the potential in use as magnetic
resonance imaging (MRI) contrast agents [317, 318].

The aforementioned studies indicate the potential of using functionalized
CNTs and fullerenes in delivery of bioactive molecules for various medical
applications. However, the research on their potential as delivery vehicles is
still confined to the laboratory and further extensive investigation is required
before they can be utilized in clinical applications.

7.8 NANOGELS

Nanogels are cross-linked polymeric particles of submicrometer size whose
properties differ from linear macromolecules of similar molecular weight.
Nanogels have a three-dimensional structure with the cross-linked polymer
network immersed in a solvent to synthesize a structure similar to a sol—gel
structure. The networks can be composed of homopolymers or copolymers and
are insoluble due to the presence of chemical cross-links (tie points, junctions)
or physical cross-links such as entanglements or crystallites [319]. Dispersed gel
particles can be viewed as cross-linked latex particles, which are swollen by a
good solvent. If the good solvent is water, these species belong to the hydrogel
class.

7.8.1 Synthesis of Nanogels

Chemically cross-linked nanogels can be synthesized by emulsion polymer-
ization [320-323], or by cross-linking reactions within the polymer molecules,
or by cross-linking reactions between preformed polymer fragments [324,
325].
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7.8.1.1 Emulsion Polymerization The most common method for the
synthesis of nanogels is combined polymerization and cross-linking, usually
in an emulsion. In emulsion polymerization, the monomer is dispersed in an
aqueous phase and the emulsion is stabilized by surfactants. The free radical
polymerization of monomers dissolved in these surfactants produces
polymeric particles or gels with narrow size distribution. Recently, inverse
microemulsion polymerization has received tremendous attention by
researchers due to its ability to produce nonionic, hydrophilic nanogel
particles for protein and enzyme delivery systems [326—330]. A drawback of
the emulsion procedure, especially when the products are designed for
biomedical use, is the presence of monomers, surfactants, and cross-linking
agents that are usually toxic and have to be removed from the system after
the synthesis.

7.8.1.2 Cross-Linking Reaction of Preformed Polymer Fragments
Another approach for preparing nanogel particles is by intramolecular cross-
linking between several structural moieties. For instance, Harth et al. [331]
described the preparation of nanogel particles by coupling reactions between
benzocyclobutene units in benzyl ether. In another study, Mecerreyes et al.
[332] investigated intramolecular cross-linking between acrylic moieties of
multifunctional acrylic macromolecules during polymerization in ultradilute
solution. Homopolymers and copolymers of acrylamide and alkyl acrylamides
have been widely used for the preparation of temperature- and pH-sensitive
nanogels by cross-linking with polyols and polyamines [333—335]. In addition
to the above methods, there have been reports on the preparation of
polyacrylic acid nanogels by generating carbon-centered radicals along a
polymer chain using short pulses of fast electrons, followed by intramolecular
recombination [336, 337]. This method eliminates the use of monomer and
cross-linking agents.

7.8.2 Nanogels for Drug Delivery

Nanogels are currently being actively investigated due to their potential
technological applications in a variety of fields. Applications of such materials
include surface coating [338—340], uptake and release of heavy metal ions
[341, 342], optoelectronic switches [343], and drug delivery systems [344, 345].
The properties of nanogels, which make them particularly useful for drug
delivery applications, are their high drug/biomacromolecule loading capacity
and their ability to respond reversibly to external stimuli such as temperature,
pH, ionic strength, solvent nature, and external stress [346, 347]. Nanogel
particles are of particular interest because they exhibit intrinsic properties of
gels combined with the properties of colloids, such as microheterogeneous
structure, small size, and high surface-to-volume ratio. Nanogels can be used to
regulate drug release in reservoir-based, controlled release systems or as
carriers in swelling-controlled release devices [348, 349]. On the forefront of
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controlled drug delivery, nanogels can be designed for their release to occur
within specific areas of the body (within a certain pH of the digestive tract) or
active delivery by the functionalization of nanogel surface with a ligand for
specific targeting of cell receptors.

Environmentally responsive nanogels have been applied in a wide variety of
controlled drug delivery applications. The intelligent response of these systems
allows for the release that is controlled by the conditions of the environment
like temperature or pH of the medium. Temperature-responsive nanogels,
which are mostly based on poly(N-isopropylacrylamide) (PNIPAAm) and its
derivatives, undergo a reversible volume phase transition with a change in the
temperature of the environmental conditions [350]. This type of behavior is
related to polymer phase separation that occurs when the temperature is raised
to a critical value, known as the lower critical solution temperature (LCST).
Polymeric gels tend to shrink or collapse as the temperature is increased above
LCST, and the gels swell upon lowering the temperature below the LCST. For
example, PNIPAAm gels exhibit the LCST of 33°C above which they are
collapsed and below which they are swollen. In a study by Shin et al. [351], they
reported the use of PNIPAAm nanogels for positive thermosensitive delivery
of a model drug, indomethacin. The approach to achieve positive thermo-
sensitive drug delivery in this study was to use the squeezing mechanism of the
polymeric gel when the temperature is maintained above the LCST to release
the drug. The results of the study demonstrated a uniform drug release rate and
sustained release over a long period of time. A uniform release profile over a
defined period of time achieved using this system may be useful for antipyretic
delivery in order to maintain the effectiveness of the drug as long as the
biological system is infected. Therefore, temperature-responsive nanogels
prepared from PNIPAAm show promise for the development of delivery
systems that exhibit a controlled and sustained release of drug in response to
temperature changes [352—353].

pH-sensitive nanogel particles composed of polymethacrylic acid-grafted-
polyethylene glycol [P(MAA-g-EG)] have been investigated for the oral
delivery of therapeutic proteins. Lowmann et al. [356, 357] reported the
formation of insulin-loaded P(MAA-g-EG) nanogels and studied the release
mechanism of insulin from the carrier. Their results demonstrated that in an
acidic environment, which is similar to that of the stomach, the gels were
unswollen due to the formation of intermolecular polymer complexes, thereby
protecting the insulin from proteolytic degradation. However, in basic and
neutral environments, which are present in the intestine, the complexes
dissociated that resulted in rapid gel swelling and consequent insulin release.
The results of the above studies indicated the use of nanogels as highly suitable
oral carriers for peptide drugs such as insulin.

