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I PREFACE

In the past decades, considerable attention has been paid to the combination of
colloidal particles, biomolecules, microfluidics, multidetection and automated micro-
systems in order to perform powerful tools for biomedical diagnostics, food analysis,
and in general way, environmental analysis. The traditional biomedical diagnostic
based the capture of target biomolecules via various manual steps is now shifted to
more sophisticated technologies in order to reduce time consuming, sensitivity
enhancement, reduction of number of steps, analysis of small volumes (few microliter
or nanoliter), and finally one use devices in integrated microsystems.

In this direction, colloidal particles are largely used in biomedical applications
(diagnostic and therapy) in which they are principally used as solid-phase supports
of biomolecules, nanoreators of active molecules (drug), or basically as carriers in
various technological aspects. Nowadays, the colloidal particles are used not only
as solid support but also as detection tools in various biomedical applications as first
established in in vivo biomedical diagnostic in cancer diseases detection for
instance. To answer the appropriate schedule of conditions for a given application,
well reactive particles should be considered. The needed reactive particles relative
to the target application are elaborated using many heterophase processes such as
emulsion, dispersion, precipitation, self-assembly, and physical processes. In this
direction various polymer-based colloids have been prepared and explored for
in vitro biomedical applications and recently for possible integration in automated
systems, nanobiotechnologies, and microsystems.

The colloidal particles are ““designed’ by considering various criteria related to
the targeted applications such as particle size, size distribution, surface polarity, sur-
face reactive groups, hydrophilic-hydrophobic balance of the surface, and also
intrinsic properties for instance (nonexhaustive list). Consequently, the particles
synthesis process should be well adapted in order to prepare structured particles
latex particles bearing shell and core with well-defined properties. In fact, low
charged polystyrene latex particles for instance are used in rapid diagnostic tests
based on agglutination process. Magnetic particles are first used in immunoassays
and in molecular biology for specific capture of single stranded DNA fragments.
Magnetic colloids are then used as a carrier to make easy and possible biomolecules
extraction, concentration, and purification as pointed out using cationic magnetic
latex particles for nucleic acids extraction, purification, concentration, and amplifi-
cation and more recently in viruses isolation. Labeled colloidal particles are gener-
ally used as detection tools as well studied and performed in cell sorting application
and now in lab-on-chip for CCD camera detection.



X PREFACE

The specificity and the sensitivity of the targeted biomedical application efficiency
are directly related to the surface particles properties, to the intrinsic characteristics of
the used materials, to the accessibility of the immobilized biomolecules and to the
affinity between targeted biomolecules and the particles surface. The interaction
between biomolecules and the particles surface is a complex domain, which contains
various physical aspects such as the affinity, the interfacial diffusion phenomena, the
immobilized biomolecules conformation, the possible exchange processes, and var-
ious anthers physicochemical properties of both biomolecules and particles surface.

The main object of this book is to report on new studies of colloids and nano-
particles in bio-nano-technologies for biomedical and environmental diagnostic.
The state of the art in the elaborations and the properties of nanocolloids is pre-
sented and illustrated. Special attention is focused on new stimuli-responsive
particles and reactive nanoparticles bearing intrinsic properties. The integration
of reactive colloidal particles in microfluidic-based technology is a challenging
field and needs to consider. In this direction, various aspects are considered and dis-
cussed in this book by considering the compatibility of reactive colloidal particles
with the microfluidic based Microsystems and biosensors. The intrinsic properties
of colloidal particles were also considered and special attention was focused on
both magnetic particles and quantum dots fluorescent nanocrystals. Consequently,
this book is prearranged in order to show to the readers the use of colloidal particles
in biotechnologies

Pror. HATEM FEssI

Director,
LAGEP Laboratory
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I CHAPTER 1

Reactive Nanocolloids for
Nanotechnologies and Microsystems

CHRISTIAN PICHOT

CNRS-bioMérieux, Ecole Normale Supérieure de Lyon 46, allée d'ltalie, 69364 Lyon Cedex,
France

1.1 INTRODUCTION

Nanoscience and nanotechnology continue to play a growing and tremendous interest,
both on academic and industrial aspects. They have been applied in many systems such
as in the development of nano and microdevices for nanodiagnostics, biotechnology,
metrology, and molecular manufacturing. Such interest relies on the fact that it is now
possible to manipulate nanometer-length atoms and molecules in order to create,
according to a bottom-up technology, larger structures with outstanding properties. In
biotechnology, many domains are concerned: diagnostics, microarrays, biological
analysis, biochips, biominiaturization, drug delivery systems, and so forth. For
instance, the development of lab-on-chips (the so-called microTAS (micro Total
Analysis Systems) responds to the evolution of the bioassays toward miniaturization,
which implies to deal with very small volumes of biological samples. Of course, such a
drastic change raises many complex problems regarding the manipulation of fluids in
confined micrometer channels integrated on a plan support (1-3).

It appeared obvious that the setup of these new systems needs appropriate tools as
regards to transport, extraction, and detection. It has been found that colloidal
particles, especially those having one dimension below 500 nm, proved to be very
suitable and efficient tools due to their unique and versatile properties, and several
examples of their use can be found in the literature (4,5). For a long time, the
preparation of organic and inorganic colloids has benefited of a period of an active and
fruitful research and development. A huge number of processes, more or less
sophisticated, allow to carefully control the shape, particle size and size distribution,
and structure and surface properties in relation to the field they have to be utilized. It

Colloidal Nanoparticles in Biotechnology, Edited by Abdelhamid Elaissari
Copyright © 2008 John Wiley & Sons, Inc.



2 REACTIVE NANOCOLLOIDS FOR NANOTECHNOLOGIES AND MICROSYSTEMS

should be reminded that in these (nano)colloids, surface aspects become more and
more predominant as dimension size is decreasing. Table 1.1 provides a nonexhaustive
list of various submicronic-sized mineral, organic, and composite colloids, together
with some examples in which they are applied. From this table, it is worthwhile to
notice, first that nano-sized colloids (such as gold and quantum particles) play a very
important role in the detection step of bioassays, especially in molecular diagnostics,
and second that polymer dispersions offer a wide variety of organic-based colloids as
such or as composites.

The major objective of this chapter aims at giving basic information regarding the
main manufacturing methods of various types of (nano)colloids involved in the

TABLE 1.1 Some Examples of (Nano)colloids Used in Microsystems
and Nanobiotechnologies.

Nature of particle Size domain Example of applications

Inorganic particles

Gold particles 10-30nm Colorimetric detection of
DNA sequences (6)

Other metallic and bimetallic 2-10nm Labels for chip-based
particles (Pt, Pd, Ru) DNA detection (7)

Metal oxides (ferrofluids, 5-10nm Medical imaging (8)
superparamagnetic particles)

Silica nanotubes A few nanometers Probes, biological sensing (9)

wide

Semiconductor nanocrystals 2-10nm Detection and quantification

(quantum dots) of biological molecules (10)

Organic particles

Carbon nanotubes and fullerens A few Templates, DNA targeting (11)
nanometers
Dendrimers 10-50 nm Reservoirs of drugs,
DNA chips (12)
Polyelectrolyte complexes 50-200 nm Drug targeting,
(natural and synthetic vaccination (13,14)
polymers)
Self-assemblies of polyethylene 50-200 nm Stealth drug delivery systems (15)
oxide block copolymers
Latexes 20-1000 nm Solid-phase assays, vaccination,

two-dimensional arrays (16)

Organic/inorganic composite particles

Magnetic particles 100-1000 nm Diagnostic (17), extraction of
(and more) DNA, cells, virus (18)
Fluorescent nanoparticles 30-500 nm Time-resolved fluorescence
bioassay (19)
Silica-based nanoparticles 50-200 nm Bioanalytical applications (20)
Polymer-metal nanocomposites  10-30nm Bioassays (21)

(gold and polypyrrole)
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development of nano and microsystems to be used in biotechnologies. After focusing
on the special requirements that such nanoparticles should fulfill with regards to their
colloidal and surface aspects, particularly their functionality, the main preparation
methods will be reviewed and discussed depending on the nature of the organic or
inorganic material.

1.2 WHAT CRITERIA FOR NANOCOLLOIDS IN NANO
AND MICROSYSTEMS?

Due to their use in microsystems in which surface and volume effects are predominant,
the design of nanocolloids needs to take into account a large number of variables with
respect to molecular, surface, and colloidal properties of particles, such as those
depicted in Table 1.2. It is obvious that for any application, nanocolloids should be
preliminary characterized as completely as possible.

TABLE 1.2 Criteria and Related Properties to be Considered of for Nanocolloids

Used in Microsystems.

Criteria

Property

Particle size and polydispersity
Monodispersity
Colloidal stability

Surface charge density
Density
Cross-linking

Porosity

Specific functionality
 Reactive surface groups

* Hydrophilicity

* Sensitivity to stimulus (T, pH, ionic
strength, UV, light, electric,
or magnetic fields)

* Complexation (PEO,

PMAA, metal chelates, etc.)

* Biological ligand (oligosaccharide,
lipid, peptide, nucleic acid,
antibody, protein)

* Magnetic

* Color, fluorescence

* Biodegradability

To determine surface area

To get reproducible data

To keep nanoparticle stability against
temperature, pH, shearing, and salinity

To impart ionic charges at the interface

To avoid sedimentation (large particles)

To avoid solubilization in the solvents of
organic colloids

To favor the incorporation of dyes, small
molecules, drugs, etc.

Covalent grafting of nanoparticles on plane
surfaces or with biomolecules

Depletion of biomolecules, stealth effect

To change the nature and properties of
colloidal particles

Performing protein purification, oriented
immobilization of proteins, antibodies

Recognition of antigens, specific cells,
DNA, RNA, protein, lectins

Fast separation of colloids, imaging
Detection by optical methods
To be used for in vivo applications

PEO: polyethylene oxide; PMMA: polymethylmethacrylate.
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1.2.1 Shape of Particles

Although, the spherical shape is the more thermodynamically stable form that many
types of colloids usually adopt, it is worth mentioning that various and multiple
other shapes can be obtained depending on the nature of material and process of
preparation. This is particularly the case of inorganic colloids where ellipsoidal,
rod-like, cubic, platelet, needle-like, and other shapes can be found. In the case of
organic particles, it is also feasible to make colloids with nonspherical shape, but
they are often in a thermodynamic metastable state, which leads, depending on the
diffusion capability of the material (polymers), to a progressive evolution toward a
spherical form.

1.2.2 Particle Size and Distribution

At first, the control of particle size and particle size distribution is a very important
requirement since it defines the available surface area. As it will be discussed in more
details in the next section, numerous appropriate preparation methods are now
available, both for the synthesis of inorganic and organic nanocolloids in a large
colloidal size domain (a few nanometers to 1000 nm). It is relatively easy now to
produce colloids with very narrow size distribution, the so-called “monodisperse”
colloids. This property will be discussed later on. The size monodispersity should be
obeyed for several reasons: for the sake of reproducibility for immunoassays used in
diagnostics; in drug delivery systems in which particle size should not overcome a
limit; in transport in micrometer-sized channels, for the preparation of two or three-
dimensional organization of particles on a surface or in a volume, and so forth.

1.2.3 Surface Charge Density and Colloidal Stability

In many cases, ionic surface charges must be imparted to the particles for different
purposes. A major one is that efficient colloidal stability should be ensured to the
particles for avoiding irreversible aggregation in the various steps of handling of such
colloids: along their synthesis; during storage; their functionalization; and finally, in
the numerous application domains, they are used: mixing either with other colloids or
with biological fluids (usually exhibiting significant ionic strength) or under shearing.
Since colloids, except in specific cases (microemulsions) are thermodynamically
unstable, they can be made metastable for long-term periods provided an energy
barrier is imparted by the presence of ionic charges (electrical stability) or of a polymer
layer (steric stabilization).

The nature (anionic vs. cationic) and density of the surface charges must be taken
into account for several reasons: surface properties of the device in which they could
be immobilized or be transported; nature of other colloids with which they can be
mixed; and physicochemical properties of the biological molecule to be fixed. Such
ionic charges can be incorporated during the synthesis, especially by correctly
adjusting the recipe: for instance, for polymerization in heterogeneous media
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(nature and amount of the initiator usually bearing an ionic charge, addition of a
surfactant, presence of ionic or ionogenic monomers or macromonomers, etc.) or by
a chemical postreaction.

In general, for inorganic colloids such as metal oxides (silica, ferrite), hydroxyl
groups are available at the surface and pH change can introduce anionic or cationic
charges. As shown in the next section, surface modification of inorganic particles can
be performed in order to incorporate organic species or various synthetic or natural
macromolecules.

1.2.4 Interfacial Polarity

One major drawback when using nanoparticles as solid-phase supports (antibodies,
proteins, nucleic probes, and enzymes) is that nonspecific adsorption could severely
affect both the efficiency of the detecting device as well the conformation of the
biomolecule and consequently its activity. In that purpose, the control of the
hydrophobic-hydrophilic balance (HLB) at the particle interface is of a paramount
importance to reduce this undesired adsorption. One common method is incorporating
a hydrophilic layer like polyethylene oxide-based molecules.

1.2.5 Cross-Linking

In the case of organic-based nanoparticles, it is sometimes appropriate to deal with
nonswellable or insoluble particles when they are handled in an organic solvent. This
implies to incorporate a small amount of the so-called cross-linker able to develop a
three-dimensional network. Such a network structure allows, provided colloidal
stability is ensured, to make surface chemistry of the particles in organic solvents
without the risk of coagulation or complete solubilization.

1.2.6 Functionality

In many applications, the use of particles offering one given or multiple functionalities
is quite relevant, which requires to design the so-called engineered particles exhibiting
physicochemical properties meeting the needs of a specific application.

One major strategy is to incorporate reactive groups that could be employed for
many purposes: immobilization of biomolecules containing mainly carboxylic,
amino, hydroxyl, or thiol groups; covalent binding of dyes; fluorescent labels or
inorganic colloids (metal gold, ferrites, and quantum dots); surface binding onto plane
surfaces. As it has been already extensively reviewed in many books (22,23),
numerous and various reactive groups are available, depending on the chemical
reaction selected to bind the molecule (which could often involve a preactivation step).
In some cases, for highly reactive functions, it is necessary to keep the chemical group
under protected form (aldehyde, amino, or thiol functions, for instance) and to recover
them just before use. The biomolecule immobilization via molecular recognition, such
as the streptavidin—biotin system, is also widely used, which implies to fix a
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streptavidin molecule onto the nanoparticle surface. Other lock-and-key biomolecules
can be used such as sugars moieties, antibodies, peptides, and so forth. For the sake of
availability (confinement effect near the surface), the reactive function can be
advantageously localized at the extremity of a spacer arm or within a hydrophilic
polymer layer. Considerable amount of works has been achieved in order to identify
and to quantify the amount of available reactive groups (24).

Many other functionalities can be conferred to the colloids depending on the
application technique and on the type of detection (optical, electric, dielectric, and
magnetism) involved for the analysis. In that respect, magnetism is a very important
property that has been described in various review papers related to their manufactur-
ing methodology, properties, and applications fields (25). A prerequisite when using
such magnetic particles as a tool of separation is to keep the entire supeparamagnetism
property of the ferrite, meaning that they can be attracted to a magnetic field but do not
retain remanent magnetism when the field is removed.

Fluorescent and colored colloidal particles have also attracted much interest for
many years especially in the biological and biotechnological domains in which they
are used for the detection and quantization of biomolecules and pathogen agents in
biological samples (26). Various nanoparticles bearing conventional dyes or fluores-
cent probes are currently marketed in a broad range of size and surface functionalities.
However, it appears that the use of these organic dyes presents drastic disadvantages
mainly because of photobleaching problems.

Recently, alternated approaches were investigated so as to develop fluorescent
nanoparticles with enhanced photostability such as quantum dots (QDs), lanthanide
oxides, and so forth (27,28). There is a challenge for making fluorescent and magnetic
nanoparticles, which was indeed partially solved in performing an appropriate
encapsulation process avoiding a close contact of iron oxide nanoparticles and dyes
species (29).

Inthe last 10 years, a great deal of efforts have been focused on the design of stimuli-
responsive particles, that is, particles that are able to change their structure and
therefore their size and properties by the action of an external stimuli (temperature, pH,
ionic strength, electric field, light, etc.). A considerable amount of studies have been
devoted to polyacrylamide derivative colloids, which concern in vitro biological
applications only (30).

At last, for applications in living systems, it is necessary to select degradable
natural (polysaccharides) or synthetic (polyglycolic or lactic acids, silicones, and
polycyanoacrylates) polymers exhibiting biocompatibility, bioresorbability, and
nontoxicity.

1.3 MAIN PREPARATION METHODS

Numerous methods are now available for the preparation of nano and microparticles
and the general approaches whether they are inorganic, organic, or composites
can be classified as depicted in Table 1.3. Although, the production of fine
particles can be envisaged by comminution methods of a bulk material, they will
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TABLE 1.3 Preparation Methods of Inorganic or Organic Colloids to be Used

in Nano and Microsystems.

Type of preparation method Example References
Condensation of small molecules
* Precipitation process Metal hydrous oxides (€28
* Sol-gel method Magnetites, ferrites (32)
¢ Chemical reaction in aerosols Metal oxides (TiO,, SiO,) (33)
* Ostwald ripening process Silver halides (34)
* Hydrolysis of silicon alkoxides Silica (35
* Polyol process Noble metals (Au, Pd, Ag, etc.) (36)
* Dispersion polymerization Latex particles (37
* Controlled hierarchical chemistry Phosporated dentrimers (cationic) (38)
* Other techniques Fullerens and nanotubes 39)
Polymerization in heterogeneous media and related techniques
* Emulsion Polymer latexes (40)
e Miniemulsion Submicronic latexes, 41)
magnetic nanoparticles
¢ Direct and inverse microemulsion Functionalized nanoparticles 42,43)
Encapsulation of organic or inorganic particles
* Association of preformed colloids
- Heterocoagulation Nanostructured composite (29)
latexes (anionic latex +
cationic Fe;O,4 nanoparticles)
- Layer by layer Composite nanoparticles (44)
(silica, Fez0y)
* Radical-initiated polymerization on Composite latex + silica (45)
the surface of inorganic nanoparticles
* Polycondensation and mineral Hollow nanoparticles (46)
precipitation (silica) cationic metal
on the surface of latex particles nanoparticles onto latex
* Simultaneous reaction of organic and Incorporation of macromolecules  (47)
inorganic precursors into organosilane networks
Formulation of colloids from preformed solutions of polymers
* Organo-soluble polymers Polylactic acid and poly (48)
e-caprolactone,
* Water-soluble polymers Polysaccharides, alginates (49)
Surface modification of Hydrophobic and hydrophilic (50,51)
preformed particles latexes
Self-assembly processes of PEO-based copolymers (52-54)
polyelectrolytes and PEO-polylactic acid

architectured polymers Dextrane sulfate—chitosan
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not be considered since at first they require high mechanical energy for making a
fine dispersion and secondly, they are not at all suitable for preparing monodisperse
colloidal particles.

1.3.1 General Remarks

Itis worthwhile that several common features can be found in the different manufactur-
ing methodologies used for the synthesis of the various types of colloids. They are
reviewed below.

e Many preparation methods involve the condensation of small molecules, which
could be metal atoms, metal salts or oxides, silicon alkoxides for inorganic
colloids, or monomers for polymer-based colloids.

¢ The formation of the colloids from the initial molecules usually implies either a
chemical reaction (hydrolysis, reduction, polymerization, or polycondensation)
or a physical transformation (Ostwald ripening, spontaneous phase separation,
or gelification).

e When starting from a homogeneous solution of small molecules, the formation
of particles proceeds according to a similar mechanism as schematized in Fig. 1.1.
It generally encompasses the following steps:

- A chemical reaction: reduction of a metal (Au); hydrolysis of an alkoxide
(silicon alkoxide); polymerization of a monomer

- Formation of nuclei by precipitation (oligomers) or aggregation (metal
atoms), which defines the “nucleation step”

Small molecules {metal ion,
metal oxide or alkoxide, monomer(s), etc.)

Hydrolysis, reduction, .
polymerization 4
Clusters, precursors ‘

Precipitation ——p

f Nuclei 1

Coagulation Diffusion of species
(metal atoms, oligomers,

c.)

ete.
Mature particles

Diffusion of species

Aggregation !
(metal atoms, oligomers, etc.)

v

’ Ultimate polydisperse or monodisperse colloids ‘

Other events secondary nucleation aggregation of colloids (aging)

FIGURE 1.1 General schematic of the formation and growth of colloids by a precipitation
process
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- Growth of the nuclei to form particles by two main processes: diffusion of
monomer, capture of oligomers, or metal atoms; coagulation of nuclei or
clusters

- Stabilization of the final particles can be ensured by either existing surface

charges, by adding hydrophilic polymer, or any surface-active agents.
Under appropriated conditions, monodispersed colloids can be produced, a
property that which has been formerly explained by LaMer (55), who also
proposed a schematic diagram, indicating that the nucleation occurs when the
species formed in solution reach a supersaturation concentration, the formed
primary particles growing according to either a monomer addition or an
aggregation model. Getting monodisperse colloids generally implies the control
of the nucleation and growth steps; briefly, when the critical supersaturation
level is reached, a fast nucleation step occurs followed by a progressive growth
step. Homogeneous nucleation can be replaced by a heterogeneous nucleation
process by introducing in the initial reaction medium foreign nuclei acting as a
seed for capturing either elementary units or primary particles.

The production of nanoparticles via self-assemblies of surface-active agents,
especially micellar or microemulsion processes both in oil-in-water (O/W) or in
water-in-oil (W/O) dispersions, has received much attention regardless of the
type of colloids. Their development relies on considerable research works in the
1980, both on theoretical and practical aspects.

The making of a microemulsion requires to use relatively high amount of an
emulsifier and often with a cosurfactant (which could be an alcohol with a short
alkyl chain such as n-pentanol, n-hexanol, etc.). The formulation of micro-
emulsions is a spontaneous process, that is, it does not need mechanical shearing;
they are thermodynamically stable (against coalescence and Ostwald ripening),
optically transparent, and in the domain size 5-80nm. A huge number of
micelles are obtained allowing to solubilize large amounts of reactive species
(metal oxides or alkoxides, monomer, etc.) offering an important surface area (of
the order of 100-300 m*/g of dispersed phase). As a result, reaction rates are
considerably increased, and the synthesis of nanoparticles can elapse sometimes
within a few minutes. The selection of the surfactant is obviously critical and
must be adapted not only to the initial nature of the reacting system but also to the
final nanoparticles (due to the modification of the interfacial and colloidal
properties).

As an example, Figure 1.2 gives a schematic representation of a pseudoternary
phase diagram (water—oil surfactant) and showing that various mono and multi-
phasis domains can be obtained: O/W and W/O microemulsions, lamellar, and
bicontinuous phases. Most of studies and developments make use of globular
microemulsions; however, reactions in other phases (bicontinuous phases,
for instance) give rise to interesting microstructures, as referred in the next
section.

Characterization of the colloids during the synthesis and at the ultimate stage is a
very important and necessary task for any application in which they are to be
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Surfactants

(d) Lamellar

Water

S

(b)

Microemulsion
domain

7

Multiphasis domai
‘Water / f

.

Oil

(¢) Bicontinuous

FIGURE 1.2 Phase diagram (water—oil surfactant) (adapted from (56)) (a) droplets oil-
in-water; (b) droplets water-in-oil; (c) bicontinuous phase; (d) lamellar phase

involved. Many parameters should be determined among them: shape, particle
size and polydispersity, surface chemistry, structure, composition. It is out of
scope to detail all the techniques, which should be carried out for these analyses;
the readers could consult the appropriate books and reviews on the subject.

1.3.2 Preparation of Inorganic Particles

In this section, we will describe only several important methods to produce inorganic
colloids.

1.3.2.1 Precipitation Process The precipitation in homogeneous solutions of
many inorganic salts has been long used for the production of various colloids in the
domain size (10-100nm). It was applied in the case of metal ions, metal (hydrous)
oxides, silicon alkoxides, metal phosphates and sulfates, and so forth.

Case of Metal lons Nanometer-sized metal particles, especially gold and silver,
have received much increasing attention as regards to their application potentialities in
various domains such as in biology for the detection of DNA or RNA (57,58). Colloidal
dispersions of gold particles can be obtained by reduction of gold ions with various
reactants: citrates, formaldehyde, hydrazine, and hydrogen peroxide. The mechanism
of nanoparticle formation is a three-steps process following the scheme given in
Fig. 1.3. After reduction of metal ions to metal atoms, aggregation of the atoms
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Reduction reaction

MX,, +m2C,H.OH ——» M®+mHX+mi2CH;CHO

Precipitation
nM°+ .

PVP
Nanoparticle

FIGURE 1.3 Formation of metal nanoparticle by reduction with an alcohol of metal salts
in the presence of poly(N-vinyl-2-pyrrolidone) (PVP) as stabilizer

(or microclusters) leads to nuclei with an average diameter less than 1 nm. The growth
of the formed nuclei proceeds by deposition of atoms or microclusters on the surface of
nuclei. Stabilization is very critical in such metal nanoparticles and a steric stabilizer is
usually added in the recipe. Poly(N-vinyl-2-pyrrolidone) (PVP) as water-soluble
polymer is often employed in this purpose and showing different types of interactions
with the surface metallic particle.

Semiconductor nanoparticles (the so-called quantum dots such as CdS) can be
prepared by the precipitation of CdS in aqueous solution containing cadmium and
sulfide ions provided stabilizer (polymer (gelatin or polyethylene glycol) or a ligand
(thioacetamide) be also added to prevent the aggregation of the formed clusters. In the
reaction, pH should be carefully controlled since it determines the particle size, a basic
one allowing to stop the particle growth.

The hydrolysis of silicon alkoxides in homogeneous solutions also proceeds
through a precipitation mechanism according to the widely described original Stober
process (59), which follows the reaction pathway, described in Fig. 1.4. It is worth
mentioning as quoted by Brook (60) that silicon products and particularly silica show
excellent compatibility with living systems, which explains their use in many
biochemical, biological, and biotechnological applications. Obviously, silica particles
have been developed not only as model systems but also as colloid supports as such or
as composites with inorganic (ferric oxides) or organic polymers.

+H,0—HOC;H
Si(OC,Hg) , ) Si(OC,Hg)30H + HOC,Hg
Hydrolisis of TEQS

Si(OC,H;5)30H +H,0 3 Si(OC,Hg),(OH), ete.

Condensation reaction

Si(OC,H5)50H
Si(OC,H5);0H 3 (HsC,0)55H0-S((0CHs); etc.

Formation of silica particles

FIGURE 1.4 Schematic reaction steps leading to silica particles
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Many fundamental works have been devoted to the understanding of this process
owing to systematic studies investigating the influence of the nature of alkoxide and
alcohol and the amount of water and ammonia on the resulting colloidal particles (in
the size range from about 50 to 800 nm). Much work dealt with tetraethylorthosilicate
(TEOS) upon studying the reaction rate (which encompasses both the hydrolysis and
condensation reactions). Such a reaction was also examined as regards to its effect on
the nucleation and growth mechanism with a view to control the particle size and
monodispersity.

As it will be discussed later on, silica colloids as substrates can be surface
modified. As illustrated in Fig. 1.5, extremely narrow size particles can be prepared
by the Stober process as well after surface modification to get amino-functionalized
particles.

FIGURE 1.5 Transmission electron micrographs of silica particles: (a) native Stober silica;
(b) amino-silica from silanisation in acetone with a catalyst (from Reference (61))
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Polyol Process (36) This process has been worked out with a view to produce
metallic and bimetallic alloy particles with a controlled morphology in the micrometer
and nanometer size. The preparation consists in a reduction reaction of metallic
compounds dissolved in a solvent also acting as reducing agent. It has been applied to a
large number of easily reducible noble metals such as Au, Ag, Ir, Pt, Os, Rd and less
reducible metals such as Co, Ni, Cu (62). After dissolution of a given precursor (metal
chloride or nitrate) in nonaqueous solvents like polyols such as o-diols ethylene,
propylene, or tetraethylene glycols, the polyol acts to the reduction of species. The
in situ formed metal particles proceeds, as already described, by a nucleation growth
process leading to very fine nanoparticles. Experimental conditions have been well
investigated so as to ensure the monodispersity of the final particles. Nanocolloids of
gold, silver, and platinum were then synthesized in the size range from 5 to 30 nm.

1.3.2.2 “Gel-Sol” Method This method of preparation is based on the “gel-
sol” physical process in which a highly viscous gel of a solid precursor is formed. The
gel acts as a protective structure against coagulation of the solid and as reservoir of
monomeric species (metal ions, for instance).

This process was applied in diluted and condensed systems to a variety of metal
oxides, particularly for the preparation of magnetites and ferrites by partial oxidation
of a ferrous hydroxide gel with nitrate (63). The particle formation also proceeds by a
two-step nucleation/growth mechanism. Such a method leads to monodisperse and
spherical particles in the colloidal size range; however, in many cases, nonspherical
particles can be also produced.

1.3.2.3 Chemical Reaction in Aerosols The aerosol technique was developed
as a pathway to produce valuable dispersed materials with predictable particle
morphology. The main steps involved in the aerosol method are the following (64):

e generation of small droplets containing one or more reactive liquids

e use of evaporation and nucleation phenomena to favor narrow size distribution of
the droplets

e exposure of the droplets to a coreactant vapor

e reaction of the liquids in the droplets with the surrounding vapor

e removal of the aerosol colloids

The process has been applied to the synthesis of various metal oxide particles
(titania, silica, alumina, etc.) of size range (0.1-1.0 um), micrometer-sized poly(#-
butylstyrene) latex particles as well composite particle systems. It is interesting to
notice that monodisperse colloids can be obtained in all cases.

1.3.2.4 Ostwald Ripening Ostwaldripening is a general process regarding the
evolution of an emulsion resulting from interface energy. It includes a transfer of
molecules contained in the dispersed phase through the continuous phase (aqueous
one for example) provided the oil-like molecules be slightly soluble in this continuous



14 REACTIVE NANOCOLLOIDS FOR NANOTECHNOLOGIES AND MICROSYSTEMS

phase. This solubility allows the diffusion of hydrophobic molecules from the small
droplets toward larger droplets with consequently a decrease in the overall interfacial
area. Such a process concerns emulsions of tiny droplets about and below 100 nm, and
the rate of diffusion increases with the molecular solubility of the lipophilic molecule.

We will see later on that this physical process has been utilized for making
emulsions (the so-called miniemulsions) with stable submicronic sized-droplets by
introducing an insoluble hydrophobic molecule (i.e., solvent) to prevent the Ostwald
ripening effect.

This method was applied by Sugimoto (34) to produce monodisperse single-crystal
silver halide particles by mixing tabular AgBr particles (410 nm) with fine spherical
ones (42.5 nm). The growth of the large tabular grains was found to follow a spherical
diffusion model proposed by the authors.

1.3.2.5 Micellar and Microemulsion Systems As already mentioned, self-
assemblies of surfactants both in oil or in water continuous phases can serve as
microreactors to induce the formation of nanocrystals. As an example, reverse
micelles, obtained from the system Aerosol OT (1-4 bis-2-ethylsodium
sulfosuccinate) as surfactant, isooctane as continuous phase; an aqueous solutions
of cadmium and sulfide ions, were used to produce CdS and CdTe nanocrystals in the
nanometer size range (about 4 nm) but with a relatively large polydispersity (65).

The microemulsion process has also been applied to the production of many
metal oxide nanoparticles as reported in (66): metal oxides, silver halides, silicon
oxides, and so forth. We will mostly concentrate on the case of silicon alkoxides. The
hydrolysis of the alkoxide-based silica, tetracthoxysilane, takes place in micelles
produced in O/W microemulsion, and many recipes can be found in the literature, a
common one containing AOT as surfactant, an alcane (isooctane, cyclohexane) as
continuous phase, and ammonia + water as reactant. The particle formation mech-
anism follows the sol-gel process with the TEOS present in the oil phase being
hydrolyzed by water poles located at the boundaries of the aqueous droplets.
Kinetics and mechanisms of silica nanoparticles formation have been described
and a growth model was proposed (67).

1.3.2.6 Surface Modification of Preformed Particles Due to the
hydrophilic nature of many inorganic colloids, it is often required to modify their
functionality (mostly constituted of hydroxyl groups in silica, titania, and ferrite) by a
chemical modification in order to improve the compatibility when they are combined
with organic materials. The simplest modification is to bind an organic compound
through the use of various coupling agents (such as those bearing a silane for silica
particles), which converts the hydrophilicity of the inorganic surface into a
hydrophobic character. However, for various purposes, the surface modification of
inorganic colloids relies on the incorporation of a polymer phase. This can be
performed according to quite a lot of methods as reported in Table 1.3. Surface
polymerization can be radically initiated whether an initiating (azo or peroxy) or a
polymerizable group be preliminary bound. More details related to the synthesis of
organic—inorganic composite nanoparticles are given in the next section.
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1.3.3 Organic Particles

The preparation of organic nanoparticles, mostly polymer based, can be performed
according to three main approaches:

e polymerization in heterogeneous media
e modification of preformed particles
e formulation of colloidal dispersions from preformed polymers

1.3.3.1 Polymerization in Heterogeneous Media This technique, which
has been developed for a long time, allows to produce colloidal dispersions of various
nature, the so-called polymer latexes, applied in an increasing number of applications
(68). Owing to the progresses at both the academic and industrial levels and due to the
versatility of the process, such a technique has been more and more involved in the
preparation of “high-tech” materials under dispersed form, especially for making nano
and microparticles carefully controlled in terms of internal and surface structure.
Figure 1.6 illustrates the range of particle sizes, which can be produced by using the
main polymerization processes in heterogeneous media. Suspension polymerization,
which proceeds via a bulk polymerization in initial monomer droplets (with several
hundreds of micrometers size), is not a colloidal process and therefore not reported
here; in addition, the obtained polymer particles are generally polydisperse in size.

On the contrary, for all other reported polymerization processes, the polymeri-
zation proceeds via a two-step mechanism involving at first the formation of
the particles from (i) the continuous phase by the so-called homogeneous nucleation
(as already mentioned) in soap-free emulsion, dispersion, and precipitation
polymerization; (ii) out of the continuous phase, that is, through the presence of a
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FIGURE 1.6 Nature of the heterogeneous polymerization process versus particle size and
size monodispersity (adapted from Reference (15))
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dispersed phase that could be micelles of surfactants (micellar nucleation), preexisting
polymer, or mineral particles (heterogeneous nucleation).

Radical-initiated polymerizations are the more popular initiating systems; however,
in the last decade, new processes have been explored based on different mechanisms
than those of radical initiation, for example metathesis, or ionic polymerizations in
aqueous media. It should also be emphasized on the recent introduction of controlled-
radical polymerization methods, which appear highly suitable, especially for the
design of latex particles with controlled surface and internal morphology (69).

Emulsion polymerization is the more developed heterogeneous polymerization
process owing to the huge progresses accumulated at both the academic and industrial
levelsin the last 60 years. It has been widely used with numerous monomers (of various
polarity) to produce latex particles applied in a continuously increasing range of
domains (70). The versatility and flexibility of the process prove to be suitable for the
synthesis of high-tech latex particles in the submicronic size range (down to 20 nm), to
be used in biotechnology (calibration standards, diagnostic tests, solid-phase supports
for biomolecules, medical imaging, synthetic vectors for drugs, biochips, etc.).

Briefly, conventional emulsion polymerization consists in dispersing a nonmisci-
ble monomer in aqueous phase (mostly by using an emulsifier), then to initiate
polymerization by a radical initiator leading to polymer particles of colloidal size
much more smaller than the initial droplets. The various mechanisms involved in
the formation and growth steps of the latex particles have been largely investigated,
and the reader could report on many books and reviews devoted to the subject (24,40).
Polymerization can be performed in the absence of surfactants, providing highly
monodisperse particles but preferentially in a size range largely above 200 nm.

It has been well recognized that polymerization of two (or more) monomers, as
named copolymerization, allows to produce polymer materials with physical and
chemical properties more finely defined than with homopolymers. This is particularly
the case of copolymer latexes in which surface and colloidal properties can be really
tuned by taking advantage of the differences, in terms of reactivity and physicochem-
ical properties (polarity, hydrophilicity, presence of ionic charges, etc.) of the two
monomers involved in the polymerization process. In that purpose, considerable
amount of work has been investigated to the kinetics and mechanisms of emulsion
copolymerization in order to predict many features related to these copolymers,
especially the control of the copolymer composition within the particle. In the frame of
this review, it is worthwhile to focus on the potentialities of the copolymerization
process to produce latex particles in which the internal morphology can be controlled
(the so-called structured latexes) or those in which the interfacial functionality is
tailored (functionalized latexes). It is obvious that both properties can be considered in
a same latex particle.

In the case of functionalized latexes, as already mentioned in the previous section,
numerous functionalities can be installed to particles. Emulsion polymerization
techniques, especially those starting with a preformed batch of particles, the so-
called shot-growth (i.e., inducing the polymerization of a functional monomer on
batch particles at high conversion) and seed protocols (i.e., starting with a preformed
population of particles), are particularly well adapted to carefully control the
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incorporation of reactive groups (50). The following chemical groups can be listed
containing either charges (sulfate, sulfonates, carboxylates, quaternary ammonium
salts, phosphates, etc.) or not (carboxylic, aldehyde, chloromethyl, hydroxyl, amino,
thiol, epoxide, acetal, activated ester, etc.) and more complex macromolecular
structures (metal chelates, polyethylene oxide, polymethylmethacrylate, etc.). All
these later chemical functions or macromolecules are quite useful:

e to control the particle size and monodispersity of the final latexes and especially
in the case of charged monomers to allow the synthesis of stable nanoparticles
(below 100 nm)

e to impart efficient steric stability (macromolecule)

e to induce subsequent reaction with biomolecules

e to incorporate a dye label, a specific ligand (oligosaccharide, lipid, peptide,
nucleic acid, antibody, protein)

¢ to modify the surface of microsystems: two-dimensional assemblies of latex on
silica wafers, microplates, biochemical devices, microfluidic channels.

Latex particles prepared with a hydrophilic layer (hairy particles) were found
useful colloidal supports offering friendly environment when put in contact with
biomolecules. Many routes can be explored to produce such particles based on
different strategies: layer-by-layer method (LbL) (71); incorporation of a hydrophilic
layer either covalently (surface polymerization of reactive surfactants (72)) or more
simply by physical adsorption of amphiphilic block or graft copolymers (73).
Coverage of latex particles by polyethylene oxide (PEO) proves to be quite suitable
for biotechnological applications due to the immunogenicity, nontoxicity, and stealth
effect of the PEO (74). The use of controlled radical polymerization methods (such as
reversible addition—fragmentation transfer (RAFT), nitroxide-mediated polymeriza-
tion (NMP), or atom-mediated transfer radical polymerization (ATRP)) are currently
performed to tailor hairy particles with well-controlled polymer brushes.

Miniemulsion Polymerization 1In this process, the main difference with the
emulsion process is that the monomer phase is more finely divided owing to the
use of a mixture of a surfactant with a hydrophobic solvent (hexadecane, cetylic acid)
together with a strong energy of agitation. In that case, the formed submicrometer-
sized monomer droplets (which are prevented to coalesce by Otswald ripening) can
compete with existing micelles to capture aqueous-phase radicals. Final polymer
particles have almost the same size than the initial monomer droplets and exhibit a
long-term stabilization. In that process, the key points are the formation of the small
droplets and the influence of the various parameters (nature of the emulsifier
technique, amount of emulsifier, effect of the hydrophobic molecule, and nature of
the initiator), which need to be taken into account, have been thoroughly investigated
(75).

Polymerization can be radically initiated using either an organic or a water-soluble
initiator. Controlled radical polymerization techniques have been successfully
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performed with this process since the presence of the smaller initial droplets as active
sites allow to avoid the nucleation step. Such a process has been applied for
polymerizing many monomers provided they are not too soluble in the continuous
phase whether they are hydrophobic (MMA, styrene) or hydrophilic (MMA-
acrylamide mixture, acrylonitrile).

Nonradical-initiated polymerizations have also been explored: polycondensation
(polyesters, polyurethanes) ionic polymerization (for instance, the anionic polymeri-
zation of cyanoacrylates).

This method has been recently used for the synthesis of nanosized magnetic
nanoparticles by preparing separately a magnetite miniemulsion and a styrene
miniemulsion and mixing them before polymerization (76).

Microemulsion Polymerization As already defined in the previous section, this
process consists first in preparing a highly dispersed monomer phase. Many efforts
have been directed to the formulation of microemulsions having the minimal amount
of surfactant (less than 10 wt%) together with high solid contents (from 10% to 40%).
Polymerization initiated (by photo or radical initiation) in the formed micelles leads to
nanoparticles in the size range below 100 nm.

It was investigated both with O/W and W/O systems and mostly with globular
microemulsions. Mechanisms of nucleation and growth have been elucidated with
styrene as hydrophobic monomer and with acrylamide as water-soluble monomer
(77). Due to the large amount of monomer-swollen micelles, polymerization rate is
very fast and relatively narrow size distribution could be obtained at least with the
acrylamide-based system.

Functionalized nanolatexes can be produced by incorporation of hydrophilic
monomers (such as hydroxyethyl or dimethylaminoethyl methacrylates) with, how-
ever, a lack of stability in the final microlatexes (42,43).

Polymerizations have also been conducted in other structures than globular
microemulsions, for instance, in bicontinuous phases. Under specific conditions, the
bicontinuous morphology is retained after polymerization leading to polymer pre-
senting a nanoporous structure of potential interest in biotechnology (nanovector,
membrane separation) (78).

Dispersion Polymerization 1In that process, the initial monomer solution is
homogeneous with the presence of steric stabilizing species (mostly hydrophilic
polymers like poly-N-vinylpyrrolidone or better with block or graft copolymers with a
well defined architecture). By introduction of an initiator, an insoluble polymer phase
is produced, which is dispersed as colloidal particles through the already depicted
homogeneous nucleation process. Particles can be obtained in a large size range
(roughly between 200 and 20 um) but the process is more adapted to produce
monodisperse micrometer-sized latexes. It can be carried out both with many
different monomers (hydrophobic and water soluble) in polar and nonpolar media
with preferentially a radical initiation but also by other initiation processes such as
ionic, metathesis, and ring opening) (37).
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Precipitation Polymerization In this process, the monomer is soluble in the
continuous phase and the formed polymer phase separated with no formation of a
colloidal dispersed phase.

It was found that the polymerization of several acrylamide derivatives in aqueous
phase in the presence of anionically charged initiator (potassium persulfate for
instance) and a small amount of a cross-linker lead to highly monodisperse and
electrosterically stable latexes. This comes from the property of polyNIPAM and of
many other polyacrylamide derivatives to exhibit a low critical solubility tempera-
ture (LCST) in a broad range of temperatures, which means that a drastic change in
the hydrophilic-hydrophobic balance (core-globule transition) occurs at the LCST.
Consequently below LCST, polyNIPAM chains are fully expanded in the aqueous
phase. A huge number of studies have been investigated in the case of N-
isopropylacrylamide (the so-called NIPAM) showing that under adjusted experi-
mental conditions (low dilution of reactants, monomer concentration, initiator,
temperature, etc.), colloidal submicronic dispersions can be produced without the
presence of any surface-active agent. On the colloidal point of view, thermally
sensitive polymer latex particles display unique properties as regards to the dramatic
change in the size and electrophoretic mobility of the particles. They were proposed
as model systems of thermally sensitive colloids (Fig. 1.7) with quite a lot of
potential applications, especially in biotechnologies (79).

Such a property has been widely extended to the synthesis of many other polymer
microspheres being responsive to other external parameters such as pH, ionic strength,
light, magnetic or electric field, and biological effect, offering the possibility to
envision multiresponsive particles. In addition, various particle morphologies can be
now designed depending upon the recipe (with preferentially the presence of a
functional and/or charged comonomer) and the type of heterogeneous polymerization
process (batch, shot-growth, seed). Hairy, core-shell and microgel particles can be
currently produced in a large range of size (particularly between 100 and 1000 nm) and
nature of polymer.

Hydrophilic Dehydrated
low charged system high charge density
high colloidal stability low colloidal stability

Swollen state Collapsed state
below T'ypr above Typr

FIGURE 1.7 Illustration of thermally sensitive colloidal latex particles (polystyrene core—
poly(NIPAM) shell) (Typr: volume phase transition temperature)
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2. Formation of the particles

Polyesters (polylactic and glycolic acids Natural polymers:alginates,
polyscaprolactone); polyurethannes chitosan, etc.

FIGURE 1.8 Main strategies followed for the preparation of polymer nanocolloids

1.3.3.2 Formulation of Polymer Colloids from Preformed Solution
Polymers Depending on the nature of the polymer (lipophile vs. water
soluble), two main strategies can be followed to obtain artificial latexes as
schematically depicted in Fig. 1.8. Such techniques are now well identified (80)
and widely developed in the pharmaceutical and medicine fields where they are used
for in vivo delivery of drugs, proteins, DNA, etc.

The first method relies on a two-steps technique: formation of an emulsion, that is, a
finely dispersed phase containing the polymer solubilized in a solvent in an aqueous
continuous phase containing a polymer stabilizer. The formation of a polymer
emulsion of small droplets usually requires high-pressure homogenizer together with
ultrasonic agitation providing submicrometer size particles. The second step consists
in eliminating the solvent inside the droplets and this can be conducted by different
methods, which have been well described: evaporation of the solvent or extraction by
depleting the solvent of the dispersed phase by another solvent.

The second method is based on the properties of the polymers: the nanoprecipita-
tion technique allows the formation of nanoparticles due to a phase separation process
induced in the polymer solution by adding a nonsolvent of the polymer or by changing
pH or salinity conditions. This process can be carried out with or without stabilizer but
only under very diluted systems.

1.3.3.3 Others Techniques

Controlled Hierarchical Chemistry ~Among the many arborescent architectures
that can be produced by such chemistry, dendrimers constitute a class of materials,
which offer quite remarkable properties in relation with their potential use as
highly “engineering” nanostructure: nearly perfect monodisperse polymer tree-like,
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nanometer-size (down to 10 nm), high number of functional end groups available on the
molecular surface.

The synthesis of such dendrimers can be obtained by an iterative sequence of
reaction steps; the divergent synthesis starts from a central reactive core such as with
the polyamidoamine (38).

Dendrimers prove to be very useful in biotechnologies such as a reservoir of drugs,
transfection of DNA, and immobilization of water-soluble dendrimers onto functio-
nalized surfaces (biochips) (12).

Allotropes of Carbon  Itis worth mentioning the increasing interest of allotropes of
carbon, the so-called fullerens and nanotubes. Both of them have ananometer diameter
size, the former being spherical in size and the second cylindrical with a length, which
could reach up to millimeters. Due to their unique properties in the material science,
especially in the nanotechnology domain for their applications in electronics and
optics, carbon nanotubes have been widely studied in the last years with regards to their
synthesis, properties, and applications (39,81). There are two main types of nanotubes
the so-called single-walled nanotubes (SWNT) consisting of a single graphite sheet
wrapped into a cylindrical tube and multiwalled nanotubes (MWNT), made of an array
of nanotubes concentrically nested. Both of them can be obtained by carbon-arc
discharge, laser ablation of carbon, or chemical vapor deposition. In the case of SWNT,
the diameter of the nanotube is in the size range of 0.8—4 nm whereas the size is much
larger for MWNT (from 1.4 to 100 nm). Impurities may be found in the final products,
especially for the SWNT.

1.3.4 Composite Particles

Composite particles refer to colloidal dispersions in which organic and inorganic
materials are intimately distributed within the particle and offering unique properties.
One major effect is that at a nanometric level, surface properties predominate over
volume properties. As detailed by Bourgeat-Lami in recent reviews, the synthesis of
such composite systems can be classified in three main categories (82):

¢ assembly of organic and inorganic colloids
e synthesis by in situ polymerization
e simultaneous reaction in the presence of the inorganic or organic precursors

Nanocomposite particles are produced when using the two first methods, whereas
the third one leads to hybrid nanoparticles.

1.3.4.1 Assembly of Organic and Inorganic Colloids There are many
examples in the literature in which composite particles are obtained by controlling the
organization of mineral core by an organic shell (polymer) or conversely. It was mainly
explored with polymer latexes due to their extreme versatility as regards to nature of
polymer, colloidal, and surface properties.
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FIGURE 1.9 Stepwise heterocoagulation process used to prepare magnetic and fluorescent
nanoparticles (29)

The heterocoagulation strategy (as shown in Fig. 1.9), based on the assembly of the
two colloids by electrostatic interaction, has been investigated in many papers
regarding the encapsulation of titania and silica. It was recently described for
producing low-size (200-300 nm) magnetic nanoparticles (29). The strategy consists
in inducing the flocculation of film-forming nanoparticles anionically charged (order
of 40 nm) onto a preformed magnetic emulsions (containing iron oxide nanoparticles)
being subsequently cationically charged by polyethylenimine. After heating the
composite particles above the film formation temperature, stable magnetic nanopar-
ticles were obtained with an average of 25% of magnetic material.

In that domain, the LbL assembly (71) has been proved quite powerful in view of
preparing composite nanoparticles with outstanding properties. The process consists
in adsorbing onto an organic particle a layer of inorganic nanoparticles and a
polyelectrolyte of opposite sign. Figure 1.10 gives an illustration of such process in
the elaboration of magnetic particles from oil in water magnetic droplets.

Such composite colloids dispersions were found to exhibit unexpected and specific
properties (electric, magnetic, optic, and conductive), which are currently investigated
in many places.

(O/W) magnetic emulsion
Organic AN Adsorption &y
phase O of polycation : -
Iron oxide — 7
—..ﬂnH
7 Nonionic  Adsorption -¢. :
( Isur!actant of s_L
’ » lonic : -
Aqueous pha‘se ' surfactant polyanion h

FIGURE 1.10 Schematic illustration of layer-by-layer encapsulation process of oil in water
magnetic droplets

1.3.4.2 Synthesis by In Situ Polymerization Two types of particle
morphology can be considered whether the inorganic phase be located in the core
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orinthe shell. In any cases, itis necessary to preliminary introduce functional groups at
the surface of the organic or inorganic seeds.

In the case of mineral (core)-organic (shell) particles, two main strategies have been
experienced:

e heterogeneous polymerization (emulsion, miniemulsion, dispersion) of various
monomers in the presence of mineral colloids

e radical polymerization initiated from the inorganic particles surface

In the case of organic(core)-mineral (shell) composite particles, their synthesis
relies on either the mineral polycondensation by sol-gel process or precipitation of
metal salts on latex particles. Hydrolytic polycondensation via sol-gel process has
been performed mostly with metal alkoxides of structure (M(OR),4 using various
substrates as templates, latex particles, for example. It is then possible to prepare
composite latex particles with an organic layer of silica or titania, the latex particles, if
correctly functionalized, are able to capture the oligomers formed in the continuous
phase as polycondensation proceeds. As illustrated in Fig. 1.11, such composite
particles can be transformed in hollow particles upon thermal decomposition or
solubilization of the organic core.

It can be interesting to focus on a recent strategy for making low size magnetic
particles containing a large amount of magnetic material. It consists in inducing
styrene polymerization inside submicronic droplets of a stable and relatively
monodisperse magnetic emulsion in the presence of small amount of a cross-linker
and an amphiphilic polymer. The final magnetic latexes were found to exhibit a
narrow size and to contain up to 60% in weight iron oxide. As shown in Fig. 1.12, a
perfect core-shell morphology is observed proving the efficient encapsulation of the
ferrites, which makes such particles quite adapted for diagnostic and extraction of
various biomolecules (83).

Hollow

Thermal decomposition
or solubilization

‘ Polycondensation of the organic core
—————————— -—-———
Sol-gel

Inorganic shell

Latex particle Core-shell particle Hollow particle

FIGURE 1.11 Principle of the preparation of hollow particles from a latex particle with an
organic core and a mineral shell

1.3.4.3 Simultaneous Reaction in the Presence of the Inorganic or
Organic Precursors Hybrid nanomaterials have received much interest in the
last few years, and their preparation under colloid state was envisioned resulting in an
intimate mixing of mineral and organic phases at a molecular level. A recent paper, for
instance, reported the synthesis of such hybrid colloids by emulsion polymerization of
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FIGURE 1.12 Transformation of oil in water magnetic emulsion (a) into submicronic
magnetic latex (b) obtained by emulsion polymerization of styrene and divinylbenzene onto
a ferrofluid emulsion stabilized by polyacrylic acid based amphiphilic surfactant and initiated
by potassium persulfate (83)

a monomer mixture containing a comonomer, which is an inorganic precursor (an
organosilane bearing a vinyl or methacrylate group). This leads to the formation of a
fine dispersion of silica clusters inside the particles (49).

Finally, it should be also focused on the possibility to synthesize inorganic
nanoparticles bearing a layer of stimuli-responsive polymer chains with chemical
reactive end groups. For instance, the preparation of core-shell magnetic nanoparticles
with a thermally sensitive biodegradable shell (dextran grafted with a poly[NIPAM]-
based polymer) was recently disclosed providing multifunctional colloids with
potential applications in drug-targeting delivery and magnetic imaging resonance
(84). In the recent years, many research studies have been devoted to the synthesis of
composite nanoparticles constituted of a gold or semiconductor (QDs) core sur-
rounded by a stimuli-responsive layer that could be a synthetic (co)polymer, a
biomolecule (peptide) or a polysaccharide with obvious applications in bioassays
and drug delivery systems (85). In that purpose, self-assemblies of block copolymers
with the polymer or the biomolecule as hydrophilic block can serve as useful templates
for the encapsulation of the inorganic material.

Radical and preferentially controlled radical polymerization techniques initiated at
the surface of inorganic colloids proved to be suitable to make stimuli-sensitive hairy
composite nanoparticles.

1.4 CONCLUSION AND PROSPECTS

The preparation of well-characterized inorganic and organic colloids in the submi-
cronic size (down to several nanometers in the case of metals) benefits of a
considerable amount of works both on academic and practical aspects. It took
advantage of the tremendous progresses accomplished in the physicochemistry of
dispersed systems in aqueous media as well as in the organic and mineral chemistry
(precipitation and sol-gel processes, reactions in self-assemblies, new types of
heterogeneous polymerizations, controlled radical polymerization methods). All
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these manufacturing techniques allow to carefully control many relevant parameters
such as shape, particle size, polydispersity, morphology, and surface functionality of
the particle, all of them being of importance in the design of nanobiotechnologies.

Asrecently quoted (86), it should be noticed the attractive interest of gold, quantum
dots, and magnetic nanoparticles used as tags or labels in many applications such as in
biochips, nanobiosensors with the purpose to detect DNA, or proteins in small volumes
within a reduced time.

Due to the very active research in this domain, it may be anticipated that more
complex materials in the nanocolloidal range are being elaborated, offering new
potentialities in diagnostics and drug deliveries. It is worth mentioning several
approaches dedicated to the synthesis of new kinds of nanoparticles (asymmetric,
hollow, nanostructured, nanoporous). In the last few years, many studies evidenced the
important role of various polymeric systems or nanotubes as colloid-size templates for
the synthesis of nanostructures and superstructures. In the case of polymeric systems,
self-assemblies of amphiphilic block copolymer surfactants (frozen micelles), den-
drimers, vesicles, liposomes, emulsions, microemulsions, and latex particles were
found appropriate (87). Polymerization can be carried out inside or at the surface of the
selected template allowing to synthesize inorganic, inorganic/organic composites
with tunable properties. A careful control of the association of mineral and organic
material is also a challenge for creating new multifunctionalized and/or adaptive
composite and hybrid nanocolloids. Due to their unique properties, stimuli-responsive
nanoparticles, as smart material, should continue to offer outstanding potentialities for
innovative applications.

It also appears that microfluidic reactors can be adequately designed for producing
various kinds of nanocolloids (gold, nanocomposites, semiconductors, etc.) as well as
to investigate particle interactions. In the domain of superstructures, there is also an
attractive research to encourage the development of two or three-dimensional
assemblies of nanoparticles on various surfaces or on living systems.

The development of nanosized colloids in life science activities, regardless of their
nature, should not avoid systematic and independent research studies concerning their
control in terms of dissemination, potential pollution, and toxic effects. This is an
indispensable safety caution for people manipulating or in contact with such dispersed
materials as well as for the environment.

It is obvious that multidisciplinary research on these nanocolloids would be really
creative and productive, at first for elaborating new engineered materials at nanometer
level and secondly for evaluating their chemical, physical, and biological properties
together with their performances in nanobiotechnologies.
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I CHAPTER 2

Nanoparticles Comprising
pH/Temperature-Responsive
Amphiphilic Block Copolymers and
Their Applications in Biotechnology

PEIHONG NI
College of Chemistry and Chemical Engineering, Soochow University, Suzhou 215123, China

2.1 INTRODUCTION

Stimuli-responsive polymers have drawn much attention due to their various prom-
ising potential applications for the biomedical fields. There are chemical or physical
stimuli. The chemical stimuli, such as pH, ionic factors, and chemical agents, will
change the interactions between polymer chains or between polymer chains and
solvents at the molecular level. The physical stimuli, such as temperature, electric or
magnetic fields, and mechanical stress, will affect the level of various energy sources
and alter molecular interactions at critical onset points. These responses of polymer
systems are very useful in biorelated applications such as drug delivery, biotechno-
logy, and chromatography (1-3). In particular, the pH and temperature-responsive
block copolymers are considerably important because they can form nanoparticles,
for example, polymeric micelles, vesicles, or hollow nanospheres, in aqueous
media via the changing environment, and further provide a variety of applications
for the biomedical fields. Recent reviews have summarized research progress in
pH/temperature-responsive polymers, including poly(/N-isopropylacrylamide) (PNI-
PAAm), poly(methacrylic acid) (PMAA), and Pluronic specious.

This chapter focuses on recent progress made in pH/temperature polymers, with
special emphasis on recent advances in understanding the structure-property rela-
tionship in amphiphilic block copolymers consisting of poly(ethylene glycol) (PEG),
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poly(ethylene oxide) (PEO), polyvinylethers, tertiary amine methacrylates, and
phosphorylcholine-based polymers. These copolymers can self-organize in aqueous
media to form micelles and give the potential applications in biomedicine, pharmacy,
and biotechnology, such as drug delivery, cell culture, immobilizing biocatalysts,
bioseparation, and biosensor.

2.2 pH-RESPONSIVE AMPHIPHILIC BLOCK COPOLYMERS

pH-Responsive amphiphilic block copolymers contain a number of ionizable groups
in their main chains and pendants. When the pH value is changed, these groups can
accept or donate protons in aqueous solution to yield polyelectrolytes, weak polyacid
or weak polybase, depending on their structures and the pH values. For example, poly
(acrylic acid) (PAA) and poly(methacrylic acid) (PMAA) can release protons in
neutral or basic medium, whereas poly[2-(dimethylamino)ethyl methacrylate]
(PDMAEMA or PDMA) can accept protons due to the substituted amino group in
the pendants (4).

2.2.1 Self-Assembly of Block Copolymers of Tertiary
Amine Methacrylates

A series of tertiary amino methacrylate monomers, including 2-(dimethylamino)ethyl
methacrylate (DMAEMA), 2-(diethylamino)ethyl methacrylate (DEAEMA), 2-
(diisopropylamino)ethyl methacrylate (DPAEMA), and 2-(N-morpholino)ethyl
methacrylate (MEMA) can be polymerized via various methods (5-8). These poly-
mers show good pH/temperature response in aqueous solution, which is useful for the
design of drug-delivery systems and for modification of biomedical polymer surfaces
(9,10). Armes and coworkers prepared a zwitterionic block copolymer comprising
PDMAEMA and PMAA via group-transfer polymerization (GTP) of DMAEMA and
2-tetrahydropyranyl methacrylate (THPMA), and subsequent acid hydrolysis of 2-
tetrahydropyranyl group, as shown in Fig. 2.1 (11). They found that the isoelectric
points for the PDMAEMA-b-PMAA vary with block copolymer composition, with
higher isoelectric point being obtained for the more DMAEMA-rich copolymers.
Reversible aggregations of these AB block copolymers containing a DMAEMA
hydrophobic core and ionized MAA hydrophilic corona were produced at pH 9.5 and
50°C. The aggregates have a large hydrodynamic diameter of ~400nm (12).
Stuart et al. (13) reported similar DMAEMA-b-NaMAA diblock copolymers.
Precursor diblock copolymers of DMAEMA-b-TBMA were synthesized by anionic
polymerization, with subsequent acid hydrolysis of terz-butyl methacrylate (TBMA)
residues. Patrickios and coworkers (14) have also synthesized the ABC, ACB, and
BAC topological triblock isomers of DMAEMA, THPMA, and MMA via GTP. The
THPMA residues were converted to MAA residues by mild acid hydrolysis, yielding
the triblock polyampholytes. De Schryver and Jérome et al. investigated the synthesis
and aggregation behavior of a series of poly[(dimethylamino)alkyl methacrylate-
b-sodium methacrylate] diblock copolymers (15). They focused on the influence of
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FIGURE 2.1 Reaction scheme for the synthesis of PDMAEMA-b-PMAA zwitterionic block
copolymers via group-transfer polymerization (GTP) (11)

the relative composition of the block copolymers on the exchange process of block
copolymer molecules between the micellar aggregates, and the possibilities for tuning
the exchange rate by changing the composition or architecture of the block copolymer.

The preparation of block copolymer micelles in aqueous solution by adjusting the
solution pH has been reported by several groups (5,16). Jérome et al. synthesized a
series of poly(2-vinylpyridine-block-PDMAEMA) diblock copolymers (P2VP-b-
PDMAEMA). At low pH, loose aggregates are formed, although both the P2VP and
PDMAEMA blocks are protonated. At intermediate pH, micelles are observed that
consist of an uncharged hydrophobic P2VP core surrounded by a protonated PDMAE-
MA corona. At higher pH, the PDMAEMA corona is essentially uncharged and
collapses at temperatures higher than 40°C, which results in unstable micelles (16).

The author and coworkers prepared DMAEMA homopolymer with different
degrees of polymerization (4) and a series of di- or triblock copolymers or macro-
monomers containing PDMAEMA, for example, PDMAEMA-b-PPO-b-PDMAE-
MA (17), PDMAEMA-b-PMMA (18), PEO-b-PDMAEMA-b-POFPMA (2,2,3,3,4,
4,5,5-octafluoropentyl methacrylate) (19), and the PDMAEMA-based macromono-
mer (20). These polymers have pH-responsive properties and micellization in acidic
and neutral media.

In recent years, nonlinear amphiphilic copolymers containing DMAEMA segment
with complex architectures such as star-block (AB), (21-23), and hyperbranched star-
block copolymers (24) have been synthesized and studied in selective solvents. An
interesting feature of star-shaped block copolymers with a high number of arms and
high hydrophilic content is that they can form unimolecular micelles as their
architecture mimics a micellar structure (25). Liu et al. investigated the phase
transition behavior of unimolecular dendritic three-layer nanostructures with dual
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thermoresponsive coronas, which was prepared by a successive reversible addition—
fragmentation transfer (RAFT) polymerizations of N-isopropylacrylamide
(NIPAAm) and DMAEMA, using fractionated fourth-generation hyperbranched
polyester (Bolton H40) based macroRAFT agent (21). The star-block copolymers
exist as unimolcular core-shell-corona nanostructures with hydrophobic H40 as the
core, swollen PNIPAAm as the inner shell, and swollen PDMAEMA as the corona.
PNIPAAm and PDMAEMA homopolymers undergo phase transitions at their lower
critical solution temperatures (LCST), which are found to be 32°C for PNIPAM and
40-50°C for PDMAEMA, respectively.

From the point view of the structure, multicompartment micelles have water-soluble
shells for stabilizing nanoparticles, and multicompartment hydrophobic cores for
accommodating two or more incompatible drugs simultaneously (24-27). In order
to obtain the multicompartment micelles, our group designed and synthesized a kind
of hyperbranched star-block copolymer (HP-star-PDMAEMA-b-POFPMA) via
oxyanion-initiated polymerization process, using hydroxyl-terminated hyperbranched
poly[3-ethyl-3-(hydroxylmethyl)oxetane] (HP) as a macroinitiator precursor with
multireactive sites, as shown in Fig. 2.2 (24). Theoretically, the unimolecular micelle
is composed of hyperbranched poly[3-ethyl-3-(hydroxymethyl) oxetane] as a core, and
PDMAEMA-block-poly(2,2,3,3,4,4,5,5-octafluoropentyl methacrylate) (POFPMA)
as the block arms. However, the multicompartment micelles and partial associated
micelles with different morphologies, such as round in shape or long threadlike
nanofiber, were obtained in acidic aqueous solution or in dimethylformamide
(DMF)/water (pH 3.0) mixture, as shown in Fig. 2.3 (24).
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FIGURE 2.2 A representative reaction route for the preparation of the HP-star-PDMAEMA -
b-POFPMA copolymers via oxyanion-initiated polymerization with a multireactive-site
macroinitiator. The dimethylamino groups of PDMAEMA can be protonated in acidic
medium. Reprinted with permission from Reference (24). Copyright 2007 American Chemical
Society (24)
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FIGURE 2.3 TEM images of (a) partial associated multicompartment micelles via self-
assembly of HP-star-PDMAEMA;3,-b-POFPMA | in aqueous solution (pH 3.0) and (b) the
threadlike nanofibers self-assembled by HP-star-PDMAEMA4(-b-POFPMA | in dimethyl-
formamide/water (pH 3.0) mixture (v/v = 1:2), bar = 100 nm. Reprinted with permission from
Reference (24). Copyright 2007 American Chemical Society (24)

Poly[2-(diethylamino)ethyl methacrylate] (PDEAEMA or PDEA) is the higher
hydrophobicity as compared to PDMAEMA at high pH. Both can be protonated at low
pH, making their segment hydrophilic and biocompatibility and have the potential for
drug-delivery applications. Armes and coworkers reported on the synthesis of poly[4-
vinyl benzoic acid-block-2-(diethylamino)ethyl methacrylate] (PVBA-b-PDEA)
(28). This diblock copolymer exhibits pH reversible micellization properties. Micelles
with a hydrophobic VBA core and hydrophilic PDEA shell were produced at low pH,
whereas PDEA formed the hydrophobic core with PVBA as the hydrophilic shell at
high pH, as shown in Fig. 2.4.
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FIGURE 2.4 Chemical structure of VBAg4(-b-DEA¢ diblock copolymer and its pH-induced
“schizophrenic” micellization behavior in aqueous solution. Reprinted with permission from
Reference (28). Copyright 2002 WILEY-VCH Verlag GmbH (28)
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Subsequently, Tam and coworkers synthesized PMAA-b-PDEA via the atom
transfer radical polymerization (ATRP) technique using protected group chemistry
of tert-butyl methacrylate, followed by hydrolysis in acidic conditions (29). This
copolymer system is believed to have the potential for drug-delivery applications
because of the biocompatibility of PMAA and PDEA. PMAA is a weak acid
(pK, =5.4), which can be ionized and becomes soluble at high pH, whereas PDEA is
a weak base (pK, =7.3), which can be protonated at low pH and makes the block
hydrophilic. Because both blocks have different pK, values and different chain
lengths, the hydrophile-lipophile balance (HLB) values of the block copolymer at
high or low pH values are different.

Armes et al. reported on the reversible formation of block copolymer micelles
using either methoxy-capped poly(ethylene glycol) (MePEO) or poly[2-(dimethy-
lamino)ethyl methacrylate] (PDMA) as the hydrophilic block, combined with
PDEA, poly(2-(diisopropylamino)ethyl methacrylate) (PDPAEMA or PDPA), or
poly[(2-(N-morpholino)ethyl methacrylate] (PMEMA) as the hydrophobic block.
In each case, micellization was fully reversible and depended on the solution pH,
temperature, and/or salt concentration (30).

Shell cross-linked “knedel” (SCK) micelles are potentially useful nanosized
vehicles for the delivery of various actives (e.g., drugs, fragrances, and pesticides)
(31-34). The first example of SCK micelle was described by Wooley and coworkers,
who oligomerized pendent styrene groups by using radical chemistry (31). Armes and
coworkers prepared SCK micelles that consisted of PEO-b-PDMA-b-PMEMA, as
shown in Fig.2 5. When a bifunctional cross-linker, 1,2-bis(2-iodoethoxy) ethane
(BIEE), is added into the PEO-b-PDMA-b-PMEMA aqueous solution at 60°C, the
PMEMA block is above its cloud point and forms the micelle core. On cooling to 20°C,
the hydrophobic PMEMA micelle cores become hydrated. Thus, the cores of these
SCK micelles can be reversibly hydrated or dehydrated, depending on the solution
temperature (35).