Glucose-sensitive nanogels prepared by the copolymerization of diethyla-
minoethyl methacrylate (DEAEM) and poly(ethylene glycol) monomethacry-
late (PEGMA) have been reported by Podual et al. [358, 359]. The polymeric
nanogels were incorporated with glucose oxidase within their network to
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render pH sensitivity to the nanogels. The working principle of these nanogels
is as follows. Glucose oxidase reacts with glucose to form gluconic acid, which
in turn lowers the pH in the local environment, and hence, triggers the pH-
sensitive swelling/deswelling of the nanogel. The results of their equilibrium
swelling studies indicated that the nanogels showed a strong pH-dependent
swelling behavior. The transition between the swollen and the collapsed states
was at a pH of 7.0. The nanogels exhibited release kinetics that could be useful
as smart materials for diabetes applications in which the materials can sense an
increase in glucose concentration, and hence, release insulin in response.

ODNs have attracted significant interest as potential diagnostic and
therapeutic agents for neurodegenerative disorders like, Alzheimer and
Parkinson disease. However, the use of ODNSs in the body is hindered by the
lack of stability of ODNs against enzymatic degradation as well as rapid
clearance of ODNs through renal excretion. Furthermore, the BBB severely
restricts the entry of ODNS to the brain from the periphery, which represents a
major obstacle for the use of ODNSs for diagnostics and therapy of disorders of
central nervous system. In an attempt to evaluate the potential of nanogels as
drug carriers to brain, Vinogradov et al. [358] prepared cationic nanogels
consisting of covalently cross-linked PEG and PEI chains, PEG-cross-PEI
nanogels, for delivery of ODNs to brain. The nanogel-ODN complex was
delivered to bovine brain microvessel endothelial cells (BBMECs) and the results
demonstrated that the nanogels protected ODNs from enzymatic degradation in
the cells. The in vivo biodistribution of nanogels and encapsulated ODNs was
also studied using a mouse model. The in vivo biodistribution study suggested
that following intravenous administration of nanogel-formulated ODNs in mice,
substantial amounts of nanogels and ODNs accumulated in the brain of the
treated mice. The potential application of nanogels for delivering drugs to the
brain has also been suggested by Soni et al. [359]. In their study, nanogels were
prepared from a copolymer of NIPAAm and N-vinylpyrrolidone and
fluorouracil was used as a model drug, which was encapsulated in the nanogel.
In vivo studies performed on rabbits suggested sufficient accumulation of the
drug-loaded nanogels in brain and the results of the study indicated the potential
use of nanogels as therapeutic carriers for the drugs to be delivered to the brain
tissue. In another study, McAllister et al. [360] reported the synthesis of DNA
containing nanogels prepared from polyacrylates to assess the potential of
nanogels as gene delivery vehicles. In vitro studies of the nanogel vectors were
performed on HeLa cell lines and the results demonstrated that nanogel particles
were able to enhance cellular uptake of DNA. These studies suggest the potential
use of nanogels for gene delivery applications.

Incorporation of amphiphilic molecules with low solubility into PEO-cross-
PEI nanogels was evaluated using indomethacin and retinoic acid [361]. The
fine dispersions of the complex particles were obtained, which were stable over
a week. The kinetics of drug release from dispersion of nanogel loaded with
indomethacin was evaluated using the equilibrium dialysis technique. The
experiment suggested that during the first hour of dialysis over 17.5% of the
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drug was released in the external solution. After 24 h, 82% of indomethacin
was found in the external solution. The results of the study suggested that
pharmaceutical formulations useful for drug delivery applications for relatively
insoluble drugs could be prepared by the immobilization of these drugs in
PEO-cross-PEI nanogel systems, which are stable at physiological pH and
ionic strength.

The results from the studies discussed in the present section suggest that
polymeric nanogels are promising candidates for drug and gene delivery
applications.

7.9 VIRAL VECTORS AND VIRUS-LIKE PARTICLES (VLPs)

Viruses are intracellular obligate parasites, designed through the course of
evolution to infect cells, often with great specificity to a particular cell type. At
the most basic level, they consist of a genetic material encapsulated within a
protective protein shell called the “capsid”. They tend to be very efficient at
transfecting their own DNA into the host cell that is expressed to produce new
virus particles. Viruses have evolved to generate strategies to conduct the
various steps of binding and internalization to their target cells efficiently [362].
Further, they are capable of manipulating the host cell’s machinery to make
viral proteins. These properties of viruses make them ideal candidates for gene
delivery. Due to the infectious nature of viruses, they pose a safety threat, and
hence, cannot be used for drug/gene delivery in their original form [363].