The shell cross-linked (SCL) micelles with pH-responsive core were also reported
by Liu and Armes et al. (36). The PEO-PDMA-PDEA triblock copolymers dissolved
molecularly in aqueous solution at low pH; on addition of NaOH, micellization
occurred at pH 7.1 to form three-layer “onionlike” micelles comprising PDEA cores,
PDMA inner shells, and PEO coronas, as shown in Fig. 2.6. Above pH 7.3, dynamic
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FIGURE 2.5 Chemical structure of PEO-b-PDMA-b-PMEMA triblock copolymer (35)
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FIGURE 2.6 (a) Chemical structures of PEO-PDMA-PDEA triblock copolymers.
(b) Schematic illustration of the formation of three-layer “onion” micelles and shell cross-
linked micelles from PEO-PDMA-PDEA triblock copolymers. Reprinted with permission from
Reference (36). Copyright 2002 American Chemical Society (36)

light scattering studies indicated unimodal, near-monodisperse populations, with
mean micelle diameters of 27-84 nm. The PDEA cores of the SCL micelles with BIEE
as a bifunctional cross-linker have tunable hydrophilicity depending on the solution
pH. Reversible swelling is observed on lowering the solution pH from 9 to 2 due to
protonation of the PDEA chains in the micelle core.

However, inview ofits cost, toxicity, limited water solubility, and likely mutagenicity,
BIEE is unlikely to be employed in commercial applications of SCL micelles,
particularly in the biomedical field. Armes and coworkers explored the feasibility of
synthesizing SCL micelles by using either an anionic sodium sodium 4-styrenesulfonate
(NaStS) homopolymer or PEO, |3-b-NaStS;, diblock copolymer as anionic cross-linker
for a cationic PEO, ;3-b-[QDMA33/DMA;]-b-DEAs, triblock copolymer, in which the
cationic charge density resides in the central quaternized DMAEMA (QDMA) block
(37). The experimental results showed that excess diblock copolymer PEO;3-
b-NaStS3, is an efficient cross-linker for the formation of SCL micelles of PEO, 5-
b-[QDMA;3/DMA;]-b-DEAs, triblock copolymer.

Considering that PEG-based block can form a permanently hydrophilic corona and
the hydrophobic drug can enter into hydrophobic core, Billingham et al. investigated a
series of novel micelle-forming ABC triblock copolymers MePEO-b-PDMA-b-
PDEA to control the release of a hydrophobic drug, dipyridamole (DIP) (38). The
drug dissolves in acid but is insoluble above pH 5.8, which was incorporated into the
micelles by increasing the pH of an aqueous drug/copolymer mixture to 9. On
adjusting the pH with base, micellization occurred at pH 8, with the water-insoluble,
deprotonated PDEA block forming the hydrophobic cores, and the PMPEG and
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PDMA blocks forming the hydrophilic micellar coronas and inner shells, respectively.
The DIP-loaded MePEO-b-PDMA-b-PDEA micelles act as a drug carrier, giving slow
release to the surrounding solution over a period of days. Such pH-induced micelliza-
tion could be exploited for the triggered release of hydrophobic drugs in a low pH
environment (e.g., in the gut or within a cell).

2.2.2 Self-Assembly of Block Copolymers having
2-Methacryloyloxyethyl Phosphorylcholine

For the purposes of drug-delivery vehicles, it is imperative that micelles have good
blood compatibility and biocompatibility properties. Synthetic copolymers contain-
ing the phosphorylcholine (PC) have been shown excellent blood compatibility, that is,
suppression of protein adsorption and platelet adhesion (39-42). Phosphorylcholine-
based polymers mimic the surface of natural phospholipids membrane bilayers
through the formation of a thermodynamic hydration barrier over the surface as a
consequence of the highly hydrophilic nature of the phosphorylcholine head groups,
which in turn inhibits surface biofouling (43). The leading works have been done by
Ishihara’s group (44,45), who found that 2-methacryloyloxyethyl phosphorylcholine
(MPC) polymers effectively reduced protein adsorption and denaturation, and
inhibited cell adhesion, even when the polymer was in contact with the whole blood
in the absence of any anticoagulants (46). They grafted the water-soluble MPC
polymer on PE sheet and studied on platelet function. The results showed that the
modification with the PMPC on PE reduces the activation and adhesion and decreases
the aggregation ability of platelets (47).

However, the limitation of the living polymerization of MPC is that such betaine
monomers are normally insoluble in organic solvent (i.e., THF) typically used for
conventional ionic living polymerizations, which is the traditional method for
producing controlled-structure, near-monodisperse copolymers. Armes and co-
workers first achieved the controlled homopolymerization of MPC via aqueous or
methnolic ATRP (48,49). Subsequently, they synthesized various block copolymers
containing MPC segment, including the incorporation of polyethers with MPC (e.g.,
PEO-MPC, PPO-MPC, and poly(dimethylsiloxane)-MPC diblock copolymers, with
three macroinitiators), and the combination of MPC with tertiary amine methylacry-
lates (MPC-DMA, MPC-DEA, and MPC-DPA diblock copolymers, with the
sequential monomer addition approach) (50). The chemical structures of these block
copolymers are shown in Fig. 2.7, where the DMA, DEA, and DPA represent
2-(dimethylamino)ethyl methacrylate, 2-(diethylamino)ethyl methacrylate, and
2-(diisopropylamino)ethyl methacrylate, respectively.

The MPC-b-(tertiary amine methacrylate) diblock copolymers form well-defined,
stimulus-responsive micelles in aqueous solution. Above pH 8, the MPC-DMA
diblock copolymers also exhibited thermoresponsive behavior, forming DMA-core
aggregates at elevated temperature. Spontaneous dissociation occurred on cooling to
ambient temperature as the hydrophobic DMA block became hydrophilic again. The
MPC-DMA, MPC-DEA, and MPC-DPA diblock copolymers proved to be pH-
responsive polymeric surfactants at ambient temperature: molecular dissolution
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FIGURE 2.7 Reaction scheme for the block copolymerization of MPC via ATRP in protic
media at 20°C using the sequential monomer addition route. Reprinted with permission from
Reference (50). Copyright 2003 American Chemical Society (50)

occurred in dilute acidic solution with well-defined, near-monodisperse micelles
being formed at around neutral pH. In each case, the MPC block formed the
biocompatible micelle coronas, and the tertiary amine methacrylate block formed
the hydrophobic micelle cores. In the case of the MPC-DPA diblock copolymer, the
pyrene partition constant for the DPA-core micelles at pH 9 was similar to that reported
previously for polystyrene-core micelles. These new MPC-based diblock copolymers
are evaluated as new nonviral vectors for DNA condensation and “stealthy” nano-
capsules for the delivery of hydrophobic drugs and also for the synthesis of biocom-
patible shell cross-linked micelles (50).

Using dipyridamole (DIP) as a model hydrophobic drug, the drug delivery of DPA-
MPC-DPA and DEA-MPC-DEA gels with pH-responsive behavior was studied by
Armes et al. (51). These triblock copolymers were prepared via ATRP, using a
commercially available bifunctional ATRP initiator. Gelation occurs at around neutral
pH, suitable for possible drug-delivery applications (52). Figure 2.8 shows the flower
micelles at low and high polymer concentrations by DPA-MPC-DPA triblock
copolymer.

Lloyd and coworkers further explored the MPC-DEA and MPC-DPA diblock
copolymers as the novel biocompatible drug-delivery vehicles (53). They used Orange
OT dye as a model hydrophobic compound to evaluate the drug loading capacities of
these micelles and found that MPC-DEA micelles were not stable at physiological pH.
In contrast, MPC-DPA diblock copolymers formed micelles of circa 30 nm diameter at
physiological pH and had negligible cytotoxicities.
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FIGURE 2.8 Schematic representation of the formation of the so-called “flower” micelles at
low copolymer concentration and macroscopic gels at high copolymer concentration by DPA-
MPC-DPA triblock copolymers. Reprinted with permission from Reference (51). Copyright
2003 American Chemical Society (51)

Double-hydrophilic and biocompatible diblock copolymers containing MPC can
also stabilize superparamagentic magnetite noanoparticles. For example, poly[2-
(methacryloyloxy)ethyl phosphorylcholine]-block-poly(glycerol monomethacry-
late) (PMPC3o-PGMA ;) was prepared by Armes et al. via ATRP and evaluated for
the synthesis of these magnetite sols (see Fig. 2.9) (54).
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FIGURE 2.9 Schematic representation of the synthesis of sterically stabilized magnetite sols
prepared using a PMPC3o-PGMAj;, diblock copolymer stabilizer. Reprinted with permission
from Reference (54). Copyright 2006 American Chemical Society (54)

2.2.3 Self-Assembly of Folate-Functionalized Block Copolymers

Inrecent years, targeted gene and drug delivery via cellular receptors has emerged as a
novel approach to enhance the efficacy of tumor-selective strategies (55). The receptor
for folic acid (FA; vitamin M) is overexpressed by a number of human tumors,
including cancer of the ovaries (56) (in over 90% of ovarian carcinoma), kidney,
uterus, testis, brain, colon, lung, and myelocytic blood cells (57). When attached via its
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FIGURE 2.10 Chemical structures of the folate (FA)-functionalized biocompatible diblock
copolymers. Reprinted with permission from Reference (60). Copyright 2005 American
Chemical Society (60)

v-carboxyl site, folate retains its normal receptor-binding affinity and can, therefore,
enter receptor-decorated cells by endocytosis (58,59).

Licciardi et al. synthesized FA-functionalized biocompatible diblock copolymers
based on 2-(methacryloyloxy)ethyl phosphorylcholine (MPC) and either 2-
(dimethylamino)ethyl methacrylate (DMA) or 2-(diisopropylamino)ethyl methac-
rylate (DPA). The MPC-DMA and MPC-PDA diblock copolymers containing
terminal primary amine groups were first prepared via ATRP, and then conjugated
with FA (60). The chemical structures of the FA-MPC-DEA and FA-MPC-DPA
diblock copolymers are as shown in Fig. 2.10. At pH 3, FA-MPC-DPA diblock
copolymer could be molecularly dissolved in dilute acidic solution because the DPA
block was protonated and therefore hydrophilic under these conditions, whereas the
DPA residues were only partially protonated at pH 6. Under physiological conditions
(pH 7.4), the deprotonated DPA block became fully dehydrated. '"H NMR studies
proved the formation of well-defined micelles with the uncharged DPA blocks
forming the hydrophobic cores, the MPC blocks forming the hydrophilic coronas,
and the terminal FA groups presumably being located on the micelle periphery. Thus,
the FA-MPC-DPA copolymers have been evaluated as pH-responsive micellar
vehicles for the delivery of highly hydrophobic anticancer drugs (61).

Poly(L-histidine) (polyHis) has multifunctionality to pH sensitivity (62), biode-
gradability, and fusogenic activity (63,64). Bae and coworkers investigated the
polymeric micelles based on poly(L-histidine) (polyHis) as a potential pH-sensitive
anticancer drug carrier (65). The micelles were composed of polyHis/PEG and poly(L-
lactic acid) (PLLA)/PEG block copolymer with or without folate conjugation. The
folate conjugation aimed at folate-receptor-mediated endocytosis. The introduction of
folate into mixed micelles enhanced the cell killing effect by active internalization.
The fusogenic activity of polyHis in endosomes facilitated cytosolic delivery
of adriamycin (ADR) and explained the improved cytotoxicity of the micelles to
tumor cells.
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2.3 TEMPERATURE-RESPONSIVE BLOCK COPOLYMERS

Temperature-responsive polymers have received much attention because of their
unique characteristics such as the presence of a critical solution temperature. Critical
solution temperature is the temperature at which the phase of polymer and solution (or
the other polymer) is discontinuously changed according to their composition. If the
polymer solution (mostly water) has one phase below a specific temperature, which
depends on the polymer concentration, and are phase separated above this tempera-
ture, the polymer generally has a lower critical solution temperature (LCST), the
lowest temperature of the phase-separation curve on concentration—temperature
diagram. Otherwise, it is called a higher critical solution temperature (HCST) or
upper critical solution temperature (UCST). However, most applications are related to
LCST-based polymer systems (1).

A new type of complex, switchable diblock polymers with double thermo-
responsivity, N-isopropylacrylamide-block-3-[ N-(3-methacrylamidopropyl)-N,
N-dimethyl]ammoniopropane sulfonate (PNIPAm-b-PSPP), were first synthesized by
Laschewsky and coworkers via RAFT polymerization (66,67). The typical chemical
structure of PNIPAm-b-PSPP diblock copolymer is shown in Fig. 2.11. One of the block
(PNIPAm) presents a LCST, whereas the other (PSPP) presents an UCST. Depending on
therelative positions of the UCSTand the LCST, such adesign canresultin polymers that
are either associated at low and at high temperatures, but are insoluble at intermediate
temperatures, or form colloidal aggregates at low and at high temperatures, while being
dissolved at intermediate temperatures.

Unlike the report by Lanschewsky and coworkers, Armes and coworkers synthe-
sized a series of methacrylate-based diblock copolymer, such as MEMA-DEA and
DMA-MEMA, with near-monodisperse and in high yield via group transfer polymeri-
zation (GTP) (68,69). They referred to these block copolymers in aqueous solution as
schizophrenic micellization. The DMA residues in the precursor of DMA-MEMA
diblock copolymer was selectively quaternized using 1,3-propane sultone to yield
sulfobetaine-based diblock copolymers SBMA-MEMA, as shown in Fig. 2.12. The
diblock copolymers dissolved molecularly in water at 30—40°C. SBMA-core micelles
were obtained below 20°C. In contrast, MEMA-core micelles were formed above
50°C (69).

Other thermoresponsive “schizophrenic” diblock copolymers reported in literature
include (1) selectively betainized DMA-b-N, N-diethyl acrylamide (70) that forms A-
core micelles below the lower consolute solution temperature (LCST) and B-core
micelles above the consolute solution temperature (UCST); (2) PEO-PDEA-PHEMA

CH,
block
NH 1) NH—(CH2)3‘ITI_(CH2)3‘SO37
0o | CHj
CH;-CH—CH,

FIGURE 2.11 Chemical structure of PNIPAAm-b-PSPP diblock copolymer (66)
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FIGURE 2.12 Selective quaternization of the GTP-synthesized DMA-b-MEMA diblock
copolymers using 1,3-propane sultone under mild conditions to give the thermoresponsive
SBMA-MEMA diblock copolymers. Reprinted with permission from Reference (69).
Copyright 2002 The Royal Society of Chemistry (69)

triblock copolymer precursors and corresponding PEO-PDEA-PSEMA zwitterionic
triblock copolymers converted by esterification of the hydroxyl groups on the HEMA
block using succinic anhydride (71), and (3) PDEA-PDMA-PMEMA triblock copol-
ymer synthesized by Biitiin et al. very recently (72). More “schizophrenic” water-
soluble block copolymers were reviewed by Armes et al. (73).

Polymers showing a sol-to-gel transition by temperature change have been
proposed for an injectable drug-delivery depot (74). The sol-to-gel transition behavior
of triblock PEO-PPO-PEO copolymers (Pluronics® or Poloxamers®) has been utilized
for the delivery of labile drugs such as polypeptides and proteins because such drugs
can be formulated in an aqueous solution (75). Although PEO,yy-PPOgs-PEO g
(F127) has been reported to be the least toxic of the commercial available Pluronics,
applications of Pluronics in drug delivery have disadvantage due to its nonbiodegrad-
ability in vivo (76,77), toxic side effect, and dissolution of the gel after administration
(78). Kim and coworkers proposed that some biodegradable aliphatic polyesters, for
example, poly(L-lactic acid) (PLLA), poly(pL-lactic acid) (PDLA), poly(lactic acid-
co-glycolic acid) (PLGA), and poly(DLLA-co-¢e-caprolactone (CL)), can be used as
injectable drug delivery if they are connected with other pH/temperature responsive
segment to form di- or triblock copolymers, such as PEO-PLLA (79), PEO-P(DLLA/
CL) (79), PEO-PLLA-PEO (79), and PEO-PLGA-PEO (80). A novel star-shaped
PLLA-b-PEO was synthesized by Kim (81).

2-Hydroxyethyl methacrylate (HEMA) copolymers exhibit excellent biocompati-
bility and good blood compatibility. Other biomedical applications for HEMA-based
materials include an embedding substrate for the examination of cells using light
microscopy and inert matrices for the slow release of drugs (82). Weaver et al. reported
the synthesis of PEO-b-PHEMA-b-PDEAEMA block copolymers. Below 7°C, the
HEMA block forms the hydrophilic inner shell of the micelle corona at pH 11. Above
7°C, the HEMA block forms the hydrophobic outer layer of the micelle core.

Poly(vinyl ether)s with side oxyethylene units and w-alkyl groups obtained by
living cationic polymerization were found to exhibit reversible and highly sensitive
thermally induced phase-separation behavior (83) and are potential stimuli-respon-
sive segments in a block copolymer (84). Also, the self-assembled structures of these
block copolymers were evaluated using small angle neutron scattering (SANS) and
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FIGURE 2.13 Chemical structures of various vinyl ether polymers and the phase-separation
temperatures of the homopolymers. Reprinted with permission from Reference (87). Copyright
2004 Wiley Periodicals, Inc. (87)

dynamic light scattering (DLS) (85,86). Aoshima and coworker synthesized a series
of poly(ethylene oxide)-based block copolymers having three thermosensitive and
a hydrophilic (poly(HOVE)) segment, as shown in Fig. 2.13, where EOVE is
2-ethoxyethyl vinyl ether (denoted A), MOVE is 2-methoxethyl vinyl ether (denoted
B) and EOEOVE is 2-(2-ethoxy)ethoxyethyl vinyl ether (denoted C) (87). They
demonstrated that ABC triblock copolymers with multiple thermosensitive segments
in a specific arrangement are effective for realizing multistage, stimuli-responsive
self-assemblies. For example, an aqueous solution of EOVE,q-b-MOVE;y-
b-EOEOVE,(, underwent multiple reversible transitions from sol (20°C) to micelli-
zation (20—41°C) to physical gelation (physical crosslinking, 41-64°C) and finally, to
precipitation (64 °C).

Very recently, Sugihara and coworkers synthesized a series of random copolymers
containing poly(4-hydroxybutyl vinyl ether) and 2-(vinyloxy)ethyl methacrylate,

+A (@)
—2 O
_é O
Coacervate

CH;—(;H)_—{CH;—gH
tf T OH_ (//5

(Core)
(I)
=0 SR T
OH Cll= éj Coacervate ———# g%Q — 00 0
Thermoresponsive CH; Q
(HOVE) Photofunctional Thermoresponsive Hydrogel Microsphere
(VEM) (Capsule)

FIGURE 2.14 Synthesis of thermoresponsive hydrogel microspheres (capsules). Reprinted
with permission from Reference (88). Copyright 2007 American Chemical Society (88)
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that is poly(HOBVE;_,-ran-VEM,), and obtained thermoresponsive coacervate
droplets (88). These initially formed coacervate droplets slightly above phase-
separation temperature was cross-linked by UV irradiating in water, to form fine
hydrogel microspheres, as shown in Fig. 2.14.

2.4 pH/TEMPERATURE/SALT MULTIRESPONSIVE
BLOCK COPOLYMERS

Polymer systems that demonstrate a phase transition in response to more than one
variable, in particular pH/temperature and salt, have been investigated (30,35).
N-isopropylacrylamide was used as the temperature-sensitive component and ionic
monomers such as (N, N-dimethylamino)ethyl methacrylate (DMAEMA) or acrylic
acid (AA) were used as the pH-sensitive component (9,89). Yuk et al. reported on pH/
temperature-sensitive polymer systems, such as poly[(DMAEMA)-co-acrylamide
(AAm)] and poly[(DMAEMA)-co-ethylacrylamide (EAAm)]. For the latter, glucose-
controlled insulin release can be achieved (90). As Armes et al. reported, poly
[DMAEMA-b-methacrylic acid (PMAA)] was synthesized by group transfer poly-
merization (GTP) using 2-tetrahydropyranyl methacrylate (THPMA) as a protected
monomer for the acid block. The PDMAEMA-b-PMAA zwitterionic copolymer can
form micelles with PDMAEMA core and PMAA corona at 50°C in 0.01 M NaCl at
pH 9.5 (12).

Nowakowska et al. reported a series of terpolymer copolymers of acrylic acid,
N-isopropylacrylamide (NIPAM), and cinnamoyloxyethyl acrylate poly(AA-co-
NIPAAm-co-CEA). The polymers were responsive to four stimuli: UV light,
temperature, pH, and ionic strength (91). The chemical structure is as shown in
Fig. 2.15.

In recent years, sulfonamide and sulfadimethoxine (SD) were found as efficient
pH-sensitive groups in block copolymers for polymeric micelles (92) and injectable
hydrogels (93-95). These groups show weak acidic nature, which is caused by readily
ionizable hydrogen atom in amide bond (N'-amide) in water. It has known that the
extracellular pH of tumors is lower than that of normal tissues; pH value of about 7.0 in
tumors and 7.4 in normal tissues (96,97). This small but clear difference in pH has been

AA NIPAAm CEA
—(CHQ-(IZH)X—(- CHZ-FHHCHZ-QHt
€=0 c=0 c=0
OH NH o
O
3 CHj ?HZ
o
Cc=0

FIGURE 2.15 The chemical structure of poly(AA-co-NIPAAm-co-CEA) (91)
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FIGURE 2.16 The chemical structures of PLLA/PEG-SD and PLLA/PEG-PSD (92)

an interesting subject for tumor targeting and various efforts has been devoted to
construct pH-sensitive micelles or liposomes. The pK-values of polymers bearing
carboxylic group range typically from 4 to 6, and their polymeric micelles have
limitation in pH-based tumor targeting. Therefore, by introducing approximate
sulfonamide groups to amphiphilic block copolymer, polymeric micelles responsive
to physiological pH are expected. Bae et al. (92) introduced sulfadimethoxine [4-
amino-N-(2,6-dimethoxy-4-pyrimidinyl) benzenesulfonamide] (SD; pK, = 6.2) or its
polymer (PSD) to the poly(ethylene glycol) (PEG) end of poly(L-lactide) (PLLA)/
PEG diblock copolymer and investigated the pH-sensitive polymeric micelles thereof.
The structures of PLLA/PEG-SD and PLLA/PEG-PSD are as shown in Fig. 2.16. The
mean diameter of all polymeric micelles was smaller than 60 nm with a unimodal size
distribution. The polymeric micelle prepared in this study sharply responded to the
change in pH around the physiological pH.

Although the block copolymer hydrogels consisting of hydrophilic PEG and
hydrophobic biodegradable polyesters, such as poly(p,L-lactic acid) (PDLLA),
poly(p,L-lactic acid-co-glycolic acid) (PLGA), and poly(L-lactic acid) (PLLA) have
been widely studied as controlled release drug carriers, they still have the disadvantage
in their potential biomedical application when the heat transfer of the body tends to
cause gels to form the needle, making them difficult to inject into the body. In order to
overcome these problems, the temperature-sensitive block copolymers were modified
by introducing a pH-sensitive moiety. For example, Lee and coworkers reported the
incorporation of sulfonamide or sulfamethazine oligomer end groups with PEG-
PCLA block copolymer to form OSM-PCLA-PEG-PCLA-OSM copolymer (94,95).
This block copolymer solution showed a reversible sol-gel transition by a small pH
change in the range of pH 7.4-8.0 and also by the temperature change in the region of
body temperature.

A novel pentablock copolymer, OSM-PCLA-PEG-PCLA-OSM, was synthe-
sized using Br-PCLA-PEG-PCLA-Br as a macroinitiator of atom transfer radical
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polymerization (ATRP), in which sulfamethazine methacrylate monomer (SM) was
used as a pH responsive moiety, and PCLA-PEG-PCLA was used as a biodegrad-
able, as well as a temperature sensitive one, amphiphilic triblock copolymer (98).
The block copolymer solution shows a sol-gel transition in response to a slight pH
change in the range of 7.2-8.0.

The other multiresponsive copolymers consisted of “schizophrenic” diblock
copolymers (73) or zwitterionic polymers (99) were summarized by Armes et al.
and Lowe et al., respectively.

2.5 APPLICATIONS OF POLYMERIC MICELLES IN BIOTECHNOLOGY

Numerous studies on the application of polymeric micelles as drug carriers, bio-
reactors, diagnostic tools, and nonviral gene vectors have recently been reported
(3,100). Polymer nanoparticles are widely used in the life science fields for separation
technologies, histological studies, clinical diagnostic systems, and drug delivery (73).
Here, we present a brief overview of recent trends and future perspectives on the
applications of polymeric micelles comprising pH/temperature block copolymers in
the field of bionanotechnology.

2.5.1 Drug Delivery of Anticancer Doxorubicin (DOX)

In aqueous solution, amphiphilic copolymers self-assemble in a core-shell structure
that provides a loading space to accommodate mainly hydrophobic drugs. Addi-
tionally, the nanoscaled polymer micelles exhibit prolonged systemic circulation
times and reduced uptake by the mononuclear phagocyte system. Anticancer drugs
that are incorporated into micelles were shown to improve their stability and
efficiency.

The first report on the effectiveness of a polymeric micelle system in cancer
chemotherapy was PEG-poly(a,B-aspartic acid)-doxorubicin (an anticancer drug)
conjugate (PEG-P(Asp)-DOX) by Kataoka et al. (101-103). The therapeutic effect on
the solid tumors was attributed mainly to the physically entrapped DOX, which is
considered to be stabilized in polymeric micelles through strong intermolecular
interaction, mainly aromatic p-stacking with conjugated DOX moieties (104). Sub-
sequently, they synthesized poly(ethylene glycol)—poly(amino acid) block copolymer
and two derivers for the release of a water-insoluble anticancer drug, KRN 5500
(KRN), by physical entrapment utilizing hydrophobic interactions between this drug
and the poly(amino acid) chain block (105). Recently, Kataoka et al. reported the
design of polymeric micelles exhibiting environment-sensitive drug release (106).
They synthesized PEG-poly(aspartate-hydrazone-adriamycin) block copolymer
[PEG-P(Asp-Hyd-ADR)] (Fig. 2.17). It was confirmed that the micelles released
DOX both in a time- and pH-dependent manner as the pH was decreased from 7.4 to
5.0. Further, the ADR release from the micelles inside cellular compartment was
directly observed using confocal laser scanning microscopy. These results indicate
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that such micellar systems have capacities as smart drug releasing devices responding
to change in intracellular environment.

Okano et al. reported modulated release by temperature of adriamycin from
thermoresponsive polymeric micelles composed of poly(N-isopropylacrylamide)/
poly(butyl methacrylate) block copolymer (107). For the polymeric micelle system
using PLA as the hydrophobic block, they achieved significant enhancements in drug
release and cytotoxicity (108). However, the obtained drug release rate was too low for
strong cytotoxic action (only 15% release in 6 days when the temperature exceeded the
phase transition temperature). In recent report, they tried to use PLA or other
biodegradable polyesters as hydrophobic block, for example, poly(e-caprolactone)
or poly(p,L-lactide-co-¢e-caprolactone), to obtain an appropriate design of thermo-
responsive polymeric micelles for both quick drug release and sharp thermorespon-
siveness. These biodegradable polymeric micelles exhibited a quick thermorespon-
sive and drug release of the incorporated DOX (109).

Caliceti et al. proposed that poly(hydroxyethylaspartamide) (PHEA) derivatives
bearing at the polyaminoacidic backbone poly(ethylene glycol) (2000 or 5000 Da) or
both poly(ethylene glycol) and hexadecylalkylamine as pendant moieties can be used
as new polymeric colloidal drug carriers (110), which is biodegradable, biocompati-
ble, and multifunctional character. The macromolecular carrier can extend the drug
permanence in the bloodstream and provide for slow drug release with great advantage
in the drug delivery as compared to traditional formulations.

Bae (65,92,111) reported a series of pH/temperature-sensitive polymeric nanopar-
ticles for doxorubicin release. The composition of a comb-type graft copolymer
(PNDSP) included a thermosensitive cotelomer of N-isopropylacrylamide and N,
N-dimethylacrylamide (MNDT, M,, = 4600, clouding temperature; 40°C), and a pH-
sensitive sulfamethoxypyridazine telomere (MSPT, M,, = 3600, solubility transition;
pH 7.4) (111). PNDSP can accelerate DOX release rate by the switching conditions.
The results indicate that the drug release pattern by local tumor pH, hyperthermic
condition, or both can be modulated by manipulating the nanoparticle forming
condition.

Pluronic® block copolymers have been used extensively in a variety of pharma-
ceutical formulations including delivery of low molecular mass drugs, polypeptides,
and the treatment of multidrug-resistant cancer (MDR) tumors (112). A system
contains mixed micelles of L61 (0.25%) and F127 (2%) with an effective diameter
of ca. 22 to 27 nm, which do not aggregate in the presence of the serum proteins. Prior
to administration, doxorubicin is mixed with this system, resulting in the spontaneous
incorporation of the drug into micelles, that is, new doxorubicin formulation
(SP1049C) (113). Further mechanistic studies have revealed that SP1049C has higher
activity than doxorubicin due to the following: (i) increase in the drug uptake; (ii)
inhibition of the energy-dependent drug efflux, and (iii) changes in intracellular drug
trafficking.

The experiments on in vivo tumor models have confirmed high efficacy of SP1049C
against drug-resistant tumors, as well as suggested that this product has considerably
broader efficacy than doxorubicin. The analysis of pharmacokinetics and biodistribu-
tion of SP1049C has shown that it accumulates in tumor tissue more effectively than
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doxorubicin, while distribution of the formulation in normal tissues is similar to that of
doxorubicin.

Hatton et al. reported the microgels based on Pluronic copolymers representing the
most hydrophobic (1.92) and relatively hydrophilic (F127) extremes of this class of
block copolymers, grafted with light cross-linking poly(acrylic acid) (114). The
former containing Pluronic L92 exhibited highly porous structure in the microgel,
which affects the capacity of the microgels to absorb weakly basic anticancer drugs
such as mitomycin, mitoxantrone, and doxorubicin.

Chilkoti and coworkers (115,116) have reported the use of two thermally respon-
sive polymeric drug carriers, elastinlike polypeptide (ELP), and poly(NIPAAM-co-
AAm), to target tumors. Their working hypothesis is that polymeric drug carriers that
undergo a lower critical solution temperature (LCST) phase transition could be
designed so they remain in solution in vivo after systemic injection, until they reach
tumor that is locally heated above the LCST. The temperature of the LCST was chosen
at 40°C, because this is higher than the physiological body temperature (37°C) but
lower than 42°C, a temperature that is regularly used for hyperthermia treatments in
cancer patients. Using rhodamine as amodel compound, they examined the effects that
an LCST transition had on the accumulation of polymer-bound drug in tumors that
were locally heated.

Very interestingly, Yang et al. reported core/shell nanoparticles that display a pH-
sensitive thermal responsive, self-assembled from the amphiphilic tercopolymer,
poly(N-isopropylacrylamide-co-N,N-dimethylacrylamide-co-10-undecenoic acid)
(P(NIPAAm-co-DMAAm-co-UA)), in which folic acid is conjugated to the hydro-
philic segment of the polymer through the free amine group (for targeting cancer
cells that overexpress folate receptors) and cholesterol is grafted to the hydrophobic
segment of the polymer (Fig. 2.18) (117). This polymer also self-assembles into
core/shell nanoparticles that exhibit pH-induced temperature sensitivity, but they
possess a more stable hydrophobic core than the original polymer P(NIPAAm-co-
DMAAm-co-UA) and a shell containing folate molecules. An anticancer drug,
doxorubicin (DOX), is encapsulated into the nanoparticles. DOX release is also pH
dependent.

Conventional pH-sensitive polymers work limitedly under acidic and alkaline
conditions. Poly(2-ethyl-2-oxazoline) (PEOz) was used as a pH-sensitive functional
polymer because of its low toxicity and favorable pK, value near neutral pH (118). poly
(L-lactic acid) (PLLA) is an extensively investigated biodegradable polymer in the
field of drug delivery (65,119). Following intravenous administration, polymeric
micelles are taken up to cells via endocytosis. The pH value of endocytic vesicles is
gradually decreased from 7.4 to 5 because protons are pumped into endocytic vesicles
(120). The content of flowerlike micelles based on poly(L-lactide)-b-poly(2-ethyl-2-
oxazoline)-b-poly(L-lactide) (PLLA-PEOz-PLLA) can be protected in the hydropho-
bic inner core when they circulate in blood. The experiments on in vitro release have
confirmed that the release of doxorubicin (DOX) from micelles was successfully
inhibited at pH 7.4. In contrast, an accelerated release of DOX from micelles was
observed at acidic conditions (121).
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FIGURE 2.18 Synthesis of folate-conjugated P(NIPAAm-co-DMAAm-co-UA)-g-choles-
terol. DCC: N,N'-dicyclohexylcarbodiimide. Reprinted with permission from Reference (117).
Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim (117)

2.5.2 Complex from Cationic Copolymer and Plasmid DNA System

Block copolymers with the oppositely charged polyelectrolyte segment, for example,
PEG-b-poly(L-lysing) and PEG-b-poly(aspartic acid) (P(Asp)), spontaneously asso-
ciate to form micelles with a core composed of the polyion complex of poly(L-lysine)
and poly(aspartic acid) segments. The polyion complex (PIC) micelles opened the way
to incorporate charged macromolecules of synthetic and biological origins including
proteins and nucleic acids into the micelles (122,123).
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Nucleic acid-based drugs have emerged as a potential new drug that can control the
gene expression. In gene therapy, plasmid DNA is introduced into cells of patients to
express the pharmaceutical proteins. On the contrary, an digonucleotide is used to
suppress the expression of the disease causing genes in antisense therapy. The
instability in biological fluids, the low cellular uptake efficiency due to the large
molecular weight, and polyanionic nature of the nucleic acids make the applications of
the gene delivery to be hindered. It has known that viral vectors are the most efficient
gene delivery systems and most widely used in clinical trials. However, the use of viral
vectors would bring the limitation of safety problems (122). Block copolymer micelles
entrapping plasmid DNA and oligomucleotides have been developed as nonviral DNA
delivery systems (123-125).

Langer et al. described a series of linear-dendritic hybrid polymers based on poly
(ethylene glycol) (PEG) and poly(amidoamine) (PAMAM) dendrimers, which also
contain a targeting moiety for a cell surface receptor (126). These hybrid polymers
self-assemble together with DNA to nanoparticles of around 200 nm diameter, which
have a PEGylated outer shell bearing cell surface receptor targeting moieties
(Fig. 2.19). The results demonstrate a certain relationship between transfection
efficiency and size and polymer architecture. This indicates that there is potentially
a multitude of factors responsible for an efficient cellular uptake with low toxicity.
Moreover, through the presentation of an outer shell of targeting ligands, these
particles can transfect cells bearing targeted surface receptors with low toxicities
and efficiencies that exceed the best commercially available polymer poly(ethyleni-
mine) (PEI).
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FIGURE 2.19 Self-assembly of PAMAM-PEG-mannose (G3.0 system) dendritic-linear
hybrid polymer with mannose targeting moiety; the system contains primary amines buffering
(pK, = 6.9) for complexation of plasmid DNA and tertiary amines (pK, = 3.9) for endosomal
buffering, PEG stabilises the polyplex. Reprinted with permission from Reference 126.
Copyright 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim (126)

2.5.3 Applications of Polymer Gels in Microsystems

Flow control in microfluidic devices is critical to the development of microdevices for
biochemical analysis or as chemical reactors. Such systems allow one to reduce the
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amount of sample and chemical consumables required during operation, increase
sensitivity and speed of analysis, offer portability, and potentially mean reduced
manufacturing costs through high volume production and batch fabrication.

Over the past few years, a range of strategies and designs for microvalves has been
explored. These include active microvalves actuated via electrostatic, piezoelectric,
thermopneumatic, and electromagnetic means, as well as passive microcheck valves
(127-130). Figure 2.20 shows a typical scheme of microvalve cross sections (129). As
described by Chakraborty et al., the valve begins as three separate parts: the seat, the
diaphragm, and the actuator. The base of the valve is known as the seat. This is the part
that will interface with the rest of the microfluidic system. The seat contains the inlet
and the outlet, as well as a set of seal rings around each opening inside the device. The
center section of the valve is known as the diaphragm wafer. It has a circular corrugated
diaphragm, with a circular boss in the center, covering both openings in the seat. The
boss is either fully suspended by the diaphragm, or is also supported by four silicon
bridges. Finally, the actuator consists of a piezoelectric disk in a rigid housing. All
three parts are bonded together using a gold-to-gold thermo-compression bond (129).

Microvalve is an important component in many microfluidic systems or micro total
analysis systems (microTAS). Some interesting active microvalves include hydrogel
valves (131,132) and a pneumatically actuated poly(dimethylsiloxane) (PDMS) valve
(133,134). The former used a pH-sensitive hydrogel as an actuator. Stimuli-responsive
hydrogels have a significant advantage over conventional microfluidic actuators
owing to their ability to undergo abrupt volume changes in response to the surrounding
environment without the requirement of an external power source. Materials that
undergo a significant volume change in response to temperature, pH, or an electric
field can be used as actuators. These materials hold particular promise for use in
microdevices, since the small characteristic lengths of the devices insure that the
propagation time for the stimulating field—including thermal and concentration
fields—will be short and thus relatively rapid response times may be achieved.

Fréchet and coworkers (135,136) grafted a temperature-sensitive polymer, poly (V-
isopropylacrylamide), to the pore surfaces of a porous polymer monolith in a
microchannel. The rapid and reversible swelling and collapse of the grafted polymer
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chains as the temperature was cycled through the lower critical solution temperature
was then used to open and close the channel to flow. Beebe and coworkers subse-
quently created hydrogel-based microvalves from pH-sensitive hydrogels that have
been prepared by copolymerization of acrylic acid, 2-hydroxyethyl methacrylate, and
ethylene dimethacrylate. These hydrogels respond to changes in the pH of the
contacting stream (131,132,137): hydrogel actuators of varying designs were fabri-
cated in microdevices and changes in pH caused the gel to swell or shrink as the solvent
diffuses into or out of the cross-linked polymer network. Mastrangelo et al. (138,139)
have used the high volumetric expansion of a sealed reservoir of paraffin upon heating
to effect actuation and valving. This latter approach has the advantage that it can be
used in nonaqueous environments.

For blood analyses, blood must be sampled frequently, particularly if the patient has
a serious case of diabetes. To minimize the patient’s physical and psychological
burden, a miniaturized blood analysis system that imitates a mosquito has been a
longstanding dream in clinical medicine and remains a challenge even now (140).
Polymer gels are very promising for the realization of devices, which function
autonomously in response to physical or chemical stimuli. Because they can also
be used as basic building blocks in constructing very inexpensive devices, Suzuki et al.
have used polymer gels to construct microactuators for use in measuring glucose
concentrations (140).

Muller et al. used water-soluble, symmetric triblock copolymers of poly(ethylene
oxide)s-poly(proplyene oxide)-poly(ethylene oxide), (PEO-PPO-PEO) to control
flow manipulation in microfluidic systems (141). A schematic illustrating such a
valveis showninFig.2.21. The thermally responsive polymer is dissolved in the entire
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FIGURE 2.21 Microvalve using heat-induced gel formation of a thermally responsive
triblock copolymer solution. (a) When the heater is off, the working fluid containing the
polymer flows from the main channel into both downstream branches. (b) Upon activation of
the heater, the polymer solution gels at the heater and flow into the lower branch stops.
Reprinted with permission from Reference (141). Copyright 2005 IEEE (141)
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working fluid. An integrated heater is recessed in one of the channel walls. When the
heater is off, the working fluid flows from the main channel into both downstream
branches as shown in Fig. 2.21a. On activation of the heater, the polymer solution gels
at the heater and flow into the lower branch stops [see Fig. 2.21b].

The unique properties of these biocompatible materials—in particular this revers-
ible gelation, which can occur near physiological temperatures and the accompanying
dramatic change in properties—have led to their proposed use in a range of applica-
tions from electrophoresis to injectable drug-delivery systems.

2.6 SUMMARY

This chapter aims to demonstrate that nanoparticles can be obtained by the self-
assembly of pH/temperature-responsive, amphiphilic block copolymers. They have
many biotechnology applications in pharmaceutics, drug delivery, microfluid analy-
sis, and so on. Nanoparticles designed in various ways have been widely investigated
for application to cancer therapy and diagnosis. In all cases, nanoparticle targeting in
the body is the most critical requirement for achieving excellent outcome. Various
micelles, vehicles, and microgels, which are formed from the pH/temperature-
responsive amphiphilic block copolymers mentioned in this chapter, will be benefit
for the development of bionanotechnology.
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3.1 INTRODUCTION

Malaria continues to be a threat in more than 100 countries in Africa, South and
Central America, and Asia including Thailand. Each year 300-500 million cases of
malaria occur worldwide and over one million people die, most of them are children
under five year of age (1,2). Global distribution of malaria in 2004 is presented in
Fig. 3.1.

The malaria disease is caused by protozoa of the genus Plasmodium, that is, P.
falciparum, P. vivax, P. malariae, and P. ovale and is transmitted via an infected
Anopheles mosquito. Among the four species, P. falciparum is the most important
parasite causing severe and frequently fatal form of the disease.
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M Distribution of malaria
FIGURE 3.1 Global distribution of malaria in 2004 (3)

3.1.1 Life Cycle of P. falciparum

The life cycle of P. falciparum, shown in Fig. 3.2, is composed of two distinct phases,
that is, an asexual phase within a vertebrate host and a sexual phase within an insect
vector.

Infection in human host begins when an infected female mosquito feeds on the
host and sporozoites are navigated through the bloodstream to the liver. These
sporozoites rapidly invade liver cells, where they multiply extensively and form
exoerythrocytic schizonts, each containing up to 30,000 merozoites. After bursting
from the infected liver cell, the merozoites invade red blood cells (RBCs) to
commence the asexual erythrocytic cycle. Through an active invasion process,
merozoites enter RBCs and mature intracellularly from ring stage to trophozoite and

Sporozoites

RBC

-
&9

Gametocytes

FIGURE 3.2 Life cycle of P. falciparum parasite (4)
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finally into schizont stage. When the schizont ruptures, the merozoites are liberated
into bloodstream to initiate another round of intraerythrocytic development. Some
asexual parasites convert to sexual forms, male and female gametocytes, which can
be taken up by Anopheles mosquito. After the fertilization, the zygote migrates
across the mosquito midgut wall and matures within the body cavity. The resulting
oocyst produces sporozoites that migrate to the mosquito salivary glands, ready for
inoculation (5,6).

The enormous variability in P. falciparum proteins, which express from the
multistage life cycle, is critical to the parasite’s survival, enabling it to evade the host
immune defense. At present, there is no commercially available vaccine for the parasite.
In addition, the parasite is increasingly resistant to current antimalarial drugs, chloro-
quine and antifolate sulfadoxine/pyrimethamine, as are the Anopheles mosquito vector
to insecticides (1,7,8). All of these have made malaria a global health problem.

Besides the development of effective vaccines and antimalarial drugs, the method
of fast and accurate diagnosis is a very important aspect of malaria control (9—11). In
fact, fast detection and treatment of the disease itselfis enough to control the epidemic
in its early stages (12,13). This reduces the parasite load in the community, thereby
reducing the transmission of the disease. Among several approaches to the diagnosis of
malaria, the cost, ease of performance and accuracy are important factors to determine
their applicability in different situations.

3.1.2 Current Techniques in Malaria Diagnosis

3.1.2.1 Clinical Diagnosis The most widely used approach to the detection of
malariais clinical diagnosis based on patients’ symptoms (9,14,15). In the areas with
high rates of transmission, mostly in Africa (South of the Sahara), treatment based on
clinical manifestation is the diagnostic of choice (9). This technique is inexpensive,
easy to perform, and requires no special equipment. However, the symptoms of
malaria are not specific (16) and overlap with a number of other febrile illnesses,
such as encephalitis, dengue, and typhoid (9). The diagnosis of malaria relied on
clinical ground alone is therefore unreliable. It should be confirmed by microscopic
or alternative tests.

3.1.2.2 Microscopic Diagnosis Microscopic diagnosis of malaria is known
as the current universal “gold standard.” This involves the preparation and the
examination of Giemsa- or Field-stained blood smear under light microscope
(17-19). A fingerprick blood specimen is the ideal sample because the density of
developed trophozoite or schizont is greater in blood from this capillary-rich area
(18). However, blood obtained by venipuncture and collected in heparin or
ethylenediaminetetraacetic acid (EDTA) anticoagulant-coated tube is acceptable if
used shortly after being drawn, otherwise the possibility of alteration of the
morphology of the malaria parasites might take place. Both thick and thin blood
smears should therefore immediately be prepared. The thick smear, which
concentrates the layer of RBCs on a small area of glass slide by a factor of 20-30,
provides the sensitivity of the technique. However, the thin smear gives its specificity,
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being much better for species identification and estimation of parasite density or
parasitemia (9,17,18).

The microscopic diagnosis offers many advantages such as the cost and sensitivity.
When a skilled microscopist conducts this technique, the density as low as 5-10
parasites per UL of blood can be detected (9). The parasites are able to be characterized
in terms of their species and of the circulating stage (17,18). However, this technique is
labour intensive and takes up to 60 min of preparation time. The interpretation of result
requires considerable expertise, particularly at the low level of parasitemia (20). In
addition, in patient with P, falciparum infection, the parasites can be sequestered in the
deep capillaries (spleen, liver, and bone marrow) and are not confined to peripheral
blood. Because of insufficient numbers of parasites for detection in the blood smear, P.
falciparum infection may easily be missed (21).

3.1.2.3 Rapid Diagnostic Tests Rapid diagnostic tests (RDTs), based on the
detection of antigen derived from malaria parasite in lysed blood, using an
immunochromatographic method (17), open a new and exciting avenue in malaria
diagnosis, particularly for use in the field. Several products that frequently employ
dipsticks or strips bearing monoclonal antibody directed against the target parasite
antigens have been developed and marketed (22). The most common of these products
can be divided into two groups according to P. falciparum-specific antigen: histidine-
rich protein II (HRP II) and parasite lactate dehydrogenease (pLDH) enzyme. The
RDTs are uniformly reported to be easy to perform and interpret. They do not require
electricity, special equipment, or training. The complete test can be performed within
15 min. The component of RDTs strips before use and the general procedure are
depicted in Fig. 3.3.

In general, a fingerprick blood specimen is collected (2-50 uL) by using antic-
oagulated blood or plasma (9). The specimen is mixed with a buffer solution
containing a hemolyzed compound as well as a specific antibody that is labeled with
a visually detectable marker, such as gold particle. If the target antigen is present, an
antigen—antibody complex formed migrates up the test strip by capillary action. It is
then captured by the predeposited antibody that is specific against the antigen and the
labeled antibody (as a procedure control). After the addition of the washing buffer to
remove hemoglobin, the colored line formed by the immobilized antigen—antibody
complex on the strip is visualized in the case of blood containing antigen under
investigation.

The sensitivity of greater than 90% is generally achieved in the detection of
P. falciparum at the density greater than 100 parasites per LL. However, below the
level of 100 parasites per UL, the sensitivity markedly decreases. Although the
specificity of RDTs is high, false-positive result has been reported in the patient’s
blood with rheumatoid factor (24—26). Moreover, the test based on HRP II detection
can remain positive for up to 2 weeks following chemotherapy in a substantial
proportion of individuals, even though the patients no longer have symptoms or
parasitemia (17,18). While the clearance of parasites and pLDH appears to parallel
each other, the RDTs targeting pLDH is comparatively reliable.
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FIGURE 3.3 Component of RDTs strips before use (a) and the general procedure of test
(b) (23)

In spite of many advantages of RDTs, the available tests are still expensive for
developing countries where the majority of malaria cases occur.

3.1.2.4 Automated Hematology Analyzer Currently, there is an attempt to
exploit an automated hematology analyzer (Cell-Dyn series) for the detection of
hemozoin (or malaria pigment), which is a heme polymer resulting from the
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breakdown of hemoglobin by Plasmodium species (27-30). The instrument,
incorporating the flow cytometry-based principle, specifically discriminates
between eosinophil and neutrophil. This characteristic can be plotted as a scatter
diagram where eosinophils are displayed in green dots above a threshold line, while
the other white blood cell are presented below (29,31). In the malaria patient, as a
consequence of depolarizing hemozoin ingestion by phagocytic monocyte, atypical
event of monocyte as purple dots appeared in eosinophil area is detected. Sensitivity
and specificity of this method to diagnose malaria are ranged from 52% to 95% and
from 72% to 100%, respectively (30).

The automated hematology analyzer is an alternative method for malaria diagnosis
in the medical center where an expert microscopist is not available (29). It permits the
detection of unsuspected malaria cases in which clinical suspicion does not lead to
malaria testing (30). However, it has been reported that quantification and differentia-
tion of Plasmodium species cannot be obtained by this automated malaria detection
(30). Additionally, because of the high maintenance costs and the requirement of
laboratory conditions, the automated hematology analyzer is out of reach for malaria
endemic area and is not suitable for use in the field.

3.2 LATEX AGGLUTINATION TEST

Latex agglutination test (LAT) has been widely used in medicine for detection of
substances (hormones, drugs or proteins) in biological fluids including saliva, urine, or
blood (32-37). Because of many advantages over other tests, that is, fast, easy, highly
selective, and inexpensive, LAT is applied to detect over 100 infectious diseases
(38-40).

In LAT, the latex is mediated by specific reaction between antibody and antigen,
which is immobilized onto the surface of latex particle, hence it is referred to as
immunolatex. In the test, the immunolatex, appeared as smooth suspension (Fig. 3.4a),
is mixed and incubated with the fluid to be analyzed. The presence of complementary
antigen (or antibody) in the analyte creates link between particles resulting in the
agglutination or clumping of the microspheres such as a curdled milk, as demonstrated
in Fig. 3.4b.

The agglutination reaction can be categorized into two different modes, that is,
direct and indirect LAT with respect to the ligand of interest as described below.

(a) (b)
FIGURE 3.4 Immunolatex particles (a) before and (b) after agglutination (41)
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3.2.1 Direct Latex Agglutination Test

The direct LAT, shown in Fig. 3.5, is based on the detection of specific antigen in
biological sample by using antibody-coated latex particle. If the specific antigen is
present in the sample, it will react with the antibody to form aggregates.

This method is applicable to the detection of polyvalent antigen such as proteins and
microorganisms (38). The most familiar application of this method is the pregnancy
test in which human chorionic gonadotropin (HCG) protein in the blood and urine is
detected by polystyrene (PS) latex coated with monoclonal antibody leading to the
visible agglutination within 3 min (42,43).

i i E Addition of antigen

A Antigen Y Antibody

FIGURE 3.5 Direct LAT; antibody-coated particles agglutinated by the specific antigen
molecules

3.2.2 Indirect Latex Agglutination Test

This method relies on the principle similar to the direct LAT whereby antigen
molecules are bound to the latex particle surface. The specific antibody in the sample
can be detected, by this method as schematically presented in Fig. 3.6.

This approach is applicable to mono and polyvalent antigens, that is, drugs,
hormones, and proteins (38). Currently, many infectious diseases including
leptospirosis, amebiasis, and Entamoeba histolytica Cyst Passage can be diagnosed
with high sensitivity and specificity (>90%) by using the indirect LAT (32,34,44).

A Antigen Y Antibody

FIGURE 3.6 Indirect LAT; antigen-coated particles agglutinated by the specific antibody
molecules

Addition of antibody
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3.3 PREPARATION OF IMMUNOLATEX

Latex particle is used as a solid support for antigen (or antibody) molecules instead of
other solid supports such as erythrocyte and metal sol (45). This is due to the following
reasons: (1) the surface/volume ratio of particle is extremely large, (2) it can be
produced with high degree of monodispersity, and (3) the surface properties of latex
particle including hydrophilicity can be varied relatively easily.

Recently, a variety of new latex particles potentially suitable for LAT have been
synthesized, and emulsion polymerization has proved to be the most appropriate
technique to tailor the particles with required characteristics (46—49). For diagnostic
test, the monodisperse particles are required to provide simultaneous latex agglutina-
tion. The particle diameter, ranging from 100 nm to 50 um (49), is suitable for the
selected detection system. To keep the particle a long shelf-life time before use, the
chemical and colloidal stability of the particle within the specific ranges of pH, ionic
strength, and temperature is demanded.

3.3.1 Conventional Emulsion Polymerization

A typical polymerization recipe consists of four major ingredients, that is, a
water-insoluble monomer, for example, styrene (St); a water-soluble initiator, for
example, potassium persulfate (KPS); an oil-in-water surfactant, for example,
sodium dodecyl sulphate (SDS); and dispersed medium, usually water (50,51).
The ratio of water to monomer is generally in the range from 70/30 to 40/60 (by
weight). The reaction system is characterized by the emulsified monomer droplet
(ca. 1-10um in diameter, 10'*~10"*dm > in number) dispersed in continuous
aqueous phase with the aid of a surfactant at the very beginning of polymerization.
Above the critical micelle concentration (CMC) of the surfactant, monomer-
swollen micelles (ca. 5-10nm in diameter, 10'°~10*'dm ™ in number) are
formed in the reaction system. Because of the low water solubility of the
monomer, for example, 0.07 and 0.8 g/L. (at 25°C) for St and butadiene, respec-
tively, (52), most of the monomers dwell in monomer droplets and a giant
monomer reservoir. Only a small amount of monomer is present in the micelle
or dissolved in the aqueous phase.

Since the particle nucleation takes place in micelle, the conventional emulsion
polymerization also proceeds with the micellar nucleation mechanism proposed by
Harkins, Smith, and Ewart (50). The schematic representation of the conventional
emulsion polymerization is shown in Fig. 3.7.

The mechanism of emulsion polymerization can be divided into two stages, that is,
particle nucleation and growth (51). In the nucleation stage, the radical initiator
(denoted Ra) is generated by the thermal decomposition of the initiator, for example,
KPS (K,S,0g).

5,03 —2.250;
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FIGURE 3.7 A simplified schematic representation of conventional emulsion polymeriza-
tion or micellar nucleation mechanism

The sulphate radicals propagate with the monomer units (denoted M) in the
aqueous phase to produce oligomeric radicals.

SO, +M — *MSO;
MSO; +M — M;S0; 25 eM,1,S0;

*M;+2S0O, + monomer — swollen — Entry

When these oligomeric radicals become hydrophobic, they show a strong tendency
to enter monomer-swollen micelles and then continue to propagate by reacting with the
monomer molecules therein. As a result, monomer-swollen micelles are successfully
transformed into the particle nuclei. To maintain adequate colloidal stability of the
growing particle, noninitiated micelles disband to supply the increasing demand for
surfactant (50). The particle nucleation stage ends with the disappearance of the free
micelles. In the growth stage, the particles continue to grow in size with the progress of
polymerization by acquiring the monomer from the monomer droplets. The polymeri-
zation continues at a steadily decreasing rate as the monomer concentration in the
particles decreases. Final conversions of essentially 100% are usually achieved, and the
spherical latex particles having diameters of 50-200 nm are obtained.

It is worth noting that the feature of latex particle is decided not only by the
monomer used but also by surfactant and initiator. Several novel initiators have been
employed to give some functions to the resulting latex particles. For example, a
phosphatidycholine-containing azo-initiator formed particle having a phospholipid-
like surface was applied for the adsorption of bovine serum albumin (BSA) (53).
Unlike initiator residues on a particle surface, surfactant molecules do not necessarily
deposit tightly on the surface but repeatedly desorb and adsorb. Desorbed surfactant
molecules act as the impurity when the latex is used in biomedical applications. To
overcome this problem, surfactant-free emulsion polymerization is a good choice for
the elaboration of surface-clean latex particle.
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3.3.2 Surfactant-Free Emulsion Polymerization

Since 1965, when Matsumoto and Ochi (54) first proposed that the monodispersed
particle could be prepared by the surfactant-free emulsion polymerization based on St/
KPS/water system, the technique has become of significant interest. It appears to be a
convenient and versatile method for producing well-characterized particle with a large
surface area in a wide range of size and surface characteristics for biomedical
applications, such as protein separation and purification, drug delivery, and LAT.
The mechanism of the surfactant-free emulsion polymerization is described on the
basis of the homogeneous nucleation mechanism proposed by Priest (55), Roe (56),
Fitch and Tsai (57), as schematically shown in Fig. 3.8.

In Fig. 3.8, radical initiators generated in aqueous medium by thermal decomposi-
tion of the water-soluble initiators can grow in size via the propagation reaction with
those monomers dissolved in the aqueous phase to form oligomeric radicals. It is
assumed that nucleation occurs when the chain length of water-soluble oligomeric
radicals (j) has reached a critical value (j.,). Avalue of j > j.. leads to the precipitation of
the now water-insoluble oligomeric chain as particle or primary particle where the
polymerization takes place (58,59). The primary particles continuously propagate to
become latex particles, which are stabilized by ionic fragments of radical initiators that
become end groups of the polymer chain on the particle surface. It is important to note
that, in this system, a high amount of initiator is required to efficiently prepare the
colloidally stable latex.

Alternatively, small amounts of functional monomers such as acrylic acid (AA)
(60,61) and methacrylic acid (MAA) (61) are commonly incorporated into the
surfactant-free emulsion polymer to improve the colloidal stability during polymeri-
zation. Many studies have focused on the effect of type and concentration of the
functional monomer on the polymerization kinetics and mechanism, or the colloidal
and surface properties of the final latex. Chemical structure of the functional monomer
also plays an important role in the polymerization mechanism, especially during the
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FIGURE 3.8 A simplified schematic representation of the surfactant-free emulsion poly-
merization or homogeneous nucleation mechanism
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nucleation period and consequently on the final particle properties (62). Previous
study of the surfactant-free emulsion polymerization of St and methyl methacrylate
(MMA) in the presence of functional monomer AA indicated the increase in the rates
of both particle nucleation and polymerization with increasing concentration of AA
(63). In addition, it was reported that the rate of copolymerization of St with itaconic
acid TA), AA, or MAA in separate reactions increased with the presence of carboxylic
monomer in the order IA <AA<MAA,; that is, the more the hydrophilicity of
functional monomer used, the lower the rate of copolymerization (64).

3.3.3 Functionalized Latex

Functionlization of latex has become a common method for the modification of its
superficial and colloidal properties. It allows an increase in the interaction of the
particle with different organic, mineral or metal substrates, and also enhances the
immobilization of biomolecules such as protein and nucleic acid for biomedical
purposes (45,62). The functionlization is carried out by incorporating reactive
chemical groups contributed by the radical initiator (KPS, nitrosulphonated, carbox-
ylated, or cationic derivatives), the surfactant (anionic, cationic, zwitterionic; or
nonionic), and the functional monomer. The last one is the most preferred method due
to the availability and the variety of functional monomers such as AA, MAA, and
aminoethyl methacrylate, which are generally used in very low concentration (0.1-
5.0%). Unlike surfactant, the covalent attachment of reactive group of functional
monomer is notified. Table 3.1 highlights the chemical functional groups and the main
monomers used.

Among several functional groups in Table 3.1, carboxyl (—COOH) and amino
(—NH,) groups are commonly used to produce functional surfaces for attachment of
protein due to the following reasons (38):

TABLE 3.1 Various Chemical Functional Groups and the Main Monomers Used
(62).

Functional group Monomer used

—COOH Acrylic acid
Methacrylic acid
Itaconic acid

—CHO Acrolein
—CH,(Cl Chloromethylstyrene
-CH - CH,

N/ Glycidyl methacrylate

(6]
—NH, Aminoethyl methacrylate
—NCH,0OH N-Methyloacrylamide
—N(CH3);7Cl N-Trimethyl-N-ethyl methacrylate
ammonium

—OH Hydroxyethyl methacrylate
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1. These groups have proven to be very stable over time.

2. The chemistry involved in the attachment of protein to either of these groups is
well known.

3. The existence of terminal amino and carboxyl groups on protein molecules
is universal, ensuring their availability for complementary attachment to the
functional groups on the latex surface.

It was reported that, for latex diagnostic test, the immunolatex prepared from the
functional latex produced a low level of nonspecific interaction compared to the
hydrophobic surface. Konings et al. (65) proposed the synthesis of particle composed
of a hydrophilic shell with an aldehyde group for use to detect the presence of HCG in
urine. On comparing with the hydrophobic latex particle coated with the same
antibody, it was found that the functionalized latex presented low nonspecific
interaction and high detection limit. However, as Okubo et al. (66) pointed out, it
was essential to optimize the ratio of hydrophobic/hydrophilic monomer in the
synthesis to obtain appropriate particle for immunoassay.

3.3.4 Protein Immobilization onto Latex Particle

The natural habitat of most proteins is an aqueous environment. Nevertheless, when a
protein solution is brought in contact with another phase (solid, liquid, or gas) that itis
immiscible, the protein molecules tend to interact at the interface between two phases,
leading to the adsorption of protein.

An ideal polymer latex for protein immobilization should allow the attachment of
protein molecules in a controlled manner, resulting in a colloidally stable system with
the required surface concentration of the immobilized protein. In addition, it should
retain a maximum of biological activity, while simultaneously preventing a nonspe-
cific binding of nontarget protein (67,68). The immobilization process can be achieved
by physical adsorption, covalent grafting, or chelation.

3.3.4.1 Physical Adsorption Physical adsorption of protein on a solid
surface, the longest established technique for the noncovalent immobilization, is
controlled by the property of the support surface, the nature of the protein molecule,
and the medium conditions, such as solution pH, ionic strength, and temperature (in the
case of thermosensitive particles). Whatever the mechanism and the kinetics of protein
adsorption, the process (at constant pressure and temperature) can occur only if the
Gibbs free energy (G) of the system decreases:

AuasG = AgagsH — TAygsS < 0 (31)

where H, S, and T refer to enthalpy, entropy, and absolute temperature, respectively.
The A4 indicates the change of thermodynamic functions of state resulting from the
adsorption process.

Norde et al. (69,70) originally proposed the basis of qualitative theory of protein
adsorption process. They indicated that four effects, namely structural rearrangements
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in protein molecule, dehydration of the sorbent surface, redistribution of charged
groups in the interface layer, and protein-surface polarity usually make the primary
contributions to the overall adsorption behavior. However, many important questions
remain unanswered and predictive theory is not insight.

The effective control of protein adsorption process requires an understanding of
its driving force. In general, carboxylated microsphere is used as the model colloid
for explaining the protein adsorption process. Figure 3.9 shows schematically the
interaction forces at the interface between protein and St/MAA microsphere.

The interaction forces in Fig. 3.9 involving the adsorption process are classified into
four interactions, that is, (1) hydrophobic interaction, (2) electrostatic interaction, (3)
hydrogen bonding, and (4) van der Waals interaction. The hydrophobic interaction has
amajor role in protein adsorption phenomena, especially in the adsorption of proteins
onto the low charge particle surface. The maximum amount of adsorbed protein by
this interaction force is near its isoelectric point (pI), and the pH shifts to more acidic
region with an increase of ionic strength (72,73). In the case of microspheres having
anionic functional groups, such as the sulphate groups (decomposed from an
initiator), and carboxyl groups (originated from hydrophilic comonomers), they
electrostatically interact with positively charged protein molecules. The hydrogen
bond is frequently formed between hydroxyl—carbonyl or amide-carbonyl bond and
hydroxyl-hydroxyl or amide-hydroxyl bond, whereas van der Waals interaction is
operative over small distances, that is, only when water has been excluded and two
nonpolar groups come close to each other. Lewin’s calculation shows that it is
negligible in comparison of the forces involved in the entropy increase, that is,
hydrophobic interaction (74).

For such protein molecules, the adsorption is primarily governed by the electro-
static interaction and the dehydration of hydrophobic area of the sorbent and/or the
protein molecule. Under most conditions, the contribution of dehydration of a
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FIGURE 3.9 Schematic representation of the interaction forces at the interface between
protein and St/MAA microsphere (71)
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hydrophobic surface to the overall Gibbs free energy of adsorption is much larger than
that of electrostatic interaction between the protein and the sorbent (69). Indeed,
protein is found to adsorb onto the hydrophobic surface even if the protein and the
substrate electrostatically repel each other (75,76), while it adsorbs on hydrophilic
surface only if electrostatically attracted (76). However, protein molecules having a
much less stable native structure also tend to adsorb on electrostatically repelling
surface (76). It is plausible to relate this additional driving force to structure
rearrangement in the protein molecule. Both protein adsorption and desorption would
be affected by conditions that influence the strength of the interaction between support
and protein. Therefore, parameters such as pH, ionic strength, and temperature must be
controlled. The manipulation of these parameters would allow a simple and cost-
effective method for immobilization.

3.3.4.2 Covalent Coupling Immobilization of proteins on solid support by the
covalent coupling has, in principle, several advantages such as no desorption of
physically adsorbed protein, minimal protein denature on the surface, and minimal
nonspecific interaction (38,68). With suitable chemical manipulation, the
immobilized protein molecules can be made to orient properly resulting in an
improvement in the activity of the bound proteins (38).

The functional latex can covalently bind to the protein molecule via the amine
group, and hence has been employed in the development of immunoassay (38,62). In
the case of carboxylated latex, the covalent binding takes place at the —-COOH
functionality. However, for this purpose chemical activation by using carbodiimide,
a condensing agent such as I1-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide-
metho-p-toluene-sulphonate (CMCI), or 1-ethyl-3-(3-dimethylaminopropyl)-carbo-
diimide hydrochloride (EDCI) is required (77). Figure 3.10 shows that carbodiimide
reacts with carboxyl group at slightly acidic pH value to give O-acylisourea derivatives
(D), and the activated carboxyl group subsequently rearranges to an acyl urea (II) or
react with amino group of the protein molecule to yield the corresponding amide (III).

Bastos-Gonzalez et al. (78) reported the preparation of carboxylated latex by soap-
free emulsion polymerization using an azo-initiator that directly provided carboxyl
end groups on the latex surface. The activation of the carboxyl end groups was

H;N-protein
[~ CONH-protein + R-NHCONHR

}‘COOH +R-N=C=N-R —* }‘COO_ ClzN'R/ (1
NH—R’\
Polymer surface Carbodiimide " —CO-NR’CONHR

(1
FIGURE 3.10 Chemical reaction of protein immobilization using carbodiimide as a con-
densing agent (77)
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performed using carbodiimide method resulting in a superior condition for covalent
coupling of immunoglobulin G (IgG).

The use of latex carrying an aldehyde group on its surface could simplify the
formation of covalent bond with the primary amino group of protein molecule (79).
However, the aldehyde group tends to decompose with time, losing the capability to
bind with the protein molecule. To avoid this problem, the particle surface having an
acetal group which can be transformed to the aldehyde functionality under acidic pH
medium, is introduced. Peula et al. (80,81) prepared the acetal latex, that simply
permitted the coupling of IgG anti-C-reactive protein (anti-CRP) by changing the
mixture to pH 2. The latex—protein complex showed a good immunological response
and stability with time.

3.3.4.3 Chelation Recently, protein immobilization method has been
developed by using Pluronic surfactant, [poly(ethylene oxide)—poly(propylene
oxide)—poly(ethylene oxide); (PEO-PPO-PEO) triblock copolymer] (82). The
protein-repelling property formed from hydrophilic PEO of Pluronic was used as
an activity-preserving foundation for specific protein immobilization onto the PS
bead. Li et al. (83) demonstrated that protein could chemically couple to the terminal
hydroxyl group of PEO chain of Pluronic F108 adsorbed onto PS beads. The method
was adapted by coupling a metal-chelating nitrilotriacetic (NTA) group to the terminal
group of Pluronic F108, as displayed in Fig. 3.11. Metal ion, chelated by the NTA
group, possesses the coordination site that is free to bond with the electron-donating
side chain, particularly histidine residue, on the protein surface. Protein can be made to
have high affinity for chelation with metal ion by genetically adding terminal histidine
residues. By using recombinant firefly luciferase (FFL) as a test protein, it was found
that the immobilized FFL onto the chelating Pluronic retained at least 93% of its
bioluminescence activity.