A virus particle, in which the pathogenicity can be eliminated, while the
efficiency of gene transfer and expression is retained, would be a desirable
system for gene therapy. This concept is utilized in making recombinant virus
particles in which the genetic material of the original virus is modified so as to
produce particles that resemble the actual virus, but cannot replicate and
spread the infection in their host. In making recombinant viral vectors, genes
that are needed for the replication phase (nonessential genes) of the virus are
replaced with foreign genes of interest. In this way, the modified virus is still
capable of transducing the cell type it would normally infect without the
synthesis of infectious viral proteins [364]. Viral vectors have been widely used
for gene therapy, as they are able to deliver genes efficiently and achieve long-
term expression [364—367]. In spite of the above advantages of the elimination
of pathogenicity due to viral replication, retention of viral genes and their
continued expression pose a risk of eliciting an immune response, which
rapidly clears the cells expressing virally encoded gene products [365]. These
factors, in conjunction with problems of large-scale production of recombinant
virus vectors, often limit their potential as gene carriers and have driven a
search for alternative gene delivery systems.

The promising alternatives for gene delivery, which retain the advantage of
high transfection efficiency of virus particles, but do not possess their infectious
genes, are virus-like particles (VLPs). VLPs mimic the overall structure of viral
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particles, but are devoid of infectious genetic material [366]. Indeed, VLPs
completely lack the DNA or RNA genome of the virus, but have the authentic
conformation of viral capsid proteins as in actual virus particles. VLP
preparations are based on the observation that expression of capsid proteins of
many viruses leads to the spontancous assembly of particles that are
structurally similar to the parental virus particle [367]. Unlike viruses, VLPs
are composed of only capsid protein and are devoid of nucleic acid.

Recombinant virus vectors and VLPs are useful in vaccination and gene
delivery applications and their uses in gene and immune therapy are discussed
in the following sections.

7.9.1 Recombinant Virus Vectors

7.9.1.1 Adenovirus Vectors Adenoviruses are nonenveloped viruses con-
taining a linear double-stranded DNA genome of about 35 kilobase pairs (kbp).
The genome is packaged in a protein capsid with a diameter of 70 nm.
Adenovirus-based vectors are relatively easy to manipulate, can be produced
consistently and cost-effectively at high titer, and are highly infectious [365]. They
can efficiently transfer genes into both dividing and nondividing cells [364].
Adenoviral vectors are being widely used for gene delivery in vivo and are in
clinical trials for cancer therapy [368]. To generate a recombinant adenovirus for
gene transfer application, the E1 gene, important for viral expression and
replication, is removed and the resulting plasmid is propagated in producer cells,
such as human embryonic cells [369]. Synthesis of adenoviral gene products often
stimulates an immune response to the infected cells and results in a loss of gene
expression 1—2 weeks after the injection, which often limits their use [370].

7.9.1.2 Retrovirus Vectors Retroviruses are a class of enveloped viruses
containing a single-stranded RNA molecule as the genome. The diameter of a
typical retrovirus particle ranges from 90 to 140 nm. Following infection, the
viral genome, is reverse transcribed into double-stranded DNA, which
integrates into the host genome, and is subsequently expressed as proteins.
Retroviruses infect target cells through specific interactions between the viral
envelope protein and the surface receptor on the target cell [371]. Recombinant
retroviruses are produced by deletion of the viral replication genes from the
genome and replacing them with a foreign gene of interest. The modified
virus can still enter a target cell and insert its genome [372]. Retrovirus-based
vectors are particularly attractive for treatment of genetic diseases, where
stable long-term integration in the host genome is required [369]. Furthermore,
in clinical settings, retroviruses appear to have the lowest toxicity profile.
Retroviral vector gene delivery seems to be more suitable to allow potentially
permanent gene expression [370].

7.9.1.3 Adeno Associated Virus Vectors Adeno associated virus
(AAYV) is a virus associated with adenovirus. AAYV is a simple, nonpathogenic,
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single-stranded DNA virus. Its genome consists of two genes namely cap and
rep. The cap gene encodes viral capsid proteins, and the rep gene product is
involved in viral replication and integration [370]. AAV cannot replicate on its
own, it requires a cell to be coinfected with adenovirus in order to replicate. To
produce an AAYV vector, the rep and cap genes are replaced with a transgene
and the plasmid is transfected into adenovirus infected producer cells, which
leads to the formation of AAV vectors [372].

Alternative recombinant virus vectors have been developed from vaccinia
virus [373], herpes simplex virus [374], bovine herpesvirus [375], and Sindbis
virus [376].

7.9.2 Applications of Recombinant Virus Vectors

The success of gene therapy depends on the proper cell internalization and
the level of gene expression in the nucleus of the target cell. Due to their
intrinsic property to target host cells, recombinant viruses prove promising
for efficient gene transfection, which eventually affects the therapeutic
efficacy of the gene.

Recombinant adenovirus vectors have been widely reported for their use as
gene delivery and vaccine delivery [377—384]. In the study by Chou et al. [377],
it was demonstrated that intrathecal injection of glial cell line-derived
neurotrophic factor (GDNF) encoded in recombinant adenovirus led to
sustained GDNF expression in the spinal cord of rats. The gene transfer
significantly reduced the onset of paraplegia and preserved the locomotor
functions in rats after spinal ischemia. The results of study indicated that gene
delivery via adenoviruses is an efficient alternative for gene transfer in the
central nervous system. In another study, recombinant adenovirus particles
encoding a protein IL-1Ra, which acts as an anticytokine, were delivered to the
lungs of pigs, and subsequent secretion of proteins into the lungs was studied
[378]. The results demonstrated that adenovirus particles do not induce an
inflammatory response and were successful in delivering and consequently
transfecting the gene in vivo as evidenced by the expression of the protein
encoded by the gene. The results of the study demonstrated the potential of
recombinant adenovirus for in vivo delivery of cytokines modulating genes. In
yet another study, the in vivo gene delivery in salivary glands of rats by
recombinant adenoviruses was studied [379]. The results of this study indicated
that the protein was efficiently expressed in the salivary glands following
injection and the level of protein was found to increase with the amount of
adenoviruses used in injection. Similarly, recombinant adenoviruses have
been reported for successful immune therapy in several animal models like
rats, mice, rabbits, pigs, chimpanzees, and dogs against a variety of infections
[380—384].

Retroviral vectors have been used for gene therapy applications and have
been demonstrated to be more suitable for permanent gene expression
[370, 385]. Nagano et al. [386] studied in vitro gene transfer to mouse germ
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line stem cells using a retrovirus vector. The results of this study laid the
groundwork for the introduction of new genes directly into the germ line of
many animal species, and hence suggested a method to address the potential of
somatic cell gene therapy.

Recombinant vectors derived from AAVs have several advantages for gene
therapy research due to their attractive features like lack of cytotoxicity, ability to
transduce both dividing and nondividing cells, long-term transgene expression,
and ability to be generated into high titer virus preparations in the laboratory
[387]. In vivo studies demonstrating functional gene delivery using AAV vectors
have shown promising results for transfection to multiple tissue types, including
adult murine heart [387], skeletal muscle of mouse [388], primate somatic cells
[389], mouse liver [390], and subretinal space of rats [391, 392].

Recombinant herpesvirus vectors have been widely used for gene delivery
applications. Several molecular and biological characteristics of the virus, such
as little or no pathogenicity, ability to accommodate large amounts of foreign
genetic material, ability to infect several cellular types derived from different
animal species, and ability to maintain transgene expression during differ-
entiation, make it a suitable gene carrier [393, 394]. A study by Stevenson et al.
[395] explored the potential of herpesvirus as human gene delivery vectors
wherein they demonstrated that recombinant virus carrying the B-galactosidase
gene was able to infect a wide variety of human cell types in vitro, resulting in
the expression of the protein. Bovine herpesvirus 4 (BHV-4) has been suggested
as an efficient vector for gene delivery [396]. In a study by Donofrio et al. [396],
various animal cell lines were infected with recombinant BHV-4, and it was
found that the majority of cells neither exhibited cytopathic effects nor
supported viral replication, and the expression of protein was clearly observed.
Several studies [397—399] have reported successful gene delivery to cultured
neuron cells and even to the brain of living rats, thereby indicating the
potential of recombinant herpesvirus vectors as a valuable tool in gene therapy
for rat central nervous system.

The applications of recombinant virus vectors for gene therapy in
neurodegenerative disorders [400, 401], cardiovascular diseases [402], and
gene delivery to placenta in case of complications in pregnancy [403] have also
been reported. From the several examples cited above, it can be concluded that
recombinant vectors show promise in the area of gene and immune therapy.
However, it is unlikely that one particular type of viral vector will be suitable
for all gene therapy applications. Rather, the development of a range of vectors
using a range of virus types would probably be more appropriate to fulfill the
requirements for different types of treatments.

7.9.3 Virus-Like Particles

VLPs are produced by the insertion of the gene for the target protein
(capsid protein of the virus of which the VLPs are required) into the genome
of baculovirus [404] or vaccinia virus [373]. The transfection is conducted



178 BIOMEDICAL NANOSTRUCTURES

via a homologous recombination between the virus DNA and a transfer
vector carrying the foreign target gene [367]. The genetically engineered
viruses are then injected into bioreactors containing insect or mammalian
cells. The recombinant virus infects the host cells and replicates rapidly. The
infected cells are supplied with nutrients and oxygen for sufficient duration
of time during which they can produce the maximum yield of the desired
protein [366]. The capsid proteins self-assemble into VLPs, which are similar
to the actual viruses and have same transfection efficiency for targeting cells
[367]. The most commonly studied VLPs are from papillomavirus and
polyomavirus. The present discussion focuses on the application of the
VLPs of these two viruses.

7.9.4 Applications of Virus-Like Particles

7.9.4.1 Papillomavirus-Like Particles Papillomaviruses are members of
the papovaviridae family. They are nonenveloped DNA viruses, which infect
humans as well as a variety of animals. The papillomavirus capsid consists of
two proteins, L1 and L2. L1 is the major capsid protein, which when expressed
in eukaryotic cells is able to self-assemble into VLPs [405]. Capsid proteins for
a variety of human papilloma viruses have been expressed in insect cells using
recombinant baculovirus vectors [406—408] and in mammalian cells with
vaccinia virus [409, 410]

There are several reports on the use of papilloma VLPs for immune therapy.
The L1 capsid protein of rabbit papilloma virus has been expressed in insect cells
using recombinant baculovirus, and the capsids were found to self assemble into
VLPs [411, 412]. The results of the study showed that the immunization of
rabbits with the VLPs could produce high titers of virus neutralizing antibodies.
Long-term protective ability against the virus was demonstrated as VLPs
induced strong, long-lasting protection against experimental challenge with the
rabbit papillomavirus. In another study, the major capsid protein of the canine
papillomavirus [413] was expressed in insect cells in native form, which self-
assembled into VLPs. The particles were injected intradermally into cattle and
the vaccinated animals developed antibodies against the canine virus. The
conformation of the protein was found to affect the success of immunization.
The results of the study indicated the feasibility of developing a vaccine to
prevent infection from mucosal papillomas, which can progress to malignancy.
Multiple studies have reported that different types of papillomavirus-like
particles elicit immune responses from B and T lymphocytes [414—416], and
hence, offer the potential use of VLPs for immunization against different types
of papillomaviruses. The aforementioned studies reported above demonstrate
the promise of papilloma VLPs as effective agents for immune therapy for
reducing the impact of several papillomavirus-associated diseases.