4 HN, O
CH—C~ \C//
\ N |
o’ \NHW\CH//N\ | ,N\\.)—CH—CH
\
. NH O
PS particle C/ CH,\ /)‘I/I*i N \?”
\
1 0= 1 = = am—on—ox
. N NH
o o \

FIGURE 3.11 Immobilization scheme for histidine-tagged protein using metal chelating
Pluronic F108 (82)
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3.4 FACTORS AFFECTING PROTEIN ADSORPTION ONTO
PARTICLE SURFACE

Besides the nature and the characteristics of protein and latex particle, external
conditions, that is, incubation time, protein concentration, pH, and ionic strength of
adsorption medium play important roles in the adsorption process. These factors
should be optimized to gain the proper amount of adsorbed protein onto the particle.

In view of LAT, when the antigen is bound to the particle surface, for example,
desired agglutination begins when the two recognition sites on the IgG molecule react
with the antigen on the separate particles (Fig. 3.12a). If the antigen is densely packed

ZoteR oo
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FIGURE 3.12 Diagram summarizing antigen and antibody balance affecting the probability
of agglutination reaction: (a) desirable balance of antigen and antibody, (b) too dense antigen,
and (c¢) too sparse antigen (84)
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on the surface, the antibody can bridge between adjacent antigens on a single particle
rather than on separate particles (Fig. 3.12b); as a result, the agglutination will be less
likely to occur. Or, if the antigen is sparsely distributed onto the surface (Fig. 3.12c¢), it
would prevent the agglutination reaction (84,85).

Effects of incubation time, protein concentration, pH, and ionic strength of the
adsorption medium on the amount of adsorbed protein (I45) onto the latex particle are
described as follows.

3.4.1 Incubation Time

The protein transports toward the interface and starts the adsorption via one point
attached onto the substrate’s surface. This process is driven by the partial dehydration
of hydrophobic parts of both protein and surface resulting in an increase in entropy
from the freedom gained by water molecules, which lowers the Gibbs free energy of
the system, and hence favors adsorption (70). As the incubation time increases, the
structure rearrangement of the protein takes place, which encourages the increase in
the number of contact points (86). The representation of events following protein
adsorption onto substrate’s surface is illustrated in Fig. 3.13. It was found that the value
of I4 increases with an increase in the incubation time and then attains the constant
value (87-89).

Although the protein in an aqueous medium tends to bury the hydrophobic amino
acid residues in its interior, it often exposes these residues when the molecules
are transferred to a hydrophobic surface (69). These two contributions are not
independent; that is, a higher flexibility in the protein structure enables a more
efficient coverage of the sorbent surface by the protein (90). It was suggested that if
the incubation time was sufficient for the occurrence of the structure alteration of
protein molecule, it does not readily desorb by latex dilution or changing pH medium
(88,91).

3.4.2 Protein Concentration

When the protein adsorption occurs, it takes a given time for the I,4; value and protein
concentration to reach their equilibrium values. The value of I4,, determined as a
function of equilibrium protein concentration (C.q), is defined as an adsorption
isotherm whose initial slope relates to the affinity of the protein for substrate's surface,
that is, steeper slope, higher affinity. Typically, the 45 value increases sharply at low

Partial Structure
dehydration rearran 5__cma.m

Protein Substrate’s surface Multipoint contact

FIGURE 3.13 Representation of events following protein adsorption onto substrate’s
surface (86)
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FIGURE 3.14 Orientation of adsorbed BSA onto the substrate’s surface (a) end-on and
(b) side-on orientations (93)

Ceq, tapers off at higher C,q and then approaches plateau, indicating the adsorption
saturation (38). The plateau is assumed to correspond to close-packed monolayer of
native protein in end-on and side-on orientations. By using BSA (ellipsoid dimension
14 x 4 x 4nm) (92) as a protein model, its orientations onto the substrate’s surface are

demonstrated in Fig. 3.14.

3.4.3 pH of Adsorption Medium

According to the former works, it was reported that the maximum I,45 value of various
proteins onto the particle surface is obtained when the medium pH coincides with pl of
the protein (38,88,91,94). At pH equals to pl, the minimal lateral interaction between
neighboring adsorbed protein molecules renders the maximum I, 4, value. Shifting pH
of the adsorption medium to lower or higher than pl of the protein tends to decrease
the I,4s value. It can be explained that, away from pl, the excess of either positive or
negative charge of the protein increases the intramolecular repulsion leading to the
more expanded structure, and consequently less protein molecules can be adsorbed
onto a given surface area. In addition, the strong repulsive electrostatic force among the
adsorbed protein molecules themselves is also responsible for the low [4s value
(38,94).

3.4.4 lonic Strength of Adsorption Medium

The ionic strength has a pronounced effect on the protein adsorption onto the charged
particle. A dramatic reduction in the value of I}4; with increasing ionic strength is
expected under the condition of electrostatic attraction between the opposite charges
of protein and sorbent due to the charge screening effect. On the contrary, for the
adsorption system in which electrostatic repulsion exists between the same charge of
protein and latex particle, the increase in ionic strength would increase the I,4s value
(91,94). It was noticed that, for the sorbent having hydrophilic layer on its surface (hairy
particle), the increase of the ionic strength led to a shrinkage of the interfacial
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hydrophilic layer (87,95), and accordingly the reduction in the accessible surface for
protein adsorption (87).

3.5 DETECTION OF LATEX AGGLUTINATION

The progress of latex agglutination caused by antigen—antibody immunoreaction can
be detected by various methods, such as, naked eyes and those based on instrumental
techniques including, turbidimetry, nephelometry, and photon correlation spectros-
copy (PCS) (38,96). With any of these instruments, the degree of agglutination plotted
as a function of agglutinant concentration follows a bell-shaped curve similar to the
familiar precipitin curve (96-99). It was suggested that the particle size should have a
diameter of 0.1-1.0 um for observation of agglutination under naked eyes, whereas the
diameter covers the range of 0.01-0.3 um if the instrument is used (38).

Without any special equipment required, the direct observation of LAT by naked
eyes is the simplest and most convenient method. It provides the qualitative test result
that helps to identify or indicate the presence of antibody (or antigen) of interest in the
test sample. To detect the agglutination by naked eyes, about 100 clumps of aggregated
particles are required, and each clump must be of about 50 um (100). If the single
particle is 1.0 um in diameter, then close to 10° particles will be essential for the visible
aggregate, and close to 10 particles are needed to detect agglutination in a given test
(100).

3.5.1 Turbidimetry

Turbidimetry works on the measurement of reduction in intensity of the transmitted
light or increase in absorbance at 180° by using a spectrophotometer. When the light of
suitable wavelength passes through a suspension, it may be adsorbed or scattered by
the suspended particles (Fig. 3.15) and, consequently, the intensity of light is declined,
which is defined as turbidity (t) (38,101).

For nonabsorbing particle, the relationship between the value of t and the intensity
of light is expressed by Equation (3.2).

1. 1,
=—-Iln— 2
T lnI (3.2)
!
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Scattered light
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FIGURE 3.15 Behavior of light passing through the suspension
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Where I, and [ are the intensities of initial and transmitted beams, respectively, and / is
the length of the light path (38). In LAT, when the light is passed through a reaction
solution containing latex—antigen (or antibody) conjugate, the measured absorbance
is minimum. Subsequently, the reagent containing the antibody (or antigen) is added
to the immunolatex and allowed to react, and this leads to the formation of the immune
complex. As the reaction time increases, the particle aggregation becomes larger
resulting in an increase in 7 value (97,101).

The optimum wavelength for detection of the immune complex can be varied
according to the initial particle size of the immunolatex to be measured. Heller and
Pagonis (102) optimized the particle size to the wavelength (L) ratio in turbidimetric
assay. They reported that the sharp absorbance changed during the agglutination
process would be obtained when the value of the term 27a// was inrange of 1-2, where
a is the particle’s radius.

Polpanich et al. (103) has recently measured the absorbance change of poly
(styrene-co-acrylic acid) (St/AA) conjugated with malaria antigen or St/AA-malaria
antigen conjugate (@ = 163 nm) as a function of concentrations of naive control and P.
falciparum-infected plasma at wavelength 570 nm (Fig. 3.16). As can be seen, the
shape of curves was similar to the immunoprecipitin curve explained by Heidelberger
and Kendall (104). The curve reached the maximum value at 4.9 ug/mL when the
number of antibody in individual plasma was equivalent to the amount of antigen
adsorbed onto the latex surface. Meanwhile, a detection limit of the immunolatex in
P. falciparum plasma was 0.34 ug/mL. However, in the antigen and antibody excess
zones, the size of immune complexes remained small and no distinct absorbance
change could be detected (103).

Although the turbidimetry measurement requires higher particle number when
compared to other optical techniques, this offers the lower reaction time needed to
observe the significant change of absorbance before and after the agglutination. In
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FIGURE 3.16 Absorbance changes of the St/AA-malaria antigen conjugate when mixing
with various concentrations of P. falciparum plasma (s) and naive control (o) (103)
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practice, routine clinical laboratory monitors the agglutination process for 300 s (97).
The use of an automated spectrophotometer to perform particle-enhanced turbidi-
metric assay has also been reported (105,106). The automatic sample processing,
pipetting steps, and measurements offer the advantages of being precise, easy to
perform, and decreased operative time. Nishimura and Sawai (105) used PS particle
immobilized with adiponectin-specific antibody to determine adiponectin in human
serum using a Hitachi 7170 automated analyzer. They claimed that the detection limit
of the turbidimetric assay was 0.20 ug/mL, which was comparable to the lower
detection limit of commercially available enzyme-linked immunosorbent assay
(ELISA) (0.28 ug/mL).

3.5.2 Nephelometry

It should be noted that the nature of immunochemical reaction is exactly the same for
turbidimetry and nephelometry. However, the detection principle applied for the
measurement is different from that of turbidimetry.

The nephelometry measures light scattered toward the detector, and most nephel-
ometers measure light scattering at 90° (Fig. 3.17) (38,101). To take advantage of the
increased forward scattering intensity caused by light scattering from large particle,
scattered light at an angle lower than 90° is needed.

Anexample of nephelometer that has been specially invented to operate with LAT is
the Behring Nephelometer Analyzer in which its detector is a photodiode that allows
the measurement of the increment of scattered light in the forward direction at small
angles (13°-24°). It is advisable that if the size of the aggregate (or the initial single
particle) is increased, the smaller angle is preferred (38).

3.5.3 Photon Correlation Spectroscopy

Photon correlation spectroscopy technique, also called “dynamic light scattering,” is
based on the principle that the intensity of light, scattered from a latex particle when it
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FIGURE 3.17 The basic design of nephelometer (107)
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is illuminated with a laser light, fluctuates with time, depending on Brownian motion
and, therefore, on the average diffusion coefficient D (38). For the spherical particle,
the D value is related to the mean hydrodynamic diameter (Dy,) by the Stoke—Einstein
equation as shown in Equation (3.3) (96).

_ kgT
~ 3and

h (3.3)

where kg is Boltzman’s constant (1.38 x 1072 J/K), Tis absolute temperature (K), and
n is viscosity of medium (Pa s). When the immunolatex particles begin to aggregate
after mixing with the analyte, the D value would be diminished due to the increase in
the Dy,. Figure 3.18 presents the values of Dy, and D of immunoaggregates of St/AA—
malaria antigen conjugate as a function of concentration of P. falciparum-infected
plasma (108). The bell-shaped curve was noticed from the plot of Dy, values of SYAA—
malaria antigen conjugate versus plasma concentrations, whereas the relationship
between D and plasma concentration exhibited the opposite trend. Owing to the
antigen—antibody reaction, the immunoaggregates of several St/AA immunolatex
particles would diffuse slower than that of the individual particles. The equivalent
zone indicated from the maximum value of Dy, or the minimum value of D was reached
at the plasma concentration of 0.46 pg/mL. At the plasma concentration higher than
0.46 ng/mL, the system lost the immunoreactivity probably due to the saturation of the
adsorbed antibody (108).

The PCS-based immunoassay generally has greater sensitivity than turbidimetric
and nephelometric detection techniques. However, a longer reaction time is needed
due to the reduction of particle number in the dispersion (38). Unfortunately, owing to
the relatively high cost, this sophisticated and extremely delicate PCS instrument is not
widely used in clinical laboratory (38,96).
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FIGURE 3.18 Hydrodynamic diameter (Dy,) () and average diffusion coefficient (D) ([])

of aggregates of the St/AA—malaria antigen conjugate as a function of P. falciparum-infected
plasma concentration (108)
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3.6 CONCLUSION

The development of prompt and accurate diagnosis is a key to effective malaria
control management. Clinical diagnosis is unreliable due to nonspecific symptoms
of malaria. Microscopic examination, which involves the detection of malaria
parasites within red blood cells, requires expert microscopist that cannot be met,
especially in remote area. The effort to replace the microscopic examination of
blood smear by rapid diagnostic tests and an automated hematology analyzer is,
therefore, of significant interest. While the sensitivity and specificity of RDTs and
the automated hematology analyzer are rather high, the cost are still expensive and
out of reach of poor, developing countries. Latex agglutination test has consequently
been introduced as an alternative approach for malaria diagnosis. Not only itis quick
and easy but it is also less costly, portable, and suitable for use in the field. However,
further development is needed due to lack of reliable discrimination between
P. falciparum and P. vivax infections. Preparation of immunolatex by immobiliza-
tion of antigen (or antibody) molecule onto the latex particle surface is a very
delicate process. Several factors must be cautiously controlled to finally obtain the
immunolatex with high immunoreactivity. Selection of malaria antigen (or anti-
body) to be immobilized onto the particle is also of importance to reduce the false-
positive result.
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I CHAPTER 4

Antigen-Antibody Interactions Detected
by Quasi-Elastic Light Scattering

and Electrophoretic Mobility
Measurements—A New Concept for
Latex Immunodiagnostic Test

TERESA BASINSKA AND STANISLAW SLOMKOWSKI

Center of Molecular and Macromolecular Studies, Polish Academy of Sciences, Sienkiewicza 112,
90-363 Lodz, Poland

4.1 INTRODUCTION

Chapter provides a short summary of information on most common traditional
diagnostic tests based on polymer nano- and microparticles used as a main reagent.
Subsequently there are discussed ideas of diagnostic tests based on the changes of
properties of isolated microspheres exposed to contact with analytes. Synthesis and
brief characteristics of poly(styrene/o-tert-butoxy-mw-vinylbenzyl-polyglycidol)
microspheres (P(S/PGL))—a new type of particles with interfacial properties
tailored for application in medical diagnostics are described. Diameters of
P(S/PGL) particles were in the range from 220 to 650 nm, depending on fraction
of polyglycidol in their interfacial layer. These particles are suitable for easy and
efficient covalent immobilization of proteins with elimination of undesirable and
not controlled protein adsorption. Particles with swelling polyglycidol layer,
containing covalently immobilized antibodies (antigens), exposed to contact with
biological fluids containing complementary antigens (antibodies) should change
their electrophoretic mobility, diameters (due to change of the degree of swelling of
interfacial layer) and may aggregate due to the multipoint antigen-antibody inter-
actions. Design of a new type of diagnostic tests based on combination of changes of
electrophoretic mobility and changes of average size of particles (primary particles

Colloidal Nanoparticles in Biotechnology, Edited by Abdelhamid Elaissari
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and their aggregates) is described. Principles of assays for determination of
anti-HSA and anti-H. pylori in blood sera are also presented—assays especially
sensitive at low analyte concentrations.

4.2 INSTEAD OF INTRODUCTION—TRADITIONAL DIAGNOSTIC
TESTS WITH MICROSPHERES USED AS BASIC COMPONENT

Important class of diagnostic tests is based on recognition systems developed by
nature. Namely, in bodies of vertebrates, in particular mammals, there are specific
antibodies present—proteins named immunoglobulins, constituting an important
component of defense system protecting organism against invasion of viruses,
bacteria, fungi, as well as potentially harmful macromolecules. The simplest immu-
noglobulin—immunoglobulin G (IgG)—is built from four polypeptide chains; two
long (heavy) and two short (light) linked together by disulfide bridges (1). In every
molecule of IgG there are two sites able to bind complementary “foreign” macro-
molecule. In every organism there is a large variety of IgG types with various binding
sites suitable for specific binding potentially harmful invading molecules. Similar
functions are fulfilled by the more complex immunoglobulins resembling dimers and
pentamers of IgG (IgE and IgM). Structures of immunoglobulins are schematically
shown in Fig. 4.1.

Introduction to an animal organism of molecules (antigens—an acronym from
antibody generator) results in increased production of specific antibodies. This
process named immunization allows for a relatively simple production of immuno-
globulins suitable for specific binding selected molecules, viruses or cells. Isolation of
appropriate immunoglobulins from animal blood samples provides specific elements
for various diagnostic tests.

Binding sites

AN
IgG /\ N\ %
I N
AN o

FIGURE 4.1 Schematic structure of immunoglobulins: IgG, IgE, and IgM
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FIGURE 4.2 Schematic illustration of specific binding of complementary antibodies by IgG
leading to formation of macromolecular aggregates

Following events occur when antigens are added to solution containing immu-
noglobulins. First, antigens are bound to binding sites of antibodies; then, in case of
antigens with more than one recognition site, binding of other antibodies results in the
formation of macromolecular aggregates. The described above processes are illus-
trated in Fig. 4.2.

Itis worth noting that antigen—antibody interactions are highly specific. Antibodies
that do not fit toimmunoglobulin binding centers are essentially not bound whereas the
equilibrium constant of binding the complementary ones is very high (in a range from
10° to 10® mol/L (2)). Thus, a diagnostic test detected toward detection of a given
compound is based on observation of binding its molecules with appropriate
immunoglobulins or on formation of relevant macromolecular aggregates. Direct
observation of these events is very difficult due to very small size of these objects
dissolved or suspended (in case of aggregates) in a “soup” of analyzed liquid, which
usually also contain many other proteins, carbohydrates, and other molecules.
However, more than 50 years ago it was found that by binding immunoglobulins to
polymeric microspheres (polymeric particles with diameters from about 0.1 to
100 pm), there is possible better visualization of these events. Simply, aggregates
of microspheres with immobilized IgG that occur in the presence of complementary
antibodies (see Fig. 4.3) are much larger and scatter visible light much more efficiently
than macromolecular aggregates.

In spite of many years passed from the development in 1956 of the first
diagnostic test based on aggregation of microspheres (3) (often called latex tests
after the term latex used for suspensions of microspheres in liquid), the new tests of
this type are still being developed due to their attractive simplicity and short time of
analysis.
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1

Antigen

Microsphere with

immobilized antibodies ( :i%;

Aggregated microspheres
due to antigen—antibody
interactions

FIGURE 4.3 Formation of aggregates of microspheres bearing immobilized IgG that occurs
in presence of complementary antibodies

Aggregation of microspheres can be observed even by naked eye or determined
quantitatively by such techniques like turbidimetry or nephelometry (4), Coulter
counter (5), and flow cytometry (6-8). The latter method allows discrimination
between original particles and aggregates composed of 2, 3, and more parent particles
(9). Degree of aggregation is quantified by determination of size distribution of
individual particles and their aggregates (10).

Many efforts are directed toward increasing sensitivity of tests and decrease time
needed for analysis. It has been found, for example, that an exposure of a mixture
containing microspheres with immobilized immunoglobulins and complementary
antigens to ultrasonic waves (11,12) or to alternating electric current (13) significantly
reduces aggregation time and increases test sensitivity (aggregation occurs at lower
antigen concentration).

Addition of appropriate additives to analyzed sample can also increase the
sensitivity of latex immunoassay. For example, the addition of cationic surfactant,
tetramethylammonium hydroxide, significantly increased aggregation rate, and sen-
sitivity of test for C-reactive protein (CRP) (14).

Aggregation latex tests are sometimes preferred over other biochemical techniques
like enzyme linked immunosorbent assay (ELISA). ELISA consists of few steps of
analysis and requires separation of antigen—antibody complexes from the medium.
After separation of not bound species during the washing step, the amount of analyte
(antigen/antibody) is determined using specific antibodies conjugated with enzymes
converting colorless or not fluorescent substrates to the colored or fluorescent ones.
Aggregation latex tests are much simpler and faster. For example, determination of
morphine in urine performed by ELISA lasts for 90 min, similar determination by latex
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aggregation test needed only 20 min (15). Both tests gave close results for similar
range of morphine concentration in urine.

In some instances a combination of ELISA and latex aggregation test was
developed in order to increase sensitivity of analysis. Bowden et al. elaborated a
turbidimetric agglutination-inhibition test allowing for detection of smooth lipo-
polysaccharide (S-LPS) content in Brucella cells. The cell lysates were adsorbed in
flat bottom multiwell plates and incubated with specific antibodies against S-LPS.
The amount of bound antibodies was determined by ELISA assay whereas, the
amount of the unbound antibody was determined by aggregation of S-LPS-coated
particles carried on in presence of rheumatoid factor added with purpose to
enhance aggregation. Fraction of aggregated particles was estimated spectropho-
tometrically by measuring the difference between absorbance at 405 nm for the
sample of not aggregated particles (blank) and the analyzed one containing
aggregated particles (16).

An interesting principle of diagnostic test consists on using polyester plates with
surfaces covered with antibodies and magnetic microparticles with bound antibodies of
the same type (17). Polyester plate is placed at the bottom of a vessel containing
suspension of magnetic microspheres with immobilized antibodies. Addition of a sample
containing antigens complementary to antibodies immobilized on the polyester disk and
on microspheres results in binding microspheres to the disk via antigen-antibody
interactions (disk-antibody- - - - - antigen- - - - - antibody-microsphere). Presence and
quantification of magnetic miscrospheres is detected by determination of resonance
frequency of electric current in a small coil placed just below the vessel containing the
polyester disk.

4.3 PRINCIPLES OF DIAGNOSTIC TESTS BASED ON PROPERTIES
OF ISOLATED MICROSPHERES

Tests described in the previous section were based on aggregation of microspheres
or on their binding to solid supports that occurs in presence of detected antigens.
However, one should take into consideration a possibility of another class of
diagnostic tests. Namely, tests based on changes of properties of single micro-
spheres with immobilized antibodies, that occur upon binding antigens and, if
needed, other reagents added to the mixture. For example, binding of antigens
to microspheres with antibodies, followed by binding antibodies labeled with
fluorescent tags results in the formation of fluorescent microspheres (microsphere-
antibody- - - - -antigen- - - - - antibody-fluorophore) that may be detected using vari-
ous spectroscopic techniques (18,19) Fig. 4.4.

Systems composed of mixtures of microspheres (each type of particles specifically
marked with fluorophores and each type bearing antibodies against particular anti-
gens) and antibodies labeled with another fluorophores were used for development of
multiplex cytometric assays allowing for simultaneous determination of several (in
some instances up to 60) antigens (20-22).



100 ANTIGEN-ANTIBODY INTERACTIONS DETECTED BY QUASI-ELASTIC

s

Microsphere Antigens Antibodies with
with antibodies fluorescent tags

*_

T\
Antigen-antibody interactions
result in binding antibodies

with fluorescent tags Z:}/,)‘ >ﬁ¥

FIGURE 4.4 Formation of fluorescent microspheres (microsphere-antibody- - - - - antigen
----- antibody-fluorophore)

Many types of antigens are polyelectrolytes (e.g., proteins, oligopeptides,
nucleic acids, and oligonucleotides). Thus, attachment of these compounds to
microspheres should change particles’ charge and in effect their behavior in
electric field, in particular, their electrophoretic mobility (see Fig. 4.5). These
changes may be used as a principle of diagnostic tests described in the following
part of this chapter.

4
Microsphere
without antibodies Microsphere Microsphere
and antigens with antibodies with antibodies and antigens
electric charge Q(1) electric charge Q(2) electric charge Q(3)

electrophoretic mobility u(1) electrophoretic mobility u(2)  electrophoretic mobility 1(3)

FIGURE 4.5 Microspheres (bare, with immobilized antibodies and with immobilized
antibodies and attached antigens) with different electric charge (Q) and electrophoretic
mobility (1)
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4.4 MICROSPHERES FOR APPLICATION IN DIAGNOSTIC
ASSAYS BASED ON CHANGES OF PARTICLES’
ELECTROPHORETIC MOBILITY

Microspheres used for diagnostic assays based on changes of particles’ electropho-
retic mobility, should allow for controlled, specific, and irreversible binding of
proteins (antibodies or antigens). Thus, these properties are in principle the same
as for microspheres used in other diagnostic tests. Specificity is needed to avoid an
adventitious attachment of another proteins present in the analyzed mixture that would
result in an interference in detection of the searched analyte. Irreversibility eliminates
an uncontrolled detachment of antigens or antibodies from microspheres during
storage, before using them in assays.

The above mentioned properties characterize microspheres with hydrophilic
interfacial layer containing chemical groups allowing for covalent immobilization
of proteins. It was established that the hydrophilic interfacial layer eliminates (or at
least reduces) the nonspecific adsorption of proteins (23). Particles with hydrophilic
interfacial layer could be obtained either by emulsion or dispersion homo- or
copolymerization of such hydrophilic monomers as 2-hydroxyethylmethacrylate and
acrylic acid (24), acrolein (25), N,N-isopropylacrylamide (26) or by copolymerization
of hydrophobic monomers (e.g., styrene) with hydrophilic monomers: acrolein (25),
poly(ethylene oxide) macromonomers (26,27), surface active monomers with sugar
moiety, or polysaccharide containing macromonomers (28-33). Particles with hydro-
philic surfaces could also be obtained by grafting hydrophilic chains from hydropho-
bic particles (e.g., by grafting poly(acrylic acid) from polystyrene particles with p-(2-
hydroxy-2-methylpropiophenone) groups in the shell (34)).

Recently, there was developed synthesis of poly(styrene/o-tert-butoxy-wm-
vinylbenzyl-polyglycidol) microspheres with core enriched in polystyrene and a
shell enriched in hydrophilic polyglycidol (35). These microspheres were used for
development of diagnostic assays based on monitoring both, changes of electropho-
retic mobility and aggregation occurring in presence of searched analytes.

4.5 SYNTHESIS AND BASIC PROPERTIES OF POLY(STYRENE/a-
TERT-BUTOXY-w-VINYLBENZYL-POLYGLYCIDOL) MICROSPHERES

P(S/PGL) microspheres were obtained by emulsifier-free emulsion-dispersion
copolymerization of styrene and a-fert-butoxy-m-vinylbenzyl-polyglycidol macro-
monomer (35). a-fert-Butoxy-m-vinylbenzyl-polyglycidol macromonomer(VB-
polyGL) was synthesized by anionic polymerization of 1-ethoxyethylglycidyl ether
with subsequent end-capping with p-choromethylstyrene. 1-Ethoxyethylglycidyl
ether was obtained according to the procedure developed by Fitton et al (36).
Reactions leading to P(S/PGL) microspheres are illustrated in Schemes 4.1- 4.5.

Typical synthesis of P(S/PGL) microspheres is given below. Briefly, microspheres
were synthesized by using styrene (10 g), a-fert-butoxy-m-vinylbenzyl-polyglycidol
macromonomer (1.0 g, M,, = 2700, My, /M,, = 1.03), and K,S,0y initiator (0.2 g) in
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Clly

CHyOH CH;0—CH—0—CH;yCH;

CH;CgH,805H
o + CH;=CH—0—CH;CHy ———— 4
SCHEME 4.1 Protection of hydroxyl group in glycidol
CH; Clly CH,
. - . o 1
CHy0—CH=0—CH;CH, CHOCHOCH;CHy — CHyOCHOCHCH;
|

(CH3)COK + n —  (CHy)C0- (CHCHO)— CH;CHOK

SCHEME 4.2 Synthesis of poly(1-ethoxyethylglycidyl ether)

CHy CHj;
|
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[
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SCHEME 4.3 Synthesis of a-tert-butoxy-m-vinylbenzyl-poly(1-ethoxyethylglycidyl ether)
macromonomer

CH, °
1 -
CHyOCHOCH,CH, H CHyOH

| ; N
(CHy)CC «cintno "Ill_©_(-"=m_ — (('Il,j_.('n—[('II;('.I[U};-'—(II_—©—{||=(":
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SCHEME 4.4 Deblocking of hydroxyl groups in o-fert-butoxy-w-vinylbenzyl-poly(1-
ethoxyethylglycidyl ether) macromonomer

CH;=CH CH,=CH ) crvs e CHym CH v s CHym CHome oo
Kq5:04

—_—
+

“Hy—(OCHCH,)—OC(CHy), Hy— (OCHCH;)— OC(CHy),

CHy0H CH;OH
SCHEME 4.5 Emulsion copolymerization of styrene and o-fert-butoxy-m-vinylbenzyl-
polyglycidol macromonomer yielding microspheres
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water (125 ml, three-times distilled, pH adjusted to 6.5 by addition of K,COs3).
Polymerization was carried on for 24 h at 65°C, content was stirred at 60 rpm. The
synthesized microspheres were purified by steam stripping and four times repeated
isolation by centrifugation and resuspension in pure water. Particles with diameters in
a range from 220 to 650 nm were obtained, depending on styrene:o.-fert-butoxy-wm-
vinylbenzyl-polyglycidol macromonomer ratio in the monomer mixture at the
beginning of polymerization. Number average diameters (Dy,), diameter dispersity
parameter (Dy, / D,,) and surface concentration of acidic groups [SO, ] (polymer end-
groups formed during initiation) are given in Table 4.1.

Interfacial layer of all P(S/PGL) microspheres was strongly enriched in hydrophilic
polyglycidol units. This is evident from Table 4.2 showing relation between molar
ratio of polyglycidol and polystyrene units in microspheres and in the microsphere
interfacial layer.

Segmental mobility of polyglycidol chains in interfacial layer of microspheres
dispersed in water is so high that allows registration of its '*C NMR spectra at
conditions typical for registration of spectra in solution. Even more, measurements of
relaxation times for polyglycidol incorporated into interfacial layer of particles and for
parent polyglycidol macromonomer in solution revealed that segmental mobilities of
polyglycidol chains were very close in these environments (37).

Adsorption of proteins onto particles with interfacial layer rich in hydrophilic and
highly mobile polyglycidol chains should be very weak. Indeed, it has been found that
for human serum albumin, human y-globulins, and human fibrinogen adsorbed onto
P(S/PGL) microspheres the adsorption equilibrium constant K, approaches 0 when
fraction of polyglycidol units in interfacial layer exceeds 0.3.

Much weaker adsorption of proteins onto P(S/PGL) microspheres than onto
hydrophobic polystyrene particles is evident from comparison of adsorption adiabates
of human serum albumin (HSA) onto these particles (see Fig. 4.6).

Presence of polyglycidol in interfacial layer of microspheres strongly
reduces adsorption of proteins; however, the same particles upon activation with

TABLE 4.1 Number Average Diameters (D), Diameter Dispersity Parameter
(Dy/D,) and Surface Concentration of Acidic Groups for P(S/PGL) Microspheres
(Particles Obtained Using VB-polyGL Macromonomer (M,, = 2700, M,,/M,, = 1.03).
Reproduced from Reference 35 with kind permission of Springer Science and Business
Media.

Surface
Symbol Styrene:VB-polyGL concentration of
of in monomer feed acidic groups
particles (mol:mol) D,, nm Dy, /Dy [SO4~], mol/m?
2700-1 1:3.46 x107* 650 1.008 1.65 x 107°
2700-2 1:6.94 x 1074 460 1.014 1.05x10°°
2700-3 1:1.73x 1073 350 1.007 8.77 x 1077
2700-4 1:2.60x 1073 260 1.007 4.85% 1077
2700-5 1:347x 1073 220 1.022 413 %1077
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TABLE 4.2 Molar Ratio of Polyglycidol and Polystyrene Units in
Microspheres and in the Microspheres Interfacial Layer—
Microspheres Obtained Using VB-PolyGL Macromonomer

(M, = 2700, M,,/M,, = 1.03). Based on data from Reference 35.

Fraction of polyglycidol units Fraction of polyglycidol units
in microspheres in interfacial layer of microspheres
0.019 0.216

0.0215 0.334

0.0235 0.255

0.0459 0.423

0.0620 0.426

trichlorotriazine (see Scheme 4.6) are suitable for efficient covalent immobilization
of these biomolecules.

Immobilization carried on according to the described above scheme allowed
obtaining particles with surface concentration of immobilized proteins close to few
mg/m?. Dependence of surface concentration of human y-globulin (YG) immobilized
covalently onto P(S/PGL) microspheres (I'yg) on concentration of YG in solution is
shown in Fig. 4.7.

Very often covalent immobilization of proteins is accompanied with physical
adsorption of some protein molecules (38). Thus, there is a fraction of attached protein

1.8 T T T T T
1.6

1.4
1.2

1.0

@ HSA adsorbed on P(S/PGL)
O HSA adsorbed on PS

0.8

T ags, Mg/m®
(@]

0.6
0.4
0.2

0.0 1 1 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5

[HSA], mg/mL

FIGURE 4.6 Surface concentration of HSA adsorbed onto P(S/PGL) and polystyrene
microspheres as a function of HSA concentration in solution. Reproduced with permission
from Reference 37
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1 H;N—] Protein
Cl NH—| Protein

.‘—< 2 I;NCH,CH,OH —<
0—"{ \-\' ! = 0—{/‘ \N
" Cl NHCH,CH,OH

-y 2!

SCHEME 4.6 Covalent immobilization of proteins on P(S/PGL) microspheres activated
with 1,3,5-trichlorotriazine (TCT; cyanuric chloride).

that during storage or under action of surface active compounds would leak from
particles’ surface to solution.

It is important to stress that P(S/PGL) microspheres are an exception and, as one
could see in Fig. 4.8, the whole amount of protein bound to 1,3,5-trichlorotriazine
activated particles is immobilized covalently.