7.9.4.2 Polyomavirus-Like Particles The capsids of polyomaviruses are
nonenveloped, and the diameter of these capsids is approximately 45 nm. They
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are made up of three viral-encoded proteins, VP1, VP2, and VP3, which
encapsulate the viral chromatin composed of virus DNA and the cellular
histones. The three structural proteins VP1, VP2, and VP3 are found in
different ratios. The outer shell of the capsid is composed of 72 pentameric VP1
proteins. VP1 acts as a major ligand for certain membrane receptors during
virus infection. Furthermore, the N-terminus of the VPI protein contains a
DNA-binding domain [417]. Murine polyomavirus, simian virus 40 (SV40),
human BK virus (BKV), human JC virus (JCV), and other animal viruses come
under the genus of polyomavirus [418].

The coat proteins of the polyomavirus can be expressed in insect cells
[419—421], E. coli [418, 422], and mammalian cells [423]. These expressed
monomers immediately assemble into capsid aggregates when the ionic
strength of the solution is increased [420]. The VLPs thus formed can be
stabilized by the addition of calcium and the introduction of disulphide
linkages between the particles [422].

Goldmann et al. [424] reported the formation of VLPs from the major
structural viral protein, VP1, of the human polyomavirus JCV, and the formed
particles were investigated for their efficiency as a gene transfection agent. The
transfection capability of VLPs was studied by encapsulating plasmid pCM V-
B-gal in the particles. The results of their study demonstrated that the VLP
efficiently transduced the DNA and resulted in the expression of functional
B-galactosidase in monkey kidney cell lines. In another study, Henke et al.
[418] demonstrated efficient in vitro uptake of ODNs and larger DNA
fragments in mouse fibroblasts and efficient plasmid DNA transfection with
recombinant VP1 capsids was reported. The polyoma VLP system has
demonstrated effective delivery of DNA to mice cells, both in vitro and in
vivo that has eventually resulted in prolonged gene expression [418]. The
mechanism of the uptake of the particle played a crucial role in the process.
The study demonstrated that cell surface sialic acid residues and an intact
microtubule network, which are required for viral infectivity, are also necessary
for cell internalization and gene expression. Abbing et al. [425] reported the
preparation of VLPs from polyomavirus by the self-assembly of VP1 capsid
proteins and the encapsulation of florescent protein and a low molecular
weight drug methotrexate in the particles. The protein and the drug containing
VLPs were found to internalize in vitro in mouse fibroblasts. The results of the
studies seemed promising for the application of polyoma VLPs for drug and
protein delivery. Therefore, the polyoma VLPs show promise for use in gene
delivery and hence therapeutic and vaccine applications.

7.10 NANOCRYSTAL TECHNOLOGY

Nanocrystal technology has received increased attention in recent years from
both academic and industrial sectors due to its efficacy to improve the poor
solubility of several drugs. The number of synthetic drugs that are poorly
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soluble is steadily increasing [426]. This increasing number of poorly soluble
drugs requires innovative formulation approaches to reach a sufficiently high
bioavailability after oral or intravenous administration. The solubility of
poorly soluble drugs can be improved by reducing the particle size of the
bioactive/pharmaceutical ingredients. Increased solubility and subsequent
increased bioavailability have been observed when the particle size has been
reduced to nanometer scales [427—429]. Therefore, all water-insoluble drugs
potentially stand to benefit from this approach, wherein the size of bioactive
agents is reduced in an attempt to significantly enhance their dissolution and
bioavailability. An important aspect of this technology is that the drug
nanocrystals can be applied to various administration routes like oral,
parenteral, and intravenous.

7.10.1 Approaches for the Production of Drug Nanocrystals

There are a number of formulation approaches for poorly soluble drugs in
water, for example, the use of cyclodextrins [430] or oil-in-water (o/w)
emulsions for intravenous administration [431]. The principle limitation of the
above approaches is that the drug needs to possess certain physicochemical
properties like solubility of the drugs in oils and the requirement of having the
right molecular size to fit into the cyclodextrin ring. These formulation
approaches are of limited success as clearly demonstrated by the relatively low
number of products based on such technologies in the market.

Among preparation methods under development, wet comminution has
produced successful formulation results [432]. In this process, the particle size
of a drug usually decreases to a steady state value with time, which depends on
the kind of polymeric stabilizer used to prevent the aggregation of the particles.
Therefore, the stabilization effect of polymer is a critical parameter in this
approach. However, the properties of the drugs determine the type of
polymeric stabilizers required. As a consequence, this process is hampered
from the lack of a systematic understanding for the selection of an appropriate
polymer for a specific drug.

Drug nanocrystals can be produced by a bottom-up approach like
precipitation [433], or alternatively, by a top-down approach, like disintegra-
tion and milling [434]. The bottom-up technique is the classical precipitation
approach, wherein the drug is dissolved in a solvent, which is subsequently
added to a nonsolvent to precipitate the crystals. The main disadvantage of this
technique is the difficulty/inability to control the crystal growth that needs to
be stopped at the desired stage to avoid the formation of microcrystals. In
addition, this technology cannot be applied to the increasing number of drugs
that are poorly soluble in nearly every solvent medium, aqueous or
nonaqueous. Therefore, the bottom-up approach is not widely used for drug
nanocrystal production.

As a consequence, the top-down approach for nanocrystal production has
received more attention. There are two basic disintegration technologies for
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drug nanocrystals, namely (i) pearl/ball milling and (ii) high pressure
homogenization.

In pearl milling, the drug macrosuspension is generally filled into a milling
container containing milling pearls made from materials like glass, zircon
oxide, or special polymers such as hard polystyrene derivatives. The pearls are
then moved by a stirrer and in the due process the drug is ground to
nanocrystals due to the impact between the pearls. A general problem of pearl
mills is the erosion of material from the milling pearls leading to product
contamination [434]. The erosion mainly depends on the hardness of the drug
and the milling material and the milling time required, which can be from few
hours up to several days. Such problems have been circumvented by the use of
pearls made from polymeric materials that tend to minimize the erosion. The
possibility of scaling up with pearl mills does exist; however, there is a
limitation on the size of the mill, due to its weight. Approximately two thirds of
the mill volume is occupied by the pearls, leading to a heavy weight of the
machinery, thus limiting the maximum batch size.

The second most commonly used disintegration method is milling by high
pressure homogenization. The two types of homogenizers used are micro-
fluidizer homogenizers and piston-gap homogenizers.

Microfluidizer homogenizers are based on the principle of microfluidization
in which the drug suspension is accelerated and passes with a high velocity in a
specially designed homogenization chamber. In the first part of the chamber (Z-
type), the suspension changes the direction of its flow a few times, leading to
particle collision and shear forces. In the second chamber (Y type), the
suspension stream is divided into two streams, which then collide frontally. A
disadvantage of this technology is that, at times, there are high numbers of
passes through the microfluidizer, which lead to loss in productivity. Often, the
products obtained by microfluidization contain a relatively large fraction of
microparticles (especially in the case of hard drugs), thus losing the special
benefits of a real homogeneous drug nanocrystal suspension.

Due to the technical problems associated with pearl/ball milling technology
and the microfluidization technique, piston-gap homogenizers were developed
as an alternative to produce drug nanocrystals. The original technology was
based on homogenization of particles in pure water [435]. However, a second-
generation technology involves the homogenization of drug particles in a
nonaqueous medium or a dispersion medium with a reduced water content
(mixtures of water with water-miscible liquids such as water—poly(ethylene
glycol) (PEG) or water—glycerol) [436]. As stated earlier in this section,
precipitation is the conventional approach to produce nanosized drug material;
however, the problem of potential growth of drug nanocrystals to drug
microcrystals limits its utility. In an attempt to overcome this problem, a
combination technology has been developed wherein precipitation is followed
by a second step of high pressure homogenization. Some of the nanocrystal
technologies based on the homogenization approach have been summarized in
Table 7.1 [437].
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TABLE 7.1 An Overview of Some of the Nanocrystal Technologies and Patents
Applications

Nanocrystal type Company name Patent/patent application
Hydrosol Novartis (prev. Sandoz) GB 2,269,536

GB 2,200,048
Nanomorph™ Soligs/Abbott D 19,637,517
Nanocrystal™ e’lan Nanosystems US 5,145,684
Dissocubes® SkyePharma US 5,858,410
Nanopure PharmaSol PCT/EP00/0635
Nanoedge™ Baxter US 6,884,436

7.10.2 Preparation of Tablets from Nanosuspensions of Poorly
Soluble Drugs

The most preferred approach for the preparation of nanosuspension formula-
tions of poorly soluble drugs is the homogenization approach. In this approach,
the drug powder is initially dispersed in an aqueous surfactant solution, using
an overhead mechanical stirrer. The coarse predispersion obtained is then
homogenized at pressures of 500—1500 bar using multiple cycles. The size
reduction process results in a suspension having particle size in the nanometer
range, which is the so-called nanosuspension [438]. For formulation of tablets
and capsules, the obtained nanosuspensions can be directly filled into gelatin or
hydroxypropylmethyl cellulose capsules, which are then sealed. The drug
nanosuspension is subsequently solidified in the capsule. During the transfer of
the aqueous nanosuspensions in a solid dosage form, care must be taken to
avoid the release of the drug nanocrystals as ultrafine dispersion. This generally
happens as a consequence of agglomeration or fusion of crystals under the
compaction pressure used in tabletting.

Therefore, the nanocrystal technology could be a promising approach to
solubilize poorly soluble drugs as well as improve the poor bioavailability of
these drugs. These improved properties of otherwise insoluble drugs can now
open possibilities of formulating these drugs into delivery systems.

7.11 CONCLUSIONS

Nanotechnology is beginning to change the scale and methods of drug delivery,
and it is expected that these technologies will lead to medical benefits that
cannot be achieved using larger scale devices or technologies. Due to the
potential advantages in the offering, nanoscale drug delivery systems such as
nanoparticles, nanofibers, dendrimers, liposomes, nanotubes, nanogels, and
viral vectors are being aggressively pursued. In this chapter, synthesis
procedures, properties, and drug delivery applications of the aforementioned
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nanoscale systems have been discussed. A clear understanding of both
physicochemical and physiological processes, which form the basis of complex
interactions between a drug nanocarrier and its microenvironment, would
probably lead to an accelerated development of these nanoscale technologies.
Therefore, it is essential that fundamental research be conducted to address
issues such as structure, surface properties, design parameters (drug loading
efficiency, drug release mechanism), and biocompatibility of the nanoscale
drug formulation, for the successful and efficient application of these
technologies. The future of nanomedicine will depend on rational design of
nanoscale drug delivery systems based on a detailed and thorough under-
standing of the pathological conditions and the interaction of these nanoscale
delivery systems with the biological environment.
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I CHAPTER 8