0.0 0.1 0.2 0.3 0.4 0.5

[vG], mg/mL

FIGURE 4.7 Dependence of surface concentration of yG covalently immobilized onto P(S/
PGL) microspheres obtained using VB-polyGL macromonomer (M,, = 2700, M,,/M,, = 1.03)
on protein concentration in solution. Reproduced with permission from Reference 38
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FIGURE 4.8 Fraction of covalently immobilized HSA as a function of molar fraction of
polyacrolein (a) or polyglycidol (b) units in interfacial layer of poly(styrene/acrolein) (P(S/A))
and P(S/PGL) microspheres. Reproduced with permission from Reference 39

4.6 NOVEL DIAGNOSTIC TESTS BASED ON POLY(STYRENE/a-TERT-
BUTOXY-w-VINYLBENZYLPOLYGLYCIDOL) MICROSPHERES

Following events may happen when poly(styrene/o-fert-butoxy-m-vinylbenzylpoly-
glycidol) microspheres with covalently immobilized antibodies (or antigens) are
exposed to biological fluid containing complementary antigens (or antibodies):

1. Electrical charge and relevant electrophoretic mobility of microspheres is
changed

2. Diameter of particles may change due to variation of swelling of hydrophilic
interfacial layer upon attachment of antigen (or antibody)
3. Aggregates of microspheres are formed due to bridging microspheres with

immobilized antibodies (or antigens) by complementary antigens (or
antibodies)

Combination of these events could be used as a basis for design of diagnostic tests.

4.6.1 Principle of a Model Inmunodiagnostic Assay for Anti-HSA

Poly(styrene/a-tert-butoxy-m-vinylbenzylpolyglycidol) microspheres with cova-
lently immobilized human serum albumin were used as the main reagent in the title
test. Immobilization of HSA onto microspheres was performed in the following
way.

Usually, 0.18 g of 1,3,5-trichlorotriazine (TCT) was added to 5 ml of aqueous
suspension containing 0.4 g of P(S/PGL) microspheres (particles obtained using
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VB-polyGL macromonomer with M,, = 2700, My,/M,, = 1.03); (D, = 220 nm,
Dy,/Dy = 1.022, fraction of polyglycidol units in particles’ interfacial layer 0.426).
The sample was incubated for 5h at room temperature. Then, microspheres were
isolated from suspension by centrifugation and resuspended in a new portion of
water. The process of centrifugation and resuspension was repeated three times
more. Eventually, microspheres were transferred to phosphate buffered saline (PBS,
0.2mol/L, pH ="7.4). After that, suspension of P(S/PGL) microspheres (2 mL) was
mixed with the HSA solution in PBS (3mL, 4.0 x 10~* g/mL). The sample was
incubated overnight, and thereafter the unbound protein present in solution
was removed by centrifugation and replacement of buffer. Finally, 1-aminoethanol
was added (0.25 mL) to suspension of microspheres with immobilized proteins in
order to saturate the binding sites not occupied by attached HSA. Surface concentration
of immobilized protein was determined from the difference of protein concentration
before and after incubation with activated microspheres by using a standard Lowry
method (40), and in parallel, directly on microspheres, by using the developed by us
modified Lowry method (41). Surface concentration of HSA on these particles was
equal Tga = 9.22 x 10~ mg/m>.

Samples of suspension of poly(styrene/a-tert-butoxy-m-vinylbenzylpolyglycidol)
microspheres with covalently immobilized human serum albumin (P(S/PGL)-HSA,
4.5 mL, particle concentration 2 x 10~ g/mL, surface concentration of HSA immo-
bilized to microspheres I'yspa =9.22 % 107 mg/mz) in phosphate buffer (/ =0.002
mol/L, pH=7.2, i.e., at conditions similar to physiological conditions) were mixed
with samples (0.5 mL) of serum proteins containing anti-HSA (or without HSA).
Protein concentrations were varied from 0 to 0.65 mg/mL. All particles treated as it
was described above were characterized by electrophoretic mobility.

Electrophoretic mobility of P(S/PGL)-HSA microspheres and microsphere
aggregates formed in the presence of corresponding antibodies in sera was measured
using a 3000 HSa Zeta-Sizer (Malvern) apparatus. The electrophoretic mobility of
particles was measured in a quartz capillary channel to which a potential equal 400 V
was applied. After injection of sample containing suspension of microspheres electric
field was applied to the cell that was illuminated by crossed laser beams. Interference
of light from these beams created dark and illuminated stripes. Microspheres traveling
through the channel scatter light when crossing illuminated areas. Fluctuations of
scattered light allow determination of velocity of microspheres and eventually, their
electrophoretic mobility (1, a ratio of the average rate of microspheres and field
intensity).

Figure 4.9 shows dependence of electrophoretic mobility of P(S/PGL)-HSA on
serum concentration in suspension of particles. Plots in Fig. 4.9 reveal that initially the
electrophoretic mobility of P(S/PGL)-HSA strongly depends on concentration of anti-
HSA containing serum (for serum concentrations below 30 pug/mL). When serum
concentration exceeds 60 pg/mL electrophoretic mobility approaches a plateau. At
these conditions y-globulins from anti-HSA sera are bound to all epitopes of HSA
immobilized on microspheres.

In Fig. 4.9 there is also given a plot of electrophoretic mobility of P(S/PGL)-
HS A microspheres as function of serum that did not contain anti-HSA. It is evident
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FIGURE 4.9 Dependence of electrophoretic mobility of P(S/PGL)-HSA microspheres on
concentration of anti-HSA containing serum (surface concentration of HSA immobilized on
microspheres I'ysa =9.22 x 10™* mg/m?, concentration of microspheres 1.8 x 10™* g/mL,
phosphate buffer, PB, pH=7.2, I=2 x 10> mol/L). Reproduced with permission from
Reference 42

that nonspecific interactions responsible for protein attachment from anti-HSA
free sera result in a much weaker but clearly visible changes of particles
electrophoretic mobility. This significant background may reduce accuracy of
an assay based only on changes of electrophoretic mobility, especially for high
concentrations of anti-HSA. However, it is worth to notice, that interactions of P
(S/PGL)-HS A microspheres with anti-HS A lead to increase size of particles and at
high concentration of anti-HSA serum (above 30 pug/mL) even to their aggrega-
tion. Figure 4.10 shows dependence of diameters of particles and particle
aggregates (measured by quasielastic light scattering) on concentration of anti-
HSA sera.

Plotsin Figs. 4.9 and 4.10 indicate that changes of electrophoretic mobility are very
large at low concentrations of anti-HSA whereas changes in size of particles scattering
light are very significant at high serum concentration. This suggests a possibility for
design of a combined function of electrophoretic mobility and size of particles that
would be very sensitive to changes of anti-HSA at low and high serum concentrations.
Figure 4.11 shows plot of the product (@ =IApl-D) of absolute value of change of
electrophoretic mobility (IApl)and diameter of particles scattering light (D, average
diameter of P(S/PGL)-HSA particles with attached anti-HSA and particle aggregates
formed by attachment of anti-HS A to more than one P(S/PGL)-HS A microspheres) as
a function of concentration of anti-HSA serum. For comparison there is also shown a
similar plot made for P(S/PGL)-HSA microspheres that did not contain anti-HSA.

Plot in Fig. 4.11 indicates that @ = |Apl-D is very sensitive to changes of anti-HSA
at low protein concentrations and, according to insert in this figure, for concentration
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FIGURE 4.10 Diameters of particles in suspension of P(S/PGL)-HSA that were exposed to
sera with and without anti-HSA (surface concentration of HSA immobilized on microspheres

Tusa = 9.22 x 10™* mg/m?, concentration of microspheres 1.8 x 10~* g/mL, phosphate buffer,
PB, pH=17.2, I=2 x 107> mol/L). Based on data from Reference 42

of anti-HSA serum below 10 pLg/mL with good accuracy could be approximated with a
straight line. For protein concentration higher than about 70 pg/mL, ® as a function of
concentration of anti-HSA serum could also be approximated with a straight line but
with much lower slope. Thus, the plot of ® versus concentration of serum with known
content of anti-HSA can be used as calibration dependence for determination of
anti-HSA sera in a broad concentration range—calibration indicated especially high
sensitivity to small concentrations of the analyte.
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FIGURE 4.11 Parameter ® as a function of concentration of sera containing and without
anti-HSA
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4.6.2 Principle of an Immunodiagnostic Assay for Determination of
Antibodies against Helicobacter pylori Antigens

Helicobacter pylori is a bacteria which causes various cancer and ulcer diseases in
digestion tract and concentration of the anti-H. pylori antibodies must be controlled
in patients suffering from symptoms related to those diseases. Various commercial
ELISA tests based on detection of immunoglobulins IgG, IgA, and IgM were
developed for diagnosis of Helicobacter pylori (43—45). For fast diagnosis the rapid
latex agglutination tests, especially suitable for detection of IgG in blood serum,
were elaborated (46,47). In spite of advantage of short time needed for analysis,
latex agglutination tests suitable for detection of anti-H. pylori have also some
deficiencies. They are not very accurate and not enough sensitive. Thus, the new
tests are still needed and a test based on combination of changes of electro-
phoretic mobility and aggregation of microspheres with covalently immobilized
Helicobacter pylori antigens, developed recently in our laboratory (49) is an
interesting option.

Poly(styrene/o-tert-butoxy-m-vinylbenzylpolyglycidol) microspheres used in this
test were the same as those used in a model immunodiagnostic assay for determination
of anti-HSA—the assay described earlier in this chapter (D, = 220 nm,
Dy/Dy, = 1.022, fraction of polyglycidol units in particles’ interfacial layer
0.426). Particles used as basic reagent in the test had covalently immobilized antigens
isolated from surface of Helicobacter pylori bacteria.

Antigens from surface of Helicobacter pylori were isolated according to the known
recipe (48). H. pylori cells were washed out from the H. pylori strain NCTC11637
(CCUG 17874) with phosphate buffersaline (PBS,pH = 7.2, [NaCl] =2 x 103 mol/L)
and then, transferred into 0.2 mol/L glycine hydrochloride buffer (pH = 2.2) in order to
obtain glycine acid extract of H. pylori antigens (GE-H. pylori). After incubation for
20 min at 20°C the cells were removed by centrifugation at 12,000 g for 15 min. The
supernatant was neutralized with NaOH, then dialyzed overnight against PBS at 4°C.
Concentration of protein in obtained sample was determined by Coomassie Brilliant
Blue (Bio-Rad protein assay). Working aliquots of the antigen were stored at —70°C.

Test was developed using sera from children patients infected with Helicobacter
pylori. Sera were fractionated and kept at —20°C. Titer of anti-H. pylori 1gG in
patients’ sera was determined by an indirect ELISA test according to description given
by Montagne et al. (50).

Unit concentration of anti-H. pylori (1 U) in serum was defined as concentration of
anti-H. pylori in 100-fold diluted serum with a titer 1 : 1000.

Thus, concentration of anti-H. pylori in serum can be calculated according to
Equation 4.1:

1

— 4.1
10T’ (1)

[anti-H. pylori] =
where T and o denote serum titer and dilution, correspondingly.
For example, in solution obtained by 25-fold dilution of serum with titer 1 : 16,000
the concentration of anti-H. pylori is equal 64 U.
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Covalent immobilization of H. pylori antigens (GE-H. pylori) onto P(S/PGL)
microspheres was made in the same way as it was described above in this chapter for
immobilization of HSA. Amount of H. pylori antigens immobilized onto micro-
spheres was determined independently by a standard Lowry method (40) and a
modified Lowry method suitable for direct determination of protein immobilized
and adsorbed onto microspheres (41). Surface concentration of H. pylori antigen
immobilized covalently onto P(S/PGL) particles was equal 'y, py1ori = (1.6 20.3) x
1073 mol/L (50). It has been shown that this surface concentration did correspond to
saturation conditions when whole surface of particles was covered with immobilized
H. pylori antigen.

Measurements of electrophoretic mobility and diameters of particles in sus-
pensions containing P(S/PGL) microspheres with immobilized H. pylori antigen
(P(S/PGL)-H. pylori) and H. pylori antibodies were performed as follows.
Concentration of particles in stock suspension of P(S/PGL) microspheres with
immobilized H. pylori antigen was equal 640 ug/ml. Samples (100 uL) of anti-
H. pylori containing sera with titers in a range from 1 : 500 to 1 : 32,000, diluted to
various degree, were added to 3 mL of particle suspension. The mixtures were
incubated for 30 min at room temperature. Thereafter, particles were isolated by
centrifugation and resuspended in PBS (pH = 7.2, ionic strength 2 x 10> mol/L).
Diameters and electrophoretic mobility of these particles were measured in the
same way as it was described in previous subsection devoted to determination of
anti-HSA.

Dependence of average diameters of P(S/PGL)-H. pylori microspheres and their
aggregates formed in presence of blood sera on concentration of anti-H. pylori is
shown in Fig. 4.12.
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FIGURE 4.12 Average diameters of P(S/PGL)-H. pylori microspheres and their aggregates
formed in presence of blood sera on concentration of anti-H. pylori
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Plot in Fig. 4.12 indicates that average diameters of particles (microspheres and
microsphere aggregates) are almost independent from concentration of anti-H. pylori,
suggesting that their aggregation for concentration of anti-H. pylori up to 300U is
negligible.
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FIGURE 4.13 Electrophoretic mobility of P(S/PGL)-H. pylori microspheres that were in
contact with serum from patient infected with H. pylori (serum titer 1 : 16,000) and from patient

not infected. Measurements were carried on in PBS, (pH=7.2, =2 x 10"*mol/L). Repro-
duced with permission from Reference 49
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It was important to check whether electrophoretic mobility of P(S/PGL)-H. pylori
microspheres varies with changes of anti-H. pylori. Plots of electrophoretic mobility
of P(S/PGL)-H. pylori microspheres on degree of dilution of sera containing anti-H.
pylori and without anti-H. pylori are shown in Fig. 4.13.

Itis evident that electrophoretic mobility of P(S/PGL)-H. pylori microspheres does
not depend on concentration of sera without anti-H. pylori whereas it undergoes large
changes when concentration of sera containing anti-H. pylori is varied.

Figure 4.14 shows plot of ® =IAulD (product of absolute value of change of
electrophoretic mobility (IApl) and diameter of particles scattering light (D, average
diameter of P(S/PGL)-H. pylori particles and particle aggregates formed in presence
of anti-H. pylori) as a function of concentration of anti-H. pylori).

Plot in Fig. 4.14 reveals that calibration line allows determination of anti-
H. pylori for concentrations up to 250 U. It is worth noting that like in the case
of P(S/PGL)-HSA—anti-HSA system also for (P(S/PGL)-H. pylori—anti-
H. pylori ® =I|AuID is especially sensitive to the changes of anti-H. pylori at low
protein concentrations whereas absence of aggregation (see Fig. 4.12) makes
monitoring only of variation of diameters of P(S/PGL)-H. pylori particles exposed
to sera containing anti-H. pylori useless for diagnostic applications.
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Biospecific Reactions by Affinity
Latexes from Diagnostics
to Multiplex Assay
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5.1 INTRODUCTION

Development of nano- and microtechnology enabled us to prepare a variety of
polymeric particles, whose size ranged from nanometer to submillimeter, with
different morphologies and physical properties such as swellability, hydrophilicity/
hydrophobicity, and so forth. In terms of size, the nanospheres are almost the same size
as proteins and the middle sized microspheres are as large as blood cells. Therefore,
colloidal particles are used for many bioreactions, which include recognition,
hybridization, regulation of biofunction, modification of biomolecules, and so forth.
The particles with suitable size can be selected for such bioreactions, for example, cell
separation is carried out effectively using microspheres with a diameter of several
micron. On the contrary, gene delivery carrier particles should be small enough to be
engulfed by a cell.

The general properties for the biofunctional particles are (1) having a large surface
area which is used as a stage of biospecific events, (2) being bioinert, and (3) having
sufficient dispersion stability to be used in dispersion, and so forth.

The surface area of 1 g of particles D (tm) in diameter and 1.0 (g/cm?) in specific
gravity is D/6 (m?), if the particles have flat surfaces and no pore. In other words, 1 g of
particles 6 im in diameter has the surface area of about 1 m?. Small particles with high
surface area are sometimes evaded because of the difficulty in handling. To increase
the apparent surface area of rather large particles, micro- or macropores are given to

Colloidal Nanoparticles in Biotechnology, Edited by Abdelhamid Elaissari
Copyright © 2008 John Wiley & Sons, Inc.
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them although pores are not necessarily advantageous because they cause inhomoge-
neity in terms of surface reactivity and adsorbability more or less.

The bioinertness is mostly controlled with the balance of hydrophilicity/hydro-
phobicity and degradability of the material. The details about the property (2) will be
presented in the next section.

The dispersion stability of the particles is one of the crucial matters for biomedical
particles. The stability is generally controlled by interparticle electrostatic repulsive
force and steric stabilization effect. The former is not so dependable in living body
because it is filled with salt solutions of high ionic strength.

This chapter first describes the conditions to be required for the biofunctional
particles and then their preparation and applications. The outline is shown in Fig. 5.1.
Applications of particles include bioseparation, single nucleotide polymorphism
(SNP) analysis, protein assay, drug delivery, enzyme immobilization, cell activation,
and others. Most of them are based on biospecific reaction between on-particle
component and target biomolecules. Assays are divided into two categories. One is
singleplex assay in which only one target is detected by a specified probe. Another one
is multiplex assay, which has been developed rapidly these days because it enables
quick and high throughput assay using a very small amount of sample. Multiplex assay
focusing on SNP assay is described in the concluding part of this chapter.

Particle Biospecific Regubition Biomolecule
forming molecule e Hybridization DNA
polymerization \'C ) % ® ( ) Adhesion Protein
Fabrication of /#Bioinert i Achgon Cill'llger
particle POlymef Decomposition Matrix
particle .

FIGURE 5.1 Preparation and applications of polymer particles as bioreactors

5.2 PREPARATION OF PARTICLES FOR BIOMEDICAL USES

5.2.1 Bioinert Surfaces

The term bioinert includes several meanings, which are (a) nontoxicity, (b) non-
antigenicity, (c) nonthrombogenecity, (d) suppression of nonspecific adsorption, and
so forth. In this chapter the suppression of nonspecific adsorption is mainly focused.

The particles to be used for biomedical applications should have a bioinert surface
because only the aimed reaction is expected to take place at the surface of particles and
any other biointeraction on particle surfaces should be avoided. Suppression of
nonspecific adsorption of proteins and DNAs is a very necessary condition for such
biofunctional particles. In general, particles having hydrophilic surfaces are effective
in preventing nonspecific adsorption. The most commonly used hydrophilic polymeris
poly(ethylene glycol) (PEG). PEG has shown good performance in various biomedical
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applications such as fabrication of antithrombogenetic device, preservation of bio-
function of biopolymers, drug delivery, and so forth. PEG chains in aqueous or buffer
media are wavering, which contributes to prevention of nonspecific adsorption of
proteins. The term “PEGulation” became common in biomaterial technology, meaning
to attach PEG to materials in order to improve the surface properties of materials. Poly
(acrylamide) is another representative hydrophilic polymer but this polymer is not used
for biomedical purposes because it was found to rather accelerate thrombus formation.
So, high hydrophilicity is not the sole condition necessary for bioinertness. In fact,
moderately hydrophilic polymers such as poly(methacryloyloxyethyl phosphorylcho-
line) and poly(methoxyethyl acrylate) are highly evaluated as practical bioinert
materials (1,2). Tanaka argued that the superiority of such polymers results from
water molecules moderately bound to the polymers (2).

5.2.2 Particle Formation

PEG-carrying microspheres are prepared by soap-free emulsion copolymerization of
hydrophobic monomer and macromonomer having PEG as a pendant group. Soap-
free emulsion polymerization is a suitable method to prepare contaminant-free
microspheres. Grafting of PEG on existing particles is another way to prepare
PEG-carrying microspheres. These methods give core—shell particles, whose shell
is composed of PEG chains, or so-called hairy particles. PEG chains are hydrated and
the shell layer is highly swollen with water. As a result, the particle gains steric
stabilization effect and is saved from aggregation and nonspecific adsorption. PEG
hair nanoparticles are obtained from micelle of PEG-block-hydrophobizable polymer
in which hydrophobizable polymer composes the core of nanoparticle. It may be cross-
linked to make the core stiff. The example of hydrophobizable polymers is poly(/N-
isopropylacrylamide) (PNIPAM) which becomes hydrophobic above 32°C, that is, the
phase transition of PNIPAM above its transition temperature enables micelle
formation.

Other polymers usable at biointerface are poly(glycidyl methacrylate) (GMA) and
poly(hydroxyethyl methacrylate), as well as those mentioned in the previous section.
Poly-GMA particles are obtained by dispersion polymerization in ethanol using azo-
bis-isobutyronitrile (AIBN) at 70°C (3). Dispersion polymerization is started from
homogeneous solution of monomer and results in polymer particle dispersion. The
necessary condition for dispersion polymerization is the use of good solvent for
monomer but poor for polymer. Dispersion polymerization gives micron sized
particles in general.

Styrene—glycidyl methacrylate copolymer particles are obtained by soap-free
emulsion copolymerization (4). The resulting particle is composed of poly(glycidyl
methacrylate)-rich shell and polystyrene-rich core because more hydrophilic compo-
nent tends to concentrate near the surface of particle while more hydrophobic one
confines itself inside the particle in the course of polymerization. This is also the case
for emulsion copolymerization of styrene with hydroxyethyl methacrylate, acrylic
acid, acrylamide, or its derivatives.
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There is another category of bioinert polymers. It includes naturally generated
polymers and related polymers, for example, a variety of cellulose derivatives,
proteins, and biodegradable polyesters. These polymers are transformed to particles
by the methods as described below.

a. Polymer is dissolved in organic solvent and the solution was put into water to
form o/w emulsion. Then organic solvent is evaporated or extracted to get solid
polymer particle.

b. Polymer solution is sprayed to evaporate solvent.

c. Polymer is phase separated or precipitated from the solution by some change in
environmental conditions.

The obtained particles might be cross-linked if necessary. One of the examples for
method c is the nanoaggregate formation of carboxymethyl cellulose using dodecyl-
trimethylammonium bromide.

5.2.3 Modification of Particle Surface

In soap-free emulsion copolymerization of styrene and glycidyl methacrylate, com-
plete core—shell particles are not necessarily formed. If the coverage of surface with
poly(glycidyl methacrylate) is imperfect and polystyrene is exposed on the surface
more or less, nonspecific adsorption cannot be avoided because polystyrene is a typical
hydrophobic polymer which is very susceptible to protein adsorption. To mask the
polystyrene with poly(glycidyl methacrylate), additional glycidyl methacrylate was
postpolymerized. Such kind of polymerization, so-called seeded emulsion polymeri-
zation, is one of the most common methods to modify the surface of particles.

New types of particles for biomolecules’ carrier were proposed. They are Janus
particles produced by seeded polymerization accompanied with phase separation (5).
One hemisphere of the particle was composed of poly(2-hydroxyethyl methacrylate-
co-methyl methacrylate) and the other was poly(styrene-co-glycidyl methacrylate)
and two faces played different roles in nanobioreaction system.

Grafting of polymer chain on existing particles includes two methodologies. One of
them is grafting-from and the other is grafting-to. Grafting-from is started by
activation of the surface from which polymer chains grow up. Living radical graft
polymerization gives to the particle the polymer chains with desirable and uniform
chain lengths. It can also give block copolymer hairs onto particles. Grafting-to is a
kind of coupling reaction between the surface and the chain end of polymer.

5.3 BIOFUNCTIONALIZATION OF PARTICLES

Micro- and nanoparticles can be used in the same way as they are used for some
biomedical applications such as to check the ability of cell for phagocytosis, culture
medium, and so forth. But, in most cases, a biospecific compound is immobilized onto
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FIGURE 5.2 Biofunctions of affinity latex

the particles and then composite particles, so-called affinity beads whose dispersion is
named as an affinity latex, are used for the applications shown in Fig. 5.2.

In A of Fig. 5.2, the composite particle is a catcher of target, which is the
complementary counterpart of the compound immobilized on the particle. The
practical applications of A are bioseparation, diagnosis, bioassay, and so forth. In
B of Fig. 5.2, the composite particle is a label of cell which carries compounds
complementary to the ligand on particle, cell separator, cell activator, and so forth. In
both cases of A and B in Fig. 5.2, the compounds immobilized on the particles have to
retain the activity to recognize their complementary partners and interact with them
specifically. Physical immobilization is not suitable to satisfy these requirements
because the conformation and orientation of molecule physically adsorbed on
the particle are hardly controlled. In addition, physical immobilization needs an
adsorption-susceptible surface for only specific compounds, but no such surface
exists. When an adsorption-susceptible surface is used for adsorption of specific
compound, the remaining surface must be masked with hydrophilic polymers such as
albumin and poly(ethylene glycol) to prevent further nonspecific adsorption.

Chemical immobilization was carried out by many chemical reactions as shown
below.

X-CH-CH, + H,N-Y — X-C(OH)-CH,NH-Y
O/

X-COOH + H,N-Y — X-CONH-Y
X-CH,OTs + H,N-Y — X-CH,-NH-Y (Ts: Tosyl group)

X-COON_ |+ H,N-Y — X-CONH-Y

(X, Y: particle or ligand)
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FIGURE 5.3 Importance of binding site of ligand in affinity expression (7)

When biofunctional compounds are immobilized on a polymer surface, the
binding site suitable for immobilization must be carefully chosen. The ligand should
be bound to the surface of particles with exposing affinity site outward. For
example, antibody must be immobilized at the Fc site to keep Fab site free in
order to bind antigen efficiently (6). Another example is Naltrindole (NTI,
Fig. 5.3)—immobilized affinity particle (7). NTI was immobilized to a particle
through a spacer in three modes, using three different binding sites A, B, and C to
catch Opioide selectively. The efficiency of three composite particles to catch their
target was quite different. Only the particle carrying NTI immobilized at A caught
Opioide effectively. The result suggests us that the part of B and C should be kept
free to catch Opioide.

Sometimes, no good result is obtained when the ligand is bound to the surface of
particles directly. It is because direct binding suppresses the ability of ligand to catch
target molecule due to suffering steric hindrance and loss of flexibility of ligand. To
overcome these problems, spacers are inserted between ligand and a surface. The
properties required for spacer are appropriate length and hydrophilicity. The repre-
sentative spacers are oligo(ethylene glycol), ethylene glycol diglycidyl ether (EGDE),
glycil-glycine, and so forth (Scheme 5.1).

Cleavable spacer or linker gives a merit to biofunctional particles (8). Cleava-
ble spacer elutes the complex of species on the particle and its complementary
partner without its deformation. Chung et al. bound the biospecific molecules to
microparticles through UV-cleavable linker (8). The particles were packed in a
microchannel and used for collecting the labeled target selectively. After that
the separation microchannel was irradiated by UV to release the ligand/target
complex from the particles and the concentration of target with label was
determined.

\7/\0/\/0\/&

O
SCHEME 5.1 Ethylene glycol diglycidyl ether
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5.4 BIOSPECIFIC REACTIONS ON PARTICLE SURFACE

5.4.1 Diagnosis Based on Antigen/Antibody Binding Reaction

Singer immobilized antirheumatoid factor antibody on latex particles to detect
rheumatism in 1957 (9). This was the first latex diagnosis, the mechanism of which
is shown in Fig. 5.4. In this case the biospecific binding of rheumatoid factor and its
antibody led to agglutination of latex, which was confirmed through eyes or with a
spectrometer. After Singer’s trial, many antigen—antibody couples were applied for
latex reagents and also several methodologies for diagnosis based on agglutination
were developed in terms of the material of carrier particles, the mode of immobiliza-
tion of antibody, the instruments required for test, and so forth. Optical measurements
of aggregates in dispersion include spectrophotometry, nephelometry, and scanning
laser microscopy. More precise measurement is carried out by using particle counting,
in which the numbers of single, double, and triple particles reflecting the extent
of aggregation are counted. Latex diagnostics is not limited to agglutination kits. It
is also applicable to cells using antibody-immobilized particles (10), fluorescent
compound- and antibody-immobilizing particles (11). More than 30 kinds of latex
reagents are nowadays commercially available, including pregnancy test and HIV
infection check. The application of these materials are not limited to polymer, but other
ones, for example, silica particles can be applicable to latex reagent kit. Zhao et al.
prepared silica nanoparticles that contained fluorescent compound inside and carried
antibody on the surface and successfully detected E. coli O157 with them. Ugelstad
used antibody-carrying magnetic particle with a diameter of several microns for
cancer cell separation (12). Magnetic particles exercise their power in the particle
recovery process.

Antigen in sample

Antibody-immobilized
latex reagent

Antigen—antibody aggregates
FIGURE 5.4 Latex diagnosis/latex agglutination test

5.4.2 Affinity Separation

The above-mentioned latex reagent is the first product of affinity latex, which is
defined as latexes to recognize the complementary partners among the mixture of



124 BIOSPECIFIC REACTIONS BY AFFINITY LATEXES

biocompounds such as proteins and DNAs. Affinity latexes are applied to biosepara-
tion as well as diagnosis. Single stranded DNA (ssDNA)-carrying latex was used to
collect the complementary DNA or RNA from the mixture of DNA/RNA. The first
example is oligo—dT carrying particle to collect mRNA, which includes PolyA
sequence.

5.4.2.1 Affinity Latex for Detection of Point Mutated DNA Affinity
separation was also carried out for discrimination of point mutated DNA. Two 15-
mer ssDNAs that have only one different base each other were successfully
discriminated by ssDNA-carrying SG particles as shown in Fig. 5.5 (13). In these
studies, two kinds of DNAs were incubated with DNA-carrying affinity particles
separately or as a mixture. The results are shown in Fig. 5.6a and b, respectively. As
shown in Fig. 5.6a, complementary DNA hybridized quickly but mismatch one did not
Fig. 5.6b shows the competitive hybridization of complementary and point mismatch
DNAs with ssDNA-carrying particle. Hybridization of complementary DNA could
not be suppressed by mismatch DNA even if the latter existed 100 times more than the

== 3-GGATGCGGTGGTCGAGGTTG-5
== G10-CCTACGCCACCAGCTCCAAC-3
=®=  3-GGATGCGGTCGTCGAGGTTG-5

Individual system Mixed system
— o
+ «) + + «)
==
== | @

FIGURE 5.5 Discrimination of point mutant using DNA-carrying affinity latex

(a) (b)
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FIGURE 5.6 Hybridization of complementary and mismatch DNAs with DNA-carrying
Particle (13) (a) individual system, (b) mixed system
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former. Such discrimination could not be observed with free DNA. That is,
immobilization gave the DNA the ability to discriminate its complementary one.
This was attributed to the restricted conformational flexibility of DNA immobilized on
particles. The immobilized DNA can fit only its complementary one but not point
mismatch one because the immobilized DNA has less flexibility due to bound end

group.

5.4.2.2 Enzyme-Participating DNA Diagnostics A new mismatch
detection system was developed by the usage of functional polymer latex particles
which can catch and cleave mismatched DNA selectively (Fig. 5.7) (14). The particles
carry MutS, which is originally a DNA repairing enzyme and selectively catches
mismatch DNA, and anthraquinone derivative (AQ), which can cleave dsDNAwith the
aid of UV irradiation. Therefore, the functionalized particles could discriminate
between G/C complementary and G/T mismatched DNAs and cleave G/T
mismatched DNA selectively upon irradiation with 365nm UV beam. The
complementary dsDNA was placed far from particles and therefore AQ could not
attack it. The efficiency of photocleavage of G/T mismatched DNA increased as
number of AQ bound to MutS immobilized on the particles increased and as UV
irradiation time was prolonged. The system, constituted of AQ—MutS-immobilized
particles with a diameter less than 100nm and SYBR-Gold, a dsDNA-binding
fluorescent dye, detect mismatched DNA with 40 base pairs. The measurement
can be done without separating particles from dispersion medium because the
particles are small enough to be stealth from light.

Anthraquinone -
(| GIT mismatch
\') DNA

1S

Complementary

DNA Z
Z' Polymer
/ particle

FIGURE 5.7 Novel latex reagent for mismatch detection in DNA diagnosis. Left, Schematic
presentation (14). Right, Fluorescence of samples before and after incubation with MutS/AQ-
particle followed by UV irradiation

5.4.2.3 Affinity Latex Reacting with A Cell Membrane Protein  Arginine—
glycine—aspartic acid (RGD) is a representative cell adhesive peptide located
within fibronectin and other proteins. RGD was immobilized to latex particles.
RGD-carrying latex was used to specifically interact with integrin, a cell membrane
protein that recognizes RGD sequence. RGD-carrying particles enabled to selectively
collect integrin in cell membrane extract. They also enable to stimulate the cell through
the biospecific interaction between RGD and integrin (15). Such interaction did not



126 BIOSPECIFIC REACTIONS BY AFFINITY LATEXES

occur between integrin and RGE (E, glutamic acid) although the difference between D
and E is only whether CH, group exists or not. Their specific interaction can be possible
when integrin has its native conformation, which is Mg?" dependent. Namely,
elimination of Mg>" spoils RGD—integrin binding. The efficiency of the specific
reaction is controlled by the flexibility of RGD. Insertion of glycil-glycine (GG)
between RGD and particle causes an appreciable improvement of efficiency in specific
binding. GG serves as a spacer, which makes the probe flexible.

5.4.2.4 Drug Delivery Using Affinity Latex The main event for some drugs
is to encounter their own receptor protein on cell membrane. Drug-carrying latex could
identify the cell membrane proteins which have specific affinity with the drug. For
example, cisplatin/DNA-carrying latex (Fig. 5.8) could catch a few proteins, which are
believed to be responsible for the treatment of cancer (16).

5.4.3 Bioreaction by Immobilized Enzyme

Latex particle is one of the promising carriers for enzymes because of the huge surface
area to exhibit bioreaction and the curved shape to maintain the native structure of
immobilized enzyme. Self-assembled polystyrene particles were used as micropat-
terned enzyme support (17).

Direct immobilization of enzyme on particle sometimes causes deactivation of
enzyme. In addition to insertion of enzyme into polyelectrolyte multilayers (18),
entrapment of enzyme in polyelectrolyte brushes was also effective for preservation of
immobilized enzyme (19). This was confirmed in the system of polyacrylic acid hair-
carrying polymer colloid. Silver nanoparticles were in sifu formed in the hairy layer
and they exhibited excellent catalytic activity for reduction reaction.

Intermediate for medicinal action

.

CDDP-DNA

0.2 um

FIGURE 5.8 cis-platin/DNA complex-carrying latex to identify the protein responsible for
cis-platin/DNAcomplex formation (16)
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Thermally-sensitive graft chains were used as a linker or a spacer for enzyme (20).
In this study, poly(N-isopropylacrylamide) (PNIPAM) and trypsin-bound PNIPAM
chains were grafted on polystyrene particles. The transition temperature of the latter
(Te) was several degrees higher than that of the former (70). Trypsin was buried in hairy
layer of particles in dispersion below 70, whereas it was exposed to the aqueous
medium between 7o and 7Te so that trypsin catches the substrate efficiently. The
situation is almost the same above 7e. Thus, the hair played roles not only as spacer but
also as regulator of enzyme activity with temperature.