Bioconjugated Nanoparticles for
Ultrasensitive Detection of Molecular
Biomarkers and Infectious Agents

AMIT AGRAWAL, MAY DONGMEI WANG, and SHUMING NIE

8.1 INTRODUCTION

Infectious diseases are one of the major health problems in the world and have
in recent years led to several epidemics including SARS, the West Niles virus,
and the avian flu. An urgent need is to develop new technologies for detection
and identification of infectious agents with high sensitivity and specificity. At
the community level, early detection of communicable infections helps
implement better quarantine measures. For individuals, early detection leads
to effective treatment while at the cellular level sensitive detection and imaging
of microbe—host cell interactions inside live cells helps to reveal infection
mechanisms and to develop better drugs and vaccines. Several technologies
based on DNA amplification and serological assays are currently available for
detection, but target amplification (such as the polymerase chain reactions)
often suffers from contamination, while serological assays are slow and are not
as sensitive.

The ultimate limit in biomedical diagnostics is the ability to detect and
identify single biomarker molecules and single intact viruses in complex
samples. Recent advances have allowed detection of single dye molecules and
fluorescent proteins, but these fluorescent tags are not bright or stable enough
for routine single-molecule studies. Another problem is that target molecules
often need to be chemically derivatized with a fluorophore, a difficult task for
low abundance genes and proteins. A further challenge is the need to
discriminate bound targets from excess unbound probes in complex mixtures
or inside living cells.

Biomedical Nanostructures, Edited by Kenneth E. Gonsalves, Craig R. Halberstadt, Cato T. Laurencin,
and Lakshmi S. Nair
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In this chapter, we discuss the use of bioconjugated nanoparticles and two-
color fluorescence coincidence for rapid detection of single native biomolecules
and intact viruses. Recent research by us and others has shown that
nanometer-sized particles such as quantum dots (QDs) can be covalently
linked with biorecognition molecules such as peptides, antibodies, or nucleic
acids for use as fluorescent probes [1-6]. In comparison with organic dyes and
fluorescent proteins, quantum dots and related nanoparticles exhibit unique
optical and electronic properties such as size and composition-tunable
fluorescence emission, large absorption coefficients, and improved brightness
and photostability [7-9]. By taking advantage of these properties, we have
developed a nanoparticle “sandwich” assay in which two nanoparticle probes
of different colors simultaneously recognize two binding sites on a single
target molecule. This two-site sandwich method relies on a “double-selection”
process to improve both detection sensitivity and specificity. Indeed, a number
of powerful diagnostic technologies are based on this two-site sandwich format
such as latex agglutination tests (LATs) [10], enzyme-linked immunoabsorbent
assays (ELISAs) [11], luminescent oxygen channeling immunoassay (LOCI)
[12, 13] (in which light emission arises from proximal diffusion of singlet
oxygen species between two adjacent particles after target binding), and
fluorescence cross-correlation spectroscopy (FCCS) [14, 15]. In this format,
target molecules do not need to be chemically derivatized, but the bound
targets must be differentiated from excess probe.

8.2 NOVEL PROPERTIES OF NANOPARTICLES

Fluorescent nanoparticles such as QDs have several unique properties that
make them excellent labels for ultrasensitive optical detection (Fig. 8.1).
Quantum dots have very large molar extinction coefficients on the order of
0.5-5 x 10°M'em™" [16], which makes them 10—50 times brighter probes
than organic dye molecules. Quantum dots are also several thousand times
more photostable than organic dye molecules [17, 18] so that a single nano-
particle can be imaged and tracked over a long period of time with continuous
excitation (Fig. 8.1b). This allows one to use single nanoparticles as probes for
ultrasensitive detection. The ability to collect higher number of photons from
bright nanoparticles has allowed us to locate their position with errors less than
1 nm (discussed in the next section). Since QDs also have high absorption rates,
they require lower excitation powers when used as a probe for biological
systems. This minimizes photodamage of the biological sample in experiments
that involve long-term, continuous observations.

Quantum dots have size and composition-tunable fluorescence emission
from visible to infrared wavelengths (Fig. 8.1d) [21], with very broad
absorbance profiles [22] (Fig. 8.1a). This leads to very large Stokes spectral
shifts (up to 300—400 nm, measured by the distance between the excitation and
emission peaks) so that single excitation source can be used to obtain multiple



BIOCONJUGATED NANOPARTICLES FOR ULTRASENSITIVE DETECTION 209

(a) (b)
= 124
= \ 5 QI K- un-pmimn +e
= EREPEE ¥ T s s S = ‘ 2
= \\ g £ t: l.m S streptaridin
g \_/\ = E o054 -y with aniifade mediom =
3 . s £ .1\ e A i
<2 \"\‘hr_\e..‘--\H 3 = 59 Alexa 488-strepravidin e =
= -\ g 8 with antifade mediun 5
2 \ ( | 5% £
';i_ l“f \Illi_“ w— = ? 29 8y Alexa 488-sireptavidin b = MBP-CY3
2 g =z -r—-...._._,.__-_ * MBS QDs
< || — 8 0 T T ™ T T \Tlll'l j‘i&
e / L 0 20 40 & #0100 120 140 160 180 ; ==
i Time (s) L =
W00 500 00 00 time {ns)
Wavelength (nm)
‘d) Quantum dot size Quantum dot composilion (l’-)

21 nm e CdSs  Cdls  CaSe T,

JNVA

50 500 S50 600 G50 700 750 550 600 650 700 750 SO0 850 900
Wavelength (nm) Wavelength {nm)