5.5 MULTIPLEX ASSAY SYSTEM

5.5.1 Two Multiplex Assay Systems

Multiplex assay is defined as the assay for simultaneous detection of multiple targets
by using multiple ligands. This assay needs only a very small amount of samples and,
therefore, patients suffer little anguish. Speed is another merit of multiplex assay.
There are two types of multiple assay systems. One is composed of chip and the other is
composed of dispersing particles. In the former, each ligand is identified by the
position on a chip. In contrast, in multiplex assay using affinity particles, called as
suspension array or beads array, each particle in dispersion has to carry its own sign, or
bar code, to indicate its identity as shown in Fig. 5.9.

Multiple targets

] o

N

Bead

Flow cytometer

Beads identification

Determination of

Chip reaction
(Each ligand is identified
by the position) Bar-code beads

(Each ligand is identified by
physical property of particle)

FIGURE 5.9 Multiplex assay systems

5.5.2 Coding of Particles

Color, size, density, electric charge, and so forth have been used as the bar code. A
series of multiple colored particles were obtained by mixing multiple dyes or quantum
dots (QD) with different mixing ratio (21). In dual fluorescent dyes system, for
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FIGURE 5.10 Multiplex beads assay of SNP using single base chain extension and
ZipCode (23)

example, a hundred kinds of microbeads were prepared by putting different amount of
two kinds of fluorescent dyes, ten concentrations per dye, into the beads with a
diameter of 5 um. Such beads are identified in flow cell by measuring fluorescence
originated from each dye embedded in the beads. In QD-assist multiplex assay
systems, some QD-carrying polymer particles are reinforced because quantum dots
are apt to leak out of undependable particles. To prevent the leakage of quantum dots,
silica nanoparticles were deposited on the polymer particles to form silica shell, which
contributed to the improvement of bar-code stability (22).

Another code system is shown in Fig. 5.10 (23), which enables the assay of
unlabeled sample DNA. The sample DNA containing SNP is first amplified by PCR.
One capture oligonucleotide probe with a unique ZipCode sequence was designed for
the every SNP. Multiplexed SNP analysis could be done by employing respective
ZipCode sequences for different SNPs.

In the preparation of beads assay systems, functional groups should be attached on
the beads in order to immobilize ligands or probes on them. The common functional
groups are carboxyl group and avidin. Through these functional groups, a hundred
kinds of beads having a hundred kinds of ligands are prepared.

5.5.3 Practice of Multiplex Beads Assay

Multiplex beads assay is carried out as follows. When the particles having sequence
specific DNAs are mixed with labeled sample DNA, only the particle having
complementary DNA hybridizes with labeled sample and the identification of the
hybridized particle informs us about the DNA sequence of the sample. Then
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FIGURE 5.11 Constitution of multiplex beads assay system (24)

identification is done by flow cytometer as shown in the right of Fig. 5.9. The
cytometer is interfaced with a personal computer carrying data processor and each
DNA is quantified. This assay system prefers to chip system in terms of the speed and
easy processing.

Improvement of sensitivity is the keen requirement not only in singleplex assays but
also in multiplex assays. If the sensitivity is high enough, no PCR amplification
followed by troublesome processes isrequired. Zheng et al. developed a new method to
enable accurate and simple quantification of mRNA in whole blood (24). Usually the
quantification of mRNA is very difficult because gene expression changes dynami-
cally and sample preparation is complicated. Their assay system to overcome such
difficulty is shown in Fig. 5.11.

As shown in Fig. 5.11a, three types of DNA blocks were prepared, that is, capture
extender-carrying DNA, label extender-carrying DNA, and blocking DNA. All of
them possessed specific sequences complementary to parts of target mRNA. Capture
extender and label extender hybridizes with capture probe on particle and label
extender hybridizes with amplifier branched DNA-carrying label probe. After three
DNA fragments hybridized with mRNA (Fig. 5.11b), they were caught by capture
prove-carrying particle (Fig. 5.11c). Then, amplifier was hybridized and contributed
to the chemiluminescence assay (Fig. 5.11d). This system only needed 25 UL of whole
blood without purification, RNA isolation, and reverse transcription for the multiplex
gene expression analysis. Thus, 0.01-0.04 amol target DNA was captured from 25 uLL
blood.

Weissler et al. prepared a library in which 146 kinds of small molecules were
attached to particles (25). The particles were used for screening cell lines. The small
molecules employed were 1-adamantanemethylamine, 3-mercapto-2-methyl-
propionyl-L-proline, 2-imino-1-imidazolidiaacetic acid, 1,2,4-benzenetricarboxylic
anhydride, and so forth. The particles were used for differentiating cell lines, detecting
distinct cellular states and targeting specific cell types.
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Use of beads was focused on multiplex assay in this section. But the fact should be
referred that affinity particles are usable even in chip system (26). It is because the
particles give large surface area and, consequently, a large number of reaction sites to
each spot on the chip. SPR imaging system enables simultaneous detection of multiple
targets bound by multiple spots on a chip.

5.6 CONCLUSIONS

Biofunctional particles were designed and prepared for a variety of purposes. Studies
have been done on prevention of nonspecific adsorption. The particles were employed
for bioseparation, bioassay, bioreactor, and others. In terms of bioassay, high through-
put process using the minimum amount of sample became more and more important.
As a result, multiplex assay, including chip and dispersion systems, has made
tremendous progress in the last 2 decades.
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6.1 INTRODUCTION

Proteomics, genomics, and medical diagnostics regularly require labeling of biomo-
lecules for detection. Isotopes, enzyme-linked chromophores production, and chemi-
luminescence are among the most sensitive methods of biodetection. Mass spectrom-
etry and recent advances in surface plasmon resonance technique and resonant and
surface-enhanced Raman vibrational spectroscopy techniques offer label-less tech-
niques. Even with all these methods available, the improved spatial and temporary
resolution and versatility of fluorescence microscopy have found its place in the
numerous biodetection applications (1). Such recent advances of fluorescence detec-
tion techniques as the development of fluorescent sensors and labeling of proteins in
live cells have yielded a clearer understanding of the dynamics of intracellular
networks, signal transduction, and cell—cell interaction (2). The fluorescence detec-
tion methods are characterized by fast signal acquisition where each individual label
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can provide 10’—10% photons for detection; single molecule detection has become
prevalent for many applications (3); the signal is localized, unlike with some enzyme-
linked amplification schemes, and the labeling process is straightforward provided
that appropriate functional groups are available on the target. However, the multi-
plexing task of elucidating the role of numerous targets simultaneously and their
mutual interactions and interconversions in a real and long-lasting time, require new
and emerging approaches and tools. Ultrasensitive (down to single-molecule) multi-
plexed methods will play a major role in this endeavor, but the complex milieu
encountered inside live cells and in crude biological fluids and tissues requires
substantial adaptations of current in vitro techniques.

Three major problems associated with fluorescence microscopy detection, diag-
nostics, and bioimaging include the following:

1. cell autofluorescence in the visible spectrum (which can mask signals from
labeled molecules);

2. requirement of long observation times (which create a need of new probes that
are more photostable than current fluorophores); and

3. the problems with a multiplexing when an absorption and fluorescence
emission bands of typical organic chromophore are very close to each other,
and the fluorescence emission bands are large and nonsymmetrical, thus,
making difficult simultaneous biodetection of different fluorescent tags and
further deconvolution of detectable signals (Fig. 6.1).

Research on fluorescent semiconductor nanocrystals (“quantum dots” or QDs) has
moved over the last 10 years from electronic materials and physics to biological and
biomedical areas and a literature search daily increases examples of their successful
applications much exceeding the possibilities of organic dyes. The most recent
examples include the observation of diffusion of individual receptors on the single
molecule level, multiplexed identification of lymph nodes in live animals by near-
infrared emission during surgery, ultrasensitive detection of viruses and bacteria,
multiplexed detection using flow cytometry techniques, an increase of sensitivities in a
lab-on-a-chip and lab-on-a-bead detection formats, and so forth. From the fundamental
point of view, the new generations of QDs have far-reaching potential for the study of
intracellular processes at the single-molecule level, high resolution cellular imaging,
long-term invivo observation of cell trafficking, tumor targeting, and diagnostics (4-6).

Colloidal semiconductor quantum dots are single crystals, a few nanometers in
diameter whose size and shape can be precisely controlled by the duration, tempera-
ture, and ligand molecules used in the synthesis (6—8). This process yields QDs that
have composition- and size-dependent absorption and emission (Figs. 6.1 and 6.2).
Absorption of a photon results in the creation of an electron-hole pair (exciton). The
absorption has an increased probability at higher energies (i.e., shorter wavelengths)
and results in a broadband absorption spectrum, in marked contrast to standard
fluorophores (Fig. 6.1). For nanocrystals smaller than the so-called Bohr exciton
radius (a few nanometers, Fig. 6.3), energy levels are quantized, with values directly
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(4,8nm) QDs are presented as examples
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related to the QDs size (an effect called quantum confinement, providing the name
“quantum dots”’ for such nanocrystals). The radiative recombination of an exciton
leads to the emission of a photon in a narrow, symmetric energy band, another
difference from the red-tailed emission spectra and short lifetimes of most organic
fluorophores (Fig. 6.1). The long fluorescence lifetime of QDs enables the use of time-
gated detection to separate their signal from that of shorter lived species (such as
background autofluorescence encountered in cells). Surface defects in the crystal
structure act as temporary “traps’ for the electron or hole, preventing their radiative
recombination. The alternation of trapping and untrapping events results in intermittent
fluorescence (blinking) visible at the single-molecule level (9) and reduces the overall
quantum yield, which is the ratio of emitted to absorbed photons. One way to overcome
these problems, and to protect surface atoms from oxidation and other chemical
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Fluorophore Absorption(nm) Emission(nm)
Fast Blue 360 440
AlexaFluor 350 346 445
AMCA 350 450
Bisbenzamide 360 461
Hoechst33258 360 470
ACMA UV 412, 430 471, 474
Hoechst33342 343 483
Cy2 489 506
GFPWildtype Non UVe 475 509
GFPWildtype UVex 395 509
AlexaFluor 488 494 517
Calcein 496 517
Fluorescein (FITC/DTAF) 495 520
FluoroJade B 480 525
Lucifer yellow 425 528
JC-1 514 529
Fluoro-Gold 361 536
AlexaFluor 430 430 545
Eosin 524 545
6-Joe UV 520 548
AlexaFluor 532 530 555
Cy3 548 562
AlexaFluor 546 554 570
AlexaFluor 555 555 571
TRITC 547 572
B-phycoerythrin 545, 565 575
R-phycoerythrin 480,545,565 578
Rhodamine 539, 574 602
AlexaFluor 568 578 602
Texas Red 589 615
AlexaFluor 594 590 617
Propidiumlodide(Pl) 536 617
EthidiumBromide 493 620
Feulgen 570 625
Acid Fuchsin 540 630
AlexaFluor 633 621 639
AlexaFluor 647 649 666
Cy5 650 670
PE-Cy5 conjugates 480,565,650 670
AlexaFluor 660 668 698
AlexaFluor 680 684 707
PE-Cy7 conjugates  480,565.743 767
Cy7 743 767

FIGURE 6.2 Fluorescence of semiconductor quantum dots of different chemical com-
positions and sizes cover all optical spectral region from UV to IR. QDs may replace all
known organic dyes (on the left) from their actual areas of applications to detection and
diagnostics
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FIGURE 6.3 CdSe quantum dots of different shapes. Electron microscopy photographs of
spherical nanocrystals of 3,5 nm in diameter (a), nanorods of 4 nm in diameter and 20 nm in
length (b), and nano-“tetrapodes” (c). Bars: 20 nm

reactions, is to grow a shell of a few monolayers of a material with a larger band gap on
top of the nanocrystal core (CdSe/ZnS core/shell QDs, for example). This shell can be
optimized to obtain quantum yields up to 75% (10,11). Deposition of the shell also
enhances QDs photostability by several orders of magnitude relative to conventional
dyes (13). Additionally, the QDs have normally very large linear absorption cross-
sections (or extinction coefficients) orders of magnitude bigger than that of organic
dyes (Fig. 6.4). The product of the quantum yield and extinction coefficient of
fluorophore determines its brightness, the key parameter of the sensitivity of
fluorophores' detection with a microscope. Very big extinction coefficients and
comparable quantum yields ensure at least 10-fold higher brightness of QDs over the
nest organic fluorophores and enable the detection sensitivity down to a single QD
level.

Single QDs can be observed and tracked over an extended period of time (up to
many hours and even days) with confocal microscopy (14) or basic wide-field
epifluorescence microscopy (15). Single-molecule studies of QDs have revealed
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FIGURE 6.4 Dependence of position of fluorescence emission band of CdSe/ZnS core/shell
nanocrystals and their extinction coefficient in a long-wavelength exciton maximum of
absorption on diameter of fluorescing CdSe core
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phenomena hidden in ensemble measurements, such as blinking (9) or the existence of
multiple long fluorescence lifetimes (16). Single-molecule microscopy is possibly one
of the most exciting new capabilities offered to the biologist. A related technique,
fluorescence correlation spectroscopy, has allowed determination of the brightness per
particle and also provides a measurement of the average QDs size (17).

QDs are also excellent probes for two-photon confocal microscopy because they
are characterized by a very large absorption cross section (Fig. 6.4). Naturally, they can
be used simultaneously with standard dyes. In particular, QDs have a largely untapped
potential as customizable donors of a fluorescence resonance energy transfer (FRET)
pair with organic dyes (18,19) or in the QD-QD pairs of nanocrystals of different sizes
(20).

The QDs of different chemical composition and diameters cover all region of
optical spectrum from UV to IR and may, in principle, replace all known for today
organic dyes from their current application niches (Fig. 6.2). In this Chapter, we will
start from the brief review of state-of-the-art techniques of synthesis of bioadaptable
nanocrystals of different sizes and chemical compositions. We will further describe
in more details CdSe/ZnS core/shell QDs as a detection and diagnostic tool in
biotechnology system and will cover the current approaches to their solubilization
and protection in aqueous solutions and biological fluids, functionalization and
applications to ultrasensitive biodetections on molecular and cellular levels with
QDs bioconjugates or with the polymer beads optically encoded with QDs of
single or multiple colors. In vivo QDs applications and related cytotoxicity issues is
an emerging area, which is not covered by this Chapter. The readers interested in
this field of QDs applications are addressed to the recent comprehensive
reviews presenting the rapidly growing and changing state-of-the-art in this field
(21,22).

6.2 SYNTHESIS OF BIOADAPTABLE HIGHLY LUMINESCENT
1II-VI NANOCRYSTALS

6.2.1 History: First Generations of Semiconductor Nanocrystals

The first successful synthesis of nearly monodisperse semiconductor nanocrystals of
CdE chemical composition (where E is S, Se, or Te) with intense band-edge
luminescence has been published by Bawendi and coworkers in 1993 (23). The basis
of this method is extremely useful and flexible and most of the highly luminescent
II-VI, III-V, IV-VI nanocrystals synthesized so far have been obtained via this way.
The method is based on high temperature reaction between organometallic precursors
in various coordinating media. The first synthesis of highly luminescent CdSe
nanocrystals involved dimethylcadmium and trialkylphosphine selenide as precursors
and trioctylphosphine oxide (TOPO) as a coordinating medium. Despite their
relatively high cost, TOPO was found to be nearly ideal reaction medium since, it
possesses both high boiling point (above 360°C) and strong binding with various metal
ions such as Cd or Zn. The general synthetic procedure involved the fast injection of
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precursors into the reaction medium at high temperature (300-350°C) followed by
slow growth of nanocrystals at relatively low temperature (250-300°C). All stages of
synthesis must be done in the inert atmosphere (Ar or N,) indeed. Trialkylphosphine
selenide (or telluride, or sulfide) is prepared by dissolving elemental chalcogen in
tributylphosphine or trioctylphosphine (TOP), and the choice of dimethylcadmium as
a metal precursor is dictated by its good solubility in TOP. At room temperature,
CdMe, does not react markedly with TOP:Se, but being injected into TOPO at high
temperature the interaction is going quickly producing small-atom clusters of CdSe as
the seeds. Subsequent lower temperature “aging’ brings about the growth of CdSe
nanocrystals via mass transfer from smaller particles onto bigger ones (the so-called
Ostwald ripening). The final result of the process will be the CdSe nanocrystals of
nearly spherical shape with the mean size and size distribution dependent mainly on the
injection and growth temperature, the concentration and the sorts of reagents. The
smallest CdSe nanocrystals prepared by high temperature method reach ca. 1.2 nm in
diameter, while the biggest ones exceed 10 nm (Fig. 6.3). Larger CdSe nanocrystals are
unstable in TOPO at high temperature and begin to precipitate out of mother solution.
Due to pronounced quantum confinement effect (QCE) in CdSe nanocrystals of
diameters comparable with the Bohr radius, the smaller nanocrystals have the stronger
blue shift of absorption bands than the bigger QDs (24). Apart from the spectral shift in
CdSe nanocrystals prepared by high temperature synthesis, the QCE produces well-
resolved excitonic absorption bands clearly detected even at room temperature. It
should be noted that the excitonic optical transitions in bulk CdSe may be detected only
at cryogenic temperatures.

The quantum confined II-VI nanocrystals were known much earlier than the
modern high temperature synthesis has been developed. Synthesized in glass matrices
for optical cut-off filters or in water solutions, the first II-VI nanocrystals were
suffered with too broad absorption bands and weak photoluminescence (25-27). The
broadening of optical transitions arise from nonhomogeneity of early nanocrystals,
while the weak photoluminescence was the indication of large number of defects and
traps playing the roles of centers for nonradiative recombination of optically excited
electron—hole pairs in semiconductors (24). The size distribution of semiconductor
QDs was much above 10% and photoluminescence quantum yield below 1%. In
addition, the origin of this weak luminescence was not purely excitonic (i.e., direct
radiative recombination of excited electron—hole pairs), but rather trap-mediated
recombination characterized by small efficiency, long decay time, and large Stock
shift. The advantage of modern high temperature synthesis is in the formation of
monodisperse semiconductor nanocrystals with accurately controllable size and high
luminescence quantum yield. The fast formation of seeds just after the precursor
injection followed by slow growth of nanocrystals at moderate temperature brings
about nearly defect-free particles due to increased mobility and annihilation of various
defects at higher temperatures. Controlling the kinetics of nanocrystals growth by the
reaction temperature, duration, and concentration of components, it is possible to
achieve the effect of the “focusing” in the size distribution of nanocrystals. Later,
utilization of the “focusing’ growth was utilized for the synthesis of CdSe nanocrystals
with the standard deviation well below 10% (28).
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The first high temperature synthesis of II-VI nanocrystals utilized organometallic
precursors (dimethylcadmium, for example). Besides its high commercial price,
dimethylcadmium is a very dangerous substance being highly volatile, pyrophoric,
and highly toxic. Manipulations with CdMe,, especially at high temperatures, must be
done with extreme care and only in the inert atmosphere. To avoid the usage of such
unpleasant material in the synthesis of CdE nanocrystals, some other precursors have
been utilized successfully. High quality CdSe nanocrystals were synthesized from
cadmium and organic acid salts, including cadmium stearate, laurate, acetate, and
alkylphosphonic acid salts (29). More exotic precursors proposed included complexes
of Cd with dialkyldiseleno (thio-) carbamates, pyridineselenolates, thioles, and so forth
(30-32). The starting materials may be either commercially available salts or solid
CdO and organic acids loaded together with TOPO. At moderate temperatures, CdO
reacts with organic acids producing a solution of salts in TOPO, just ready for further
injection of TOP:Se (or TOP:S, TOP:Te). The synthesis of CdE starting from cadmium
salts was not only cheap and versatile but also gave the nanocrystals of very high optical
quality with the photoluminescence quantum yield exceeding 50% and the spectral
linewidth less than 30 nm (33). Additionally, this “greener”” synthesis allowed achiev-
ing a multigram yield of nanocrystals per one synthesis, which is important for
nanocrystals synthesis scaling and decreasing of the price of their production (34).

CdSe nanocrystals were not only a single sort of materials synthesized by high
temperature method. As already mentioned above, due to QCE one may control the
spectral position of both absorption and emission bands of semiconductor nanocrys-
tals by varying their size during the synthesis. CdSe nanocrystals are of special interest,
since by varying their size from ca. 2 nm to 8—10 nm, we may cover with their emission
nearly full visible region from ca. 460 to 660 nm (Fig. 6.2). But, some applications,
such as tissue and in vivo imaging, require the materials also emitting in the near-IR
region. Also, the utilization of highly luminescent nanocrystals as fluorescent markers
in biology and medicine would be much more expanded with nanocrystals also
emitting in a deep blue-UV regions of optical spectrum. This can be done with
semiconductor nanocrystals other than CdSe II-VI QDs. For example, ZnSe nano-
crystals may emit alight around 360—420 nm, while CdTe fluoresce in the 550-700 nm
region. Earlier, an effective method for high temperature synthesis of bright ZnSe
nanocrystals was developed, based on the reaction between TOP:Se and diethylzinc
(35). Here, hexadecylamine, instead of TOPO was used as a coordinating solvent,
because TOPO was found to bind too strongly to Zn ions resulting in the formation of
only ultrasmall ZnSe clusters. Later, “greener” synthesis of highly luminescent ZnSe
nanocrystals has been developed with zinc stearate as a precursor instead of dangerous
zinc organometallic compounds (35). Similar to the earlier synthesis of CdSe
nanocrystals, bright CdTe nanocrystals were synthesized with the emission band
between 550-650 nm depending on the size of nanocrystals (36). Interestingly, both
CdTe and ZnSe nanocrystals possess cubic crystalline structure, while CdSe nano-
crystals are characterized by hexagonal phase (rarely reported preparations of cubic-
phase CdSe nanocrystals seem to be doubtful).

The synthesis of various alloyed II-VI nanocrystals, such as Zn,Cd;_,Se (37),
Zn,Cd; _,S (38), and CdSe, Te| _, (39) are of special interest indeed. With the help of
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ternary alloyed nanocrystals one may tune the nanocrystals emission range very
precisely, especially within the spectral region not covered by regular II-VI nano-
crystals. For example, it is difficult to achieve the bright blue—green emission of CdSe
nanocrystals, since the luminescence quantum yield drops sufficiently with the
decrease of nanocrystal size (in this case, d <2 nm) (40). From the other size, ZnSe
nanocrystals still emit at much shorter wavelength. Alloyed Zn,Cd, _,Se nanocrystals
may be synthesized with the emission bands from deep blue to yellow region.
Moreover, unlike regular CdSe nanocrystals, the spectral properties of Zn,Cd;_,Se
may be tuned not only by changing the size but also the chemical composition of
nanocrystals.

The spectral properties of ternary alloyed nanocrystals are not necessarily a
function of their composition. CdSe,Te,_, nanocrystals demonstrate a nonlinear
compositional effect: at certain Se:Te concentration (ca. Seg35Teg ¢5) nanocrystals
with d = 6.5 nm exhibit photoluminescence band at around 800 nm, while the maxima
of emission bands of pure CdSe or CdTe nanocrystals are at 650 and 750 nm,
respectively (39). This effect is of special interest for QDs applications, since one
may extend now the II-VI nanocrystals’ emission wavelength maxima to near-IR
region, what is very important for biological and medical applications. Further shift to
even longer emission wavelength requires more narrow gap semiconductors, such as
HgSe, HgTe, III-V (InP, InAs) or IV-VI (PbS, PbSe) semiconductor materials.

Alloyed ternary II-VI nanocrystals may be synthesized by standard high tempera-
ture reaction using at least two different technologies. First technology is based on the
simultaneous loading of both precursors, such as Zn and Cd salts, for the case of
synthesis of ZnCdSe or ZnCdS nanocrystals (37,38). In this case almost homogeneous
Me'Me"E nanocrystals are formed from the very beginning stages of the synthesis.
From the other side, large difference in the reactivity of different precursors, such as Se
and Te in the synthesis of CdSeTe nanocrystals may produce graded nanoparticles with
core enriched with fast reacted component (i.e., CdTe) and CdSe shell (39). Alterna-
tive technology of synthesis of alloyed nanocrystals (ZnCdSe, for example) is based on
initial formation of secondary compound core (here, CdSe) followed by the addition of
Zn precursor in reaction mixture. This high temperature reaction is very long but
produces sufficiently homogeneous alloyed ZnCdSe nanocrystals. It should be noted,
that the formation of homogeneous alloyed nanocrystals is sensitive to the temperature
of reaction: below certain level, homogeneity is not achievable even at very long
reaction time. Otherwise, graded nanocrystals with the structure close to core-shell
particles may be formed.

Besides high temperature synthesis of luminescent, II-VI nanocrystals in organic
media, a room temperature preparation of nanocrystals in aqueous solutions has been
developed recently. The general method is based on the reaction between cadmium
salts dissolved in water and gaseous precursors H,Se (for CdSe, HgSe) or H,Te (for
CdTe) or corresponding sodium salts NaHSe, NaHTe. The main point of this method
was the utilization of water-soluble thioalcohols, such as 1-thioglycerol or mercapto
acids (thioglycolic acid) as stabilizers of growing nanocrystals (41). It is well known
that thiols bind strongly to the surface of II-VI nanocrystals via the S—Me bonds.
Surprisingly, the presence of thiols in the reaction mixture brings about the formation
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of highly monodisperse nanocrystals. Both CdSe and CdTe nanocrystals prepared by
this method possess strong photoluminescence in aqueous solutions, which is quite
unusual, since the water molecules are known to be strong photoluminescence
quenchers. It was proposed that thiols on the surface of CdSe and CdTe nanocrystals
form a monolayer, which works as a protecting shell against luminescence quenchers
and a potential barrier for excited electron—hole pairs. Also, the adsorption of thioles
on the surface of CdSe and CdTe nanocrystals may eliminate the surface traps reducing
the nonradiative recombination of excitons. Such nanocrystals may be treated as
transition structures between core and real core-shell nanocrystals.

6.2.2 Synthesis of Highly Luminescent Core-Shell Nanocrystals

From the very beginning of their history, [I-VI semiconductor nanocrystals synthe-
sized in the high temperature reaction suffered from a wide range of problems, which
limited their practical applications. First, their luminescence quantum yield being
much higher than that for nanocrystals prepared by other methods still was much lower
than that for widely used organic fluorescent dyes. Second, the photostability of these
so-called “core” nanocrystals was also quite low and both these parameters even
worsened when the nanocrystals were transferred to aqueous solutions. The problem
arises from the surface properties of core nanocrystals. The best recent high tempera-
ture synthesizes still produces “nonideal” nanocrystals with a lot of surface defects
playing a role of nonradiative recombination centers or traps for excited electron—hole
pairs, thus decreasing dramatically a fluorescence quantum yield. The QCE inside
nanometer-sized semiconductor nanocrystals brings about a strong quantum mechan-
ical interaction between excited electron—hole pairs and surrounding medium. The
potential barrier between nanocrystal core and surroundings might strongly isolate the
electron—hole pairs inside core, increase their lifetime, decrease the nonradiative
recombination, and as a consequence drastically improve the fluorescence quantum
yield and photostability (12,23). Few monolayers of wide gap materials would be
enough to solve this problem. However, this shell must form an epitaxial structure on
the surface of semiconductor core, that is, the interface between core and shell must be
homogeneous and defect-free. The requirement for epitaxial growth of shell on the
surface of II-VI nanocrystals limits the sorts of materials for this purpose by wider gap
II-VI semiconductors with as little as possible crystalline lattice mismatch between
core and shell materials. For CdSe core nanocrystals, ZnS, ZnSe, or CdS shells may be
used, while for CdS and ZnSe core nanocrystals only ZnS is possible. For CdTe core,
the choice of shells is wider (ZnS, ZnSe, CdS, CdSe shells, for example), but only CdS
shell has shown a really good results. Other wide gap I[I-VI materials such as ZnO or
MgS are not appropriate due to their specific chemical properties.

Firstreally highly luminescent II-VI core-shell nanocrystals have been synthesized
only few years ago after the development of high temperature procedures for core
nanocrystals. At the beginning, a ZnS shell was grown atop CdSe core nanocrystals of
ca. 3nm in diameter via one-step synthesis in the same TOPO medium with
organometallic precursors (7). Then, it has been found that two-step procedure with
the intermediate extraction and purification of core nanocrystals gave better and
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reproducible results for both ZnS and CdS shells on the CdSe core. (42). An addition of
aliphatic amines such as hexadecylamine into the reaction mixture together with
TOPO further increased the quality of core-shell CdSe/ZnS nanocrystals and lumi-
nescence quantum yield to 60% (43). While a quantum yield above 50% is routinely
achieved now for CdSe/ZnS core-shell nanocrystals, the best synthesis can give up to
80% quantum yields at room temperature, which is close to this parameter for the best
organic fluorescent dyes (10,11). The “greener” synthesis of core-shell CdSe/CdS
nanocrystals also has been developed with multigram yield of nanocrystals per
synthesis (34).

6.2.3 Synthesis of llI-V and IV-VI Nanocrystals Emitting in Near-IR

Interest to the synthesis of highly luminescent nanocrystals of III-V compounds was
motivated by two reasons. First, III-V nanocrystals might be used in comparative
study of QCE in various semiconductor nanostructures, since most of physics was
done in this field using I1I-Vepitaxially grown quantum wells, dots, and superlattices
(44). Second, III-V nanocrystals, such as InP, InAs, as well as IV-VI narrow gap PbS,
PbSe, PbTe nanocrystals could be promising materials with intense emission in near-
IR region, important for telecommunication, laser optics, and biological applications.
Fluorophores emitting in deep red and near-IR region are of especial interest for
biology and medicine for in vivo fluorescent analysis. General synthesis of III-V and
IV=VThighly luminescent nanocrystals is based on the same high temperature protocol
developed before for [I-VI nanocrystals. TOPO-based reaction medium was found to
be suitable enough for the formation of monodisperse spherical InP or InAs nano-
crystals with controllable size. As precursors, both indium inorganic compounds, such
as InCl; and phosphorous or arsenic organometallic substances were used successfully
(28,45,46). Strong excitonic emission with quantum yield exceeding few tens of
percents was achieved especially for core-shell nanocrystals. The growth of shell on
InP or InAs core is more complex and tricky procedure than for II-VI nanocrystals.
The use of wide gap III-V materials such as InN or GaN is problematic and other III-V
materials were examined, including ZnS and ZnCdSe, ternary compounds and InAs/
InP core-shell nanocrystals.

6.3 WATER SOLUBILIZATION AND BIOCONJUGATION
OF NANOCRYSTALS

As far as we have noted in the previous section, QDs are mostly synthesized in
nonpolar organic solvents. In order to solubilize them in aqueous solutions, their
hydrophobic surface ligands (TOPO for CdSe/ZnS QDs, for example) must be
replaced by amphiphilic multifunctional molecules (Fig. 6.5). Different QDs solubi-
lization strategies have been devised over the past few years, including (i) ligand
exchange with such simple thiol-containing molecules as mercapto acids, amino acid
cysteine, or cysteamine (8,13,20), oligomeric phosphines (47), dendrons (48), pep-
tides (49), and so forth; (ii) encapsulation by a layer of amphiphilic bi- (50) or
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FIGURE 6.5 Examples of procedures of CdSe/ZnS core/shell nanocrystals solubilization
and bioconjugation. As synthesized, QDs consists of the CdSe fluorescing core covered by a 1—
2 monolayers of ZnS protecting core fluorescence from quenching; hydrophobic trioctylpho-
sphin oxide (TOPO) covers the QDs surface after the synthesis (a). In order to make the
nanocrystals biocompatible in aqueous solutions and adaptable for bioconjugation, we are
treating the QDs surface with mercapto compounds (b) such as mercapto acids, cystein,
cysteamine, or others. This procedure provides us with the (relatively) small water-soluble QDs
adaptable for their bioconjugation through the functional COO- or NH2-groups of mercapto
compounds used. Although this procedure is simple and hydrodynamic radius of resulting QDs
is relatively small, the resting on the surface hydrophobic molecules of TOPO determines their
potential for aggregation in a couple of the months time period. Panel (¢) shows much more
advanced procedure of QDs encapsulation within the additional organic shell formed by the
mixture of a trifunctional polymers comprising (1) the groups with high affinity to QD surface;
(2) the hydrophobic chains encapsulating the QD via the strong stacking interaction between
these chains and with the hydrophobic TOPO chains on the QD surface; (3) the hydrophilic
PEG-based functionalities ensuring solubility of nanocrystals, and terminating by the NH2- or
COOH-groups available for bioconjugation. The conjugate of QD with an antibody is shown as
an example (d)
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trifunctional (11,51) polymers or in silica shells (52), phospholipids micelles (53),
polymer beads (54-56), polymer shells (8,57), or amphiphilic polysaccharides (58).
For simple applications such as QDs tagging of a target molecule, a single recognition
moiety can be tagged to the QD (e.g., DNA oligonucleotide or aptamer, antibody, etc.)
(Fig. 6.5). QD ligands containing either an amine or a carboxyl group, for instance,
offer the possibility of cross-linking molecules containing a thiol group or an
N-hydroxy-succinimyl ester moiety by means of standard bioconjugation reactions
(8,13). Another approach uses electrostatic interactions between QDs and charged
adapter molecules, or between QDs and proteins modified to incorporate charged
domains (59). These functionalization steps can be repeated to add or change
functionality. For instance, streptavidin-coated QDs can be used in combination
with biotinylated proteins or antibodies. Currently, well-established procedures yield
avariety of QDs with different selective functionalization, encoding their predictable
cellular localization or molecular targets (nuclear localization sequences, antibody
conjugates, etc.) (8,11,13,60,61). In very recent studies, evidence has been provided
on the ability of CdSe/ZnS QDs to translocate 10—15 nm size peptide conjugates to the
cell nucleus (62) and on the preferential nuclear targeting of 3-mercaptopropionic
acid (MPA)—stabilized QDs (63).