FIGURE 8.1 Novel optical properties of quantum dots. (a) Broad absorption and
narrow and symmetric emission of quantum dots (reprinted from Murray et al. (1993),
with permission of the American Chemical Society). (b) Photostability of QDs
compared with the dye molecule Alexa-488 (reprinted from Reference [18], with
permission from the Nature Publishing Group). (¢) Fluorescence lifetime of protein-
coated QDs compared with Cy3 (reprinted from [19], with permission of the American
Chemical Society). (d) Size-or composition-based tuning of emission wavelength in QDs
(reprinted from Reference [20]). (¢) Bright QDs with emissions spanning the entire
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colors of fluorescence emission [7]. As a result, it is possible to prepare QD
probes with maximum emission offset with the background signal resulting in
improved signal-to-noise ratios (SNRs). In single-molecule detection (SMD),
this eliminates the requirement for the expensive two-laser optical setup that
is required to focus two different wavelengths in overlapping probe volumes
[23, 24]. The large Stokes shift also becomes important for in vivo molecular
imaging due to the high autofluorescence background often seen in complex
biomedical specimens. Organic dye signals with a small Stokes shift are often
buried by strong tissue autofluorescence, whereas QD signals with a large
Stokes shift are clearly recognizable above the background. This ‘“‘color
contrast” is only available to QD probes because the signals and background
can be separated by wavelength-resolved or spectral imaging [25].

To improve the SNR, one can either increase the signal or decrease the
background noise. In SMD, a major challenge is to minimize the background
noise. In this regard, the longer fluorescence lifetimes of QDs may be utilized
to improve the SNR. As shown in Fig. 8.1c, the fluorescence lifetimes of QDs
are roughly 10 ns while that of the dye molecules is 1—2 ns. Thus, if we excite
the QD-labeled sample with a laser pulse and wait more than a nanosecond
before collecting emission from the sample, the QD signal would still be strong
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while the autofluorescent species would have decayed, resulting in improved
SNRs.

Dye-doped nanobeads are another class of fluorescent nanoparticles that
provide similar benefits as QDs. Since several thousands of dye molecules are
doped into each bead, these particles are very bright and photostable. Multiple
color emissions with the same excitation are enabled by fluorescence resonance
energy transfer (FRET) between the doper—acceptor dye pairs inside the bead.
These beads are available in the size range of 20 nm to 1 wm, and with various
surface functions suitable for bioconjugation (Invitrogen, Inc.).

It is worth noting that quantum dots and color-coded nanobeads are in the
same size regime as the biological molecules and are amenable to biological
conjugation [1, 2]. The small size ensures minimal interference with the native
biological system and allows tailoring of the QDs as a target-specific probe for
protein, nucleic acid, or small molecule detection. By controlling the number of
ligands on their surface, it is also possible to control the stability of the target-QD-
probe binding strength. Further, by tailoring their surface chemistry, one can tune
their biocompatibility and toxicity to suit the specific application [25, 26].

8.3 SINGLE-MOLECULE DETECTION

8.3.1 Instrumental Setup and Principles

Optical methods for SMD have been reported for nearly 40 years. In 1961,
Rotman detected conversion of a nonfluorescent substrate into a fluorescent
molecule by [-galactosidase enzyme encapsulated in microdroplets and
measured the reaction rate for a single enzyme molecule [27]. In 1976,
Hirshfield reported detection of 80—100 molecules of fluorescein isothiocyanate
dye bound to an antibody molecule [28]. These pioneering experiments shared
several features such as an optical setup to probe a very small volume, low
concentration of fluorophores, and time-gated optical detection using a
photomultiplier. SMD systems employ these basic principles even today. In
1990, Shera et al. reported the first efficient detection of individual rhodamine-
6G dye molecules at 100 FM concentration [29]. In the following years, two
broad approaches were devised for detection of single biomolecules: fluorescence
correlation spectroscopy [30] and coincidence-based SMD [31]. Both of these
approaches use a confocal optical setup and rely on photon burst analysis.

A typical setup for SMD is shown in Fig. 8.2a. A high numerical aperture
objective focuses a laser beam into a small volume (<10 fl) in the solution.
When the dye-labeled biomolecule enters this probe volume (Fig. 8.2b), it is
repeatedly excited by the tightly focused laser beam and emits an intense
fluorescence burst. The fluorescence signal is allowed to pass through a
pinhole and optical filters to reduce background noise and is detected using a
sensitive photon detector (such as a CCD, a photomultiplier tube, or an
avalanche photodiode—APD).
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FIGURE 8.2 Instrumental setup and basic principles of single-molecule detection.
(a) A laser light source excites a confocal volume (b) in solution containing dye-labeled
molecules. The signal is filtered optically and detected on an avalanche photodiode
(APD), and the photon burst data (c) are analyzed by using an autocorrelation device
(d). (e) Target binding decreases the diffusion kinetics of the fluorescent probe and is
measured as an increase in the autocorrelation time.

The train of photon bursts can be analyzed for autocorrelation (G(t)) using
the following equation and a correlation curve is plotted.

(8F(1).8F (1 + 7))
(F(1))?

Here, F(¢) is the fluorescence burst signal obtained over time (7), and §F(z) is
the difference between the average of F(¢) and F(¢). In summary, the

G(1) = (8.1)
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FIGURE 8.3 Single-molecule detection by two-color fluorescence correlation. (a)
Difficulties in achieving par-focality and probe volume overlapping with two color
lasers are used to excite two dyes, due to spherical and chromatic aberrations of the
microscope objective. (b) Signals from the two color fluorophores are analyzed by cross-
correl