6.4 NANOCRYSTAL CONJUGATES AS AN ALTERNATIVE TO
ORGANIC FLUOROPHORES IN CELLULAR AND TISSUE
RECEPTORS LABELING

Last 5 years, QDs have been tested in most biotechnological detection applications,
including protein and DNA microarrays, immunofluorescence assays (4—6), and
cell and animal biology (21,22). Some of the early and most successful utilizations
of QDs have been achieved in immunofluorescence labeling of fixed cells and
tissues and immunostaining of membrane proteins (8,13,55) or combed DNA (64).
QDs are much brighter than dyes because of the multiplied effects of extinction
coefficients that are the orders of magnitude larger than those of best organic dyes
(Figs. 6.1 and 6.4), comparable quantum yield, and similar emission saturation
levels (13,64). An additional advantage resides in their resistance to bleaching
(8,13) over long periods of time (hours-scale), allowing the acquisition of images
that are crisp and well contrasted (Fig. 6.6). Immunolabeling with QD-Abs
conjugates was found to be 4200-, 2600-, and 420-fold more resistant to photo-
bleaching than its labeling with fluorescein isothiocyanate-Abs, R-phycoerythrin-
Abs, and AlexaFluor488-Abs, respectively (13). This increased photostability is
especially useful for three-dimensional (3D) optical sectioning, where a major
issue is bleaching of fluorophores during acquisition of successive z-sections,
which compromises the correct reconstruction of 3D structures. The gain obtained
with QDs was illustrated by the high resolution 3D confocal imaging of over-
expressed P-glycoprotein, principle mediator of a multidrug resistance phenotype,
in breast adenocarcinoma cells (13). The QDs are so bright that a very small
number of QDs is necessary to detect a signal and their photostability permits the
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FIGURE 6.6 Semiconductor core/shell nanocrystals are rock solid against photobleaching.
Fluorescence images of MCF-7r cells overexpressing p-glycoprotein (Pgp), mediator of a
multidrug resistance phenotype, labeled with the anti-Pgp monoclonal antibodies and further
stained with the QDs - (a) or FITC-tagged (b) secondary antibodies. Fluorescence images were
recorded at 0, 90, and 540 s of illumination, respectively. Panel (c) presents time-dependent
photobleaching curves of QDs-Abs, AlexaFluor-Abs, and FITC-Abs conjugates used as
secondary Abs in the immunolabeling of p-glycoprotein on the membrane of MCF-7r cells.
From this experiment nanocrystal-Abs conjugates have been calculated to be 4500 times as
photoresistant to photobleaching (t,, =27 h) as FITC-Abs conjugates (7, = 0,7 min). Contin-
uous wave excitation was provided by Nikon super-high-pressure mercury lamp HB10101AF

long-time signal accumulation. Several reports described detection of QDs blink-
ing using immunodetection schemes, demonstrating that the sensitivity of QDs
detection may be decreased to a single QD per target molecule (65).

We have demonstrated the first application of QDs-antibody conjugates to
specific and ultrasensitive detection of antigens in paraffin-embedded formalde-
hyde-fixed cancer tissue specimens, using immunostaining of cytokeratin in skin
basal carcinoma as an example (8). Recently, the first multiplexed detection of
multiple antigens in the cancer tissue, located in a nuclear and on the cell membrane,
was realized using QDs of different emission colors but at the excitation with the
single wavelength (66) (Fig. 6.7).
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FIGURE 6.7 Fluorescence images of tonsil cancer tissue labeled with the QDs-antibody
conjugates. Panels (b), (¢), and (d): Samples were incubated with the anti-leukocyte common
antigen (LCA) primary antibodies and stained with anti-mouse polyclonal immunoglobulins
tagged with the CdSe/ZnS QDs. Panels (b), (c), and (d) represent fluorescence images of the
same sample recorded at the x10, x20, and x40 magnifications, respectively. Panel (a)
represents control: fluorescence image of the same sample incubated directly with the anti-
mouse polyclonal immunoglobulins tagged with the QDs without preincubation with the
primary antibody. Images are recorded using a Nikon Diaphot 300 fluorescence microscope
equipped with the filter combination for fluorescence excitation at 480 nm and detection of
emission at 590 nm. Scale bars: 50 um. Panel (e): an example of a fluorescence image of double
labeling of cancer tonsil tissue recorded under the excitation with the same UV-lamp. Primary
anti-Ki67 antibodies were detected after staining with the secondary antibodies coupled with
the red QDs (cell nuclear labeling), and the primary anti-LCA antibodies were detected with the
secondary antibodies labeled with green QDs (cell membrane labeling)
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Another promising application area is the use of near-infrared (NIR) QDs for
in vivo biomedical imaging (17,51). The use of NIR light for biomedical imaging
solves the problem of high tissue autofluorescence by reducing fluorescence
background. Water-soluble CdSe-ZnS QDs capped with amphiphilic polymer was
intravenously injected into live mice for deep multiphoton imaging (17). Not only
the QD-containing vasculature was clearly visualized but also the blood flow
velocity and heart rate were calculated according to the fluorescence. This new
imaging technique allows the surgeons to clearly see the target lymph nodes without
cutting the animals’ skin, and has the potential to improve the technique even
further. This noninvasive technique may open the door in medical research and drug
discovery. Nie’s group (51) detected tumors in the tumor-bearing mice by injecting
tumor-targeting antibody conjugated with QDs to the tail vein. Simon et al. (126)
used QDs to track metastatic tumor cell extravasation. DHLA-capped QDs emitting
different colors (510, 550, 570, 590, and 610 nm) were each loaded into five groups
of B16F10 cells with the help of cationic lipids. Then, the tumor cells labeled with
QDs were injected into mice. These QDs were detectable in the lung and it was able
to identify each of the five populations of cells.

QDs are available in a virtually unlimited number of well-separated colors,
all excitable by a single wavelength (Fig. 6.1). Aside from simplifying
image acquisition, this property could be used in confocal microscopy to
perform nanometer-resolution colocalization of multiple-color individual QDs
(Fig. 6.8).

FIGURE 6.8 Multicolor intracellular detection with the QDs of different diameters. Differ-
ent cellular compartments (targets) may be tagged with the functionalized QDs of different
colors, excited with the single wavelength light source (lamp), and provide ultrasensitive
multiplexed imaging. Here, multicolor confocal microscopic analysis of uptake and intracel-
lular distribution of red-emitting QDs in relation to the microtubule cytoskeleton (green) in
human phagocyte cell line THP-1 is presented. QDs remain photostable over the extended
observation periods (>24 h) and do not perturb the cytoskeleton structure and function. Nucleus
is stained blue by DAPI



DETECTION OF BACTERIA 149
6.5 DETECTION OF BACTERIA

While mammalian cells take up QDs by endocytosis, bacteria do not endocytose, and
internalization of QDs by prokaryotes has so far not been observed. Such internal
labeling would be desirable in many applications. Green fluorescent protein does not
work in many strains, especially in anaerobes, and hence, general fluorescence
labeling techniques are needed (67). Because QDs are both fluorescent and electron
dense, fluorescence and electron micrographs can be directly compared for high
resolution imaging of internal mechanisms in single bacteria. Three possible mechan-
isms through which nanocrystals could pass through bacterial cell walls and mem-
branes are nonspecific diffusion, nonspecific membrane damage, and specific uptake.

Nonspecific diffusion is unlikely with QDs; the largest globular proteins that can
pass through intact cell walls of Bacillus subtilis have radii of ~2 nm (68), while the
smallest high quality QDs measure ~3—4 nm (representing green emission for CdSe
and blue emission for CdS (69).

Entry of other types of nanocrystals into bacteria via nonspecific membrane
damage has been established, particularly with highly reactive halogenated nano-
particles (70). QDs are able to transfer electrons to redox-active molecules (including
oxygen) upon light exposure (71); the smaller the QD, the greater its redox potential
(72). The dependence of particle entry upon light exposure would strongly suggest this
mechanism.

Specific transport is the last possibility. The pore sizes for specific transport can be
somewhat larger than those for nonspecific diffusion; the largest pores known,
permeases for excreting proteins from bacteria, have been shown to have pore
openings of up to 6 nm (73). Most pore sizes are unknown, however, as the genes
for the permeases have not been cloned.

Relatively, little is known about bacterial interactions with QDs and other nano-
structured materials. Strain specific and metabolism-specific QD binding to surface
receptors of bacteria has been observed and is similar to that in other eukaryotic QD
studies on surface receptors. Internal QD labeling has been shown on bacteria
chemically treated to take up small plasmids (74). While the utility of QDs as a
biological imaging tool has clearly been established for eukaryotic cells, the applica-
tion of QDs to investigate microbial processes has not been fully realized.

The examples of gram-positive bacterium (Bacillus subtilis) and gram-negative
bacterium (Escherichia coli) imaging were performed by using the adenine- and
AMP-conjugated QDs. It was demonstrated that the QDs conjugates can be able to
label bacteria only if the particles are <5nm in diameter (75). Spectroscopy and
electron microscopy suggest that QDs of <5 nm can enter the cells whole, probably by
means of oxidative damage to the cell membrane, which is aided by light.

Internal bacterial labeling of Escherichia coli with water-soluble CdSe/CdS QDs
functionalized with citrate, isocitrate, succinate, or malate, and unique intracellular
interactions of these QDs within bacteria was demonstrated (76).

Despite the release of Cd>" ions upon light exposure, which is cytotoxic to many
mammalian cells (77,78), significant cell death or sporulation is not seen in bacterial
cultures exposed to the adenine- and AMP-QDs conjugates. Slowed rates of growth are
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seen in internally labeled cultures, but this is likely to reflect nonspecific mechanisms
more than heavy metal release, since nanocrystals made of less toxic materials such as
Ag (79) and Si (80) also slow bacterial growth in a similar fashion. However, some
suggestion of heavy metal damage was seen when gram-positive (Bacillus subtilis)
cells were incubated with bare CdSe QD conjugates under room light, which was not
seen with CdSe/ZnS QDs or in the dark (75). Very low concentrations of Cd, too low to
be cytotoxic or detectable in solution, are known to inhibit DNA repair enzymes and
may thus inhibit cell division (81). The toxicity seen in gram-negative (Escherichia
coli) bacterium was much less than that in gram-positive bacterium, but recovery of
cell growth was accompanied by loss of fluorescence and expulsion of electron-dense
material consistent with whole QDs from the cells. Gram-negative bacteria are known
to be able to extrude many materials through extrusion pumps, for example, Pseudo-
monas aeruginosa was shown to expel Ag nanocrystals (82).

6.6 DETECTION OF VIRUSES

Interesting application of the QDs is the continuous tracking of viral infection (83-85),
which could lead to knowledge useful to prevent the initial steps of viral infection. The
remarkable photostability and brightness of QD will allow long-term tracking of
single virus particles. One strategy of virus labeling is to covalently modify the outside
of virus particles with QD (86,87). However, unless the position for the attachment of
the QD on the capsid protein is selected carefully, the normal properties of viral
infection will be affected. An alternative approach is to place the optical beacon inside
the capsid, by partial or total replacement of the viral nucleic acid (88).

One of the perspective ways is using the techniques similar to the incorporation of
metal, in particular, gold nanoparticles into the viruses. From an applied point of view,
if the same conditions exist for different cores, then it should be feasible to encapsidate
other cores with desired properties as long as basic surface chemistry specifications are
met. This analysis would also confirm the hypothesis that, similar to other self-
organized mesoscopic systems, such as micelles (89) the general principles underlying
the virus self-assembly process can be used to control its outcome.

There are a number of challenges in working with QDs for the formation of
viruslike fluorescent bioprobes (VLFB). First, upon light exposure, QDs could
photorelease chemical species that would affect nearby macromolecules. For exam-
ple, photoreleased Cd*" ions could attack accessible cysteines in the capsid (78).
Second, the QDs need to be soluble in aqueous solutions. Although several methods
have been worked out to achieve solubility, the close proximity between the QD and
the capsid proteins may have additional specific requirements. Third, in working with
the assembly of bromoviral capsids, one needs to keep pH values approximately
between 5.0 and 7.5 because this range is required to stabilize the viral particles and
induce capsid assembly (90).

Comparison of water-soluble QDs coated by four different agents methods,
including lipid micelles, streptavidin-biotin-DNA, DHLA (dihydrolipoic acid), and
polyethylene glycol (PEG)-COOH, shows that the only last system gives stable
and uniform VLFBs (91). The fluorescent bioprobes shows the highest ability in
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promoting virus capsid assembly. Multiple functionalized QDs can be encapsulated by
self-assembly in viral capsids, yielding a viruslike particle similar in size with the
native virus. Encapsulation of several functionalized QDs inside each particle is due to
the smaller size of QDs compared to similarly functionalized gold nanoparticles
reported earlier. Furthermore, manipulations of the diameter of the packaged material
can be used to achieve the degree of packaging, and it should facilitate additional
industrial processes that require nanoparticles of uniform sizes and yet have a protein
coat that can be manipulated for the desired specificity by molecular engineering.

Conjugation of QDs with the virus surfaces proteins demonstrates high potential in
the understanding of molecular mechanism of cell infection. Labeling of fusion (F)
and attachment (G) proteins localized on the surface of respiratory syncytial virus
(RSV) permits to monitor the progression of RSV infection (92). The conjugates of
antibodies anchored through streptavidin—biotin bounding with 525 and 605 nm QDs
were used. High QDs photostability allowed to perform confocal microscopic image
of colocalization of the F and G proteins in RSV infected HEp-2 cell monolayer
cultures a few days postinfection. It demonstrated that QDs can serve as immunofluo-
rescent labels for key viral proteins, the progression of viral infection was followed by
monitoring the expression of F and G proteins over time. On the contrary, with efficacy
of QDs labeling, alternative methods, which were used under similar conditions, do
not give positive results (92). In particular, protein F could not be detected by Western
blot analysis, using an established sensitive chemiluminescent detection protocol for
at least 96 h following infection.

Several nanotechnologies, including atomic force microscopy, carbon nanotubes,
and magnetite nanoparticles have been used for viral detection. While these method-
ologies provide detection and characterization of viral surfaces, they offer minimal
insight into understanding of the molecular level of viral infections. The QDs make
possible to use multiple probes to investigate the spatial distribution of several viral
proteins simultaneously throughout the stages of infection. Therefore, QDs may
provide a method for early, rapid detection of viral infection, and open the door for
studies of the intricate spatial features and cell trafficking of viral components.

Hybrids of viruses and inorganic nanoparticles can also be used to create new types
of functional nanoscale devises, such as sensors. Similar to nanowire, for which DNA
molecules as template are used (64), viruses can be used as base for preparation of
well-ordered nanoscaffolds. This approach was realized for preparation of 2D
assembles of virus particles (compea mosaic virus) decorated with luminescent QDs
(93). It was found the larger fluorescent signal than that generated by QDs immo-
bilized on a similar “flat” surface area. This approach could have implications in
designing hybrid protein assemblies. For example, the QDs on the virus scaffold canin
turn act as a scaffold for other proteins.

The large surface area available on each viral particle could provide a scaffold for
immobilizing an array of molecular assemblies with different functionalities and
properties, so as to allow for a system with multiplexing capabilities. The different
programmable chemistries of residues available on the virus surface lend themselves
to these types of experiments. Inherent virus properties such as organized assembly,
extensive exterior surface, enclosure of a large internal space, and propensity to
form arrays, combined with the unique QD properties, make these hybrids suitable
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templates for creating and investigating new nanocomposite materials with biomedi-
cal/bioelectronic applications.

6.7 NANOCRYSTAL CONJUGATES FOR MULTIPLEXED DETECTION
ON TISSUE AND PROTEIN MICROARRAYS

Whereas DNA microarrays benefit from nucleic acid amplification for increased
sensitivity, proteins cannot be similarly amplified. Therefore, the detection systems
for protein arrays must have a built-in signal enhancement step. A variety of
conventional labeling techniques, including radioactivity, chromagens, and fluores-
cence have been used to report the presence of proteins on arrays. However, in their
current forms, they often have significant limitations in terms of their sensitivity,
dynamic range, durability, speed, safety, and ability for multiplexing.

When investigating clinical specimens, a reporter system with a broad dynamic
range is required so that disparate quantities of input material can be effectively
measured under a single format or experiment, in which detection saturation is not
easily achieved. A common means of expanding the dynamic range of a protein assay
is through the use of fluorescent reporter molecules, and there is an abundance of
commercially available organic fluorophores that have been used to tag biological
molecules. Unfortunately, many organic fluorescent molecules lack the sensitivity of
amplified chromogenic systems and are highly susceptible to photobleaching. Appli-
cation of emerging nanotechnologies to biology and medicine has produced an
alternative class of fluorescently labeled probes through the conjugation of QDs to
biological interacting molecules. Due to their resistance to photobleaching, QDs
produce signals that can be time averaged.

Tissue microarray (TMA) is an invaluable tool for simultaneous histological
analysis of hundreds of archival tumor biopsies. Current research on biomarkers of
tumor progression includes microscopic examination of hundreds of tissue samples
and evaluation of protein expression levels. The intensity of cancer markers, as
determined by visual analysis of colorimetric stains, is used to define a numerical
score for staging of tumor biopsies and can be subjected to inter- and intra-observer
variability. Quantification of pathology markers has been attempted using standard
immunohistochemistry. The numerical categories created by this method, however,
provide merely semiquantitative values and a limited range especially at a very low
or high expression level. Several automated methods have also been used to
determine localization and quantification of target antigens. The precept of these
techniques is protein expression analysis through acquisition of fluorescence
images obtained from conventional fluorescence dyes. The intensity and accuracy
of this quantification method can be compromised by the photobleaching property
of fluorophores. Furthermore, the sensitivity of quantitative analysis of protein
expression can be affected by tissue autofluorescence.

In archival tumor samples, tissue autofluorescence is due to light absorption and
scattering from endogenous proteins such as elastin, fibronectin, and collagen, from
nucleic acids, and from tissue preparation processing and fixation. Given the excessive
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photobleaching and low signal-to-noise ratios of fluorescent dyes, they are indeed
poor candidates for antigen quantification studies. Thus, the feasibility of a sensitive
expression profiling and in situ quantification of cancer markers in formalin fixed
paraffin embedded (FFPE) biopsies, the most valuable archival tumor specimen, is
restricted by the properties of fluorescent molecules and techniques currently used in
the laboratory and diagnostic settings.

With the advent of nanotechnology, QDs hold a novel and promising approach for
the quantification of antigen-derived markers in FFPE tissue samples. QDs allow for
obtaining high signal sensitivity and thereby minimizing the autofluorescence effect
in biological imaging applications. QD bioconjugates were employed in conjunction
with an optical spectroscopy system with the potential to detect single molecule
fluorescence, the ultimate in detection sensitivity, for high throughput analysis of
target antigens on tissue microarrays (94). With this optical spectroscopy configura-
tion, measurement of the fluorescence emission of a single QD in a localized area has
been achieved (95). Overall, the use of these technologies allows for the analysis of
high density tissue microarray data in an automated, accurate, sensitive, and efficient
manner.

QD-based immunostaining of membrane epidermal growth factor receptor
(EGFR), pan cytokeratin, and E-cadherin in lung cancer xenografts was performed
on FFPE tissue microarray slides. Lung cancer xenografts were established by
implanting lung carcinoma cell lines MGH7, RVH-6849, A549, H460, H1264,
MGHS, H520, and H157 into ventrolateral flanks of severe combined immune
deficiency (SCID) mice. Tumors of size 1-2cm were surgically resected after 4
weeks, fixed in formalin, and embedded in paraffin according to the standard
histological procedures for preservation of human tissue biopsies. The pattern of
antibody expression was compared to that obtained from an organic dye, AlexaFluor
488. There was undetectable nonspecific binding observed for QD staining of tissues
using this strategy (94).

The signal obtained from QD immunostaining for EGFR showed no reduction in
signal intensity during continuous irradiation of a UV laser for 30 min, whereas the
fluorescent signal from Alexa 488 showed 70% reduction in signal intensity during the
same exposure time. In addressing these two problems, the QD signal could provide a
more accurate means of measurement of signal intensity and quantification of tumor-
derived antigens in cancer biopsies.

Protein microarray technologies provide means of investigating the proteomic
content of clinical biopsy specimens in order to determine the relative activity of key
nodes within cellular signaling pathways. A particular kind of protein microarray, the
reverse-phase microarray, is being evaluated in clinical trials because of its potential to
utilize limited amounts of cellular material obtained through biopsy. Using this
approach, cellular lysates are arrayed in dilution curves on nitrocellulose substrates
for subsequent probing with antibodies. The use of QDs conjugated to streptavidin
in a reverse-phase protein microarray format for signal pathway profiling has been
recently described (96). Hyperspectral imaging of the QD microarray enabled
unamplified detection of signaling proteins within defined cellular lysates,
which indicates that this approach may be amenable to multiplexed, high throughput
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reverse-phase protein microarrays (RPPM) in which numerous analytes are measured
in parallel within a single spot.

In this approach, the use of QD reporter molecules was combined with a
hyperspectral imaging techniques that results in the detection of primary, unamplified
signals in assays probing for the presence of signaling proteins present in cellular
extracts. The detection of numerous unamplified signals within the same protein spot
heralds the approach of truly multiplexed quantitative microarray assays for protein
activity. This approach has potential utility in clinical settings, enabling selection of
personalized therapeutic regimes.

Hence, the potential for multiplexed assays, detection of unamplified signals,
expanded dynamic range, and robustness under repeated and varying exposure periods
makes QD nanoparticles especially suitable for clinical proteomics applications. The
hyperspectral image analyzer enables a broadened use of QDs in RPPMs because of its
sensitivity and multiplexing characteristics. Technological advances such as integra-
tion of QDs and hyperspectral imaging into RPPMs for molecular network analysis
will hasten the advance of personalized assessments of patient tumor cells.

6.8 MICROBEADS OPTICALLY ENCODED WITH
THE FLUORESCENT NANOCRYSTALS

Bead-based assays on very large numbers of molecules in proteomics, genomics, drug
screening, and clinical diagnostics require encoding of each of the microbeads
according to the particular ligand bound to its surface (97). Polymeric beads optically
encoded with organic dyes allow for a limited number of unique codes (98,99),
whereas the use of semiconductor nanocrystals QDs as fluorescent tags improves the
beads multiplexing capabilities, photostability, and sensitivity of the antigen detection
(54,64,100,101).

A first proof-of-concept publication proposed to use QDs-encoded microbeads for
multiplexed detection of oligonucleotide probes hybridization (54). Follow-up studies
validated the QD-tagged microbeads as a sensitive tool for high throughput genotyp-
ing of single nucleotide polymorphisms (100) and for gene expression profiling (101).
Although all these genomics applications of nanocrystals-encoded microbeads were
demonstrated more than 5 years ago, the proteins or antibodies coupling to the beads
without the loss of biological activity was still under development up to now.

The first NCs-tagged beads application to clinical proteomics for antibodies
profiling and diagnostics of autoimmune diseases was demonstrated very recently
for an example of QDs-tagged microbeads prepared by the method of layer-by-layer
(LbL) NCs deposition on the surface of the beads using oppositely charged poly-
electrolyte molecules (102,103). Preparation of QD-encoded microbeads suitable
for antibodies profiling and immunodiagnostics of autoimmune diseases included
(1) synthesis and functional water-solubilization of CdSe/ZnS core/shell QDs of
different sizes (colors of emission), (ii) preparation, by the method of layer-by-layer
electrostatic deposition of polymers in combination with infiltration of QDs (104),
of optically encoded homogeneous and brightly fluorescent microbeads, and
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(iii) expression and purification of enzymatically active 68-kDa fragment of human
topol followed by its adsorption on the surface of QD-encoded fluorescent microbe-
ads. CdSe/ZnS QDs emitting in green (545 nm), orange (575 nm), or red (630 nm)
with a quantum yield of 40% in aqueous solutions, were embedded into presurface
layer of polymer-coated monodispersed melamine formaldehyde latex microbeads of
3 um in diameter (Fig. 6.9a and b). The surfaces of QD-encoded microbeads where
rendered specific to anti-topol (anti-Scl-70) antibodies by passive adsorption of an
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FIGURE 6.9 QDs-encoded, human DNA topoisomerase I-coated microbeads for diagnostics
of autoimmune diseases. (a) Fluorescence micrograph of a mixture of microbeads encoded with
the QDs of different emission colors. (b) Fluorescence image of QD-encoded beads obtained
with confocal laser scanning optical microscope. Insert demonstrates a size spot of the
excitation beam on the surface of a QD-encoded microbead intentionally photobleached by
high power laser illumination. (¢) Scheme of a flow cytometry assay for immunodetection of
anti-topoisomerase | antibodies, markers of systemic sclerosis, with QD-encoded, topoisom-
erase [-coated microbeads. Microbeads optically encoded with orange-emitting QDs and
coated by 68-kDa recombinant fragment of topol are incubated with anti-topol specific
monoclonal antibodies or with the serum samples of patients, and stained with green-emitting
FITC-labeled secondary antibodies. Excitation is provided by the 488 nm line of an Ar-laser
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enzymatically active 68-kDa fragment of recombinant topol produced in baculovirus
system, and were back-coated with bovine serum albumin (BSA) protein.

The principle of flow cytometry detection assay used is shown in Fig. 6.9c. Flow
cytometry analysis demonstrated that the QD-encoded topol-covered microbeads were
extremely bright and homogeneous (Fig. 6.10). In order to confirm the presence of
topol at the microbead’s surface, they were incubated with the monoclonal anti-topol
antibodies and stained by the FITC-labeled goat F(ab’)2-fragment of antimouse
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FIGURE 6.10 Flow cytometry dot plots of nanocrystal-encoded, topoisomerase I-coated
microbeads used for detection of anti-Scl-70 antibodies, markers of systemic sclerosis, in the
clinical serum of healthy donors and patients with systemic sclerosis (according to schematics
of Figure 6.9. (a,b). Left column: light scattering measurements; right column: green (FL1)
versus orange (FL2) fluorescence profiles. Right column: NCs-encoded, topol-coated microbe-
ads incubated in serum of a patient with systemic sclerosis (a) or in serum of a healthy donor (b)
and stained with the FITC-labeled secondary antibodies. (c—e) Green (FL1) versus orange
(FL2) fluorescence profiles of topol-covered microbeads encoded with the NCs of orange (¢) or
green (d) emission colours, and the result of analysis of a mixture of these beads (e)
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immunoglobulin (IgG). The shift of fluorescence signal from orange (fluorescence
from the QDs on microbeads) to green area (signal from the FITC) after addition of
FITC-labeled IgG, clearly approving the presence of topol at the microbead’s surface.
Quantitative statistical data based on analysis of the positive and negative events in
these experiments show an existing of clear discriminative criteria of anti-topol
antibodies binding. QD-encoded bead light scattering and fluorescence signals ex-
hibited very narrow distribution peak, regardless of their surface antigen staining,
particularly without any need of fluorescence compensation. For example, 90% of all
the topol-covered beads were found to be within 71 out for 10,000 channels of detector,
whereas 88% of beads with two-colours immunocomplexes on their surfaces are within
the 67 out of 10,000, corresponding to the microbeads heterogeneity coefficients
0.007889 and 0.007614, respectively. Hence, the QDs-encoded topol-covered mi-
crobeads were proved to be useful for clinical immunodiagnostics of anti-Scl-70
antibodies, markers of systemic sclerosis, in the serum of scleroderma patients.

For functional clinical tests, we have used the samples of serum from scleroderma
disease patients with confirmed elevated level of anti-Scl-70 antibodies and compared
them with healthy controls. The sera used were characterized by standard IIF and
ELISA techniques in order to correlate their results with flow cytometry assay utilizing
QD-encoded microbeads. Appearance of fluorescence shift from orange to green area
after incubation of topol-covered beads with serum of positive patients compared with
serum of negative patients (Fig. 6.10) provided a clear discrimination criteria and
excellently agreed with the results of traditional IIF and ELISA detection techniques.

Results of a proof-of-the-concept flow cytometry experiment with a mixture of
microbeads encoded with QDs emitting in green and orange regions of optical
spectrum are shown in Fig. 6.10c—e. The compensation requirements in multiplexed
flow cytometry assays with fluorescent microbeads encoded with organic dyes impose
a strong limit on their sensitivity. Fluorescence spectra of QD-encoded beads are
narrow, symmetrical, and do not trail toward longer wavelengths. These advantages of
QDs over organic dyes permitted us to record the multiplexed spectra without any
fluorescence compensation (Fig. 6.10c—e) ensuring maximal discrimination of mul-
tiple signals, thus, increasing additionally a sensitivity of multiplexed flow cytometry
assays.

To further demonstrate the possibility of multiplexed screening and to estimate the
limit of autoantibodies detection with QD-encoded microbeads, we have employed a
single-bead immunodiagnostics format relying on FRET between QDs and dye
molecules labels of a secondary antibody (Fig. 6.11). Microbeads encoded with
orange-emitting QDs and coated by 68-kDa fragment of topol were incubated with
the anti-topol specific antibodies and stained with the AlexaFluor633-labeled seco-
ndary antibodies. In the single-bead set up, confocal laser scanning optical microscope
was equipped with a laser generating light at 532 nm and with a lamp providing
a broadband excitation between 450 and 500nm. As shown in Fig. 6.11b,
AlexaFluor633 dye used as a label for secondary antibody does not absorb light at
the wavelengths lower than 500 nm and cannot be excited by the lamp, whereas the
QDs can be excited by both light sources. Providing sufficient spectral overlap of QD
emission with dye absorption, excitation energy can be transferred from QDs to dye
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FIGURE6.11 Single bead immunoassay for FRET detection of anti-topoisomerase I specific
antibodies. (a) Scheme of a single bead FRET assay for immunodetection of anti-topoisomerase
I antibodies, markers of systemic sclerosis, with QD-encoded, topoisomerase I-coated microbe-
ads. Microbeads encoded with orange-emitting QDs and coated by 68-kDa recombinant
fragment of topol are incubated with the anti-topol specific monoclonal antibodies and stained
with the AlexaFluor633-labeled secondary antibodies. Excitation is provided either by the
532 nm of a laser or by the 450-500 nm broad band from a lamp. (b) Absorption and emission
spectra of CdSe/ZnS QDs and AlexaFluor633 dye. Excitation wavelengths for the laser
(532 nm) and lamp sources (450-500 nm) are indicated. The lamp source selectively excites
QDs but not the dye, while the laser source excites both QDs and dye. (¢) Emission spectra
measured from solution of AlexaFluor633-labeled secondary antibody under the laser (pink
line) and lamp (red line) excitations. (d) Emission spectrum from a QD-encoded, topol-coated
microbead incubated with the anti-topol specific antibodies and stained with the Alexa-
Fluor633-labeled secondary antibodies, excitation by the laser. (e) Emission spectrum from
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molecules labeled on secondary antibodies, thus confirming binding effect. Large
spectral distance between the emission of QDs and dye allows for easy resolution of
both emission peaks, providing multiplexed detection. Fig. 6.9b shows typical
fluorescence image of single QD-encoded microbeads obtained with this setup. The
diameter of excitation region was ~ 500 nm (insert in Fig. 6.9b) allowing to scan over
surface of single microbeads and measure emission spectra simultaneously. The
fluorescence intensity statistically varied for different microbeads, but was very
similar (10% variation) for different scan areas of one and the same bead, indicating
homogeneous distribution of QD within the presurface layer.

Figure 6.11c shows that the red emission from AlexaFluor633-labeled secondary
antibody in solution can indeed be detected upon excitation by laser, but not by the lamp.
When the laser beam was focused on the surface of a single bead, both the orange
emission from the QDs and the red emission from AlexaFluor633 have been detected
(Fig. 6.11d), confirming the presence of specifically bound AlexaFluor633-labeled
secondary antibodies at the microbead’s surface. The most interesting result was
obtained with a QD-selective lamp excitation focused on a single bead. Here, both the
orange emission from the QDs and the red emission from AlexaFluor633 were detected
(Fig. 6.11e), although the excitation by lamp falls beyond the dye absorption
(Fig. 6.11b), so that AlexaFluor633-labeled secondary antibodies in solution cannot
be excited by lamp (Fig. 6.11c). Hence, the QDs from presurface layer of the
microbeads effectively act as FRET donors for excitation of specifically bound
AlexaFluor633-labeled secondary antibodies. Fig. 6.11f shows the result of a control
experiment, where no emission of AlexaFluor633 was detected under QD-tagged beads
excitation by the lamp focused on a single microbead in the absence of topol-specific
antibody, where the binding of AlexaFluor633-labeled secondary antibody was not
possible.

The diameter of excitation spot provided by our confocal microscope was ~ 500 nm
(insert in Fig. 6.9b). In case of a monolayer coverage of the microbead’s surface with
topol molecules followed by formation of sandwich-like complexes (Fig. 6.11a) with
primary antibodies and dye-labeled secondary antibodies, maximum 30 complexes
can be located within the fluorescence detection region on the microbead. We were,
thus, able to detect less than 30 specifically bound antibodies with our setup.
Selectively excited QDs transfer energy to the nearby antibody dye label allows for
detection of double-peak fingerprint emission with one peak originated from the QDs
on the bead and another one from the dye label on the secondary antibody (Fig. 6.11¢).
Specific interaction between the microbead and the antibody turns the fluorescence
signal from dye label off and on (Figs. 6.11e and f), thus effectively discriminating
between the occurrence and the nonoccurrence of antibody binding effect. The

<

a QD-encoded, topol-coated microbead incubated with the anti-topol specific monoclonal
antibodies and stained with the AlexaFluor633-labeled secondary antibodies, excitation by the
lamp. (f) Negative control: No emission of AlexaFluor633 label on the secondary antibody is
detected under the NC-selective lamp excitation focused on a single microbead in the absence of
topol-specific monoclonal primary antibody
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absence of fluorescent background from noninteracting with the beads dye-labeled
antibodies (Fig. 6.11f) additionally increases the sensitivity of detection and further
facilitates the multiplexing capabilities of immunodetection.

Planar surface arrays currently offer the greatest per array complexities, but are
limited by their methods of binding autoantigens and suffer from drying, which can
distort and/or sterically interfere with immunologic epitopes (105). Liquid phase
microbead-based assays utilizing minimally disruptive methods to label antigens are
free from these limitations (106). These results open the way to QDs-based clinical
assays with previously unachievable detection sensitivity. High throughput screening
utilizing unique and robust fluorescence properties of QD-encoded beads will enable
effective determination of multiple autoantibodies and enhance the clinical sensitivity
and specificity of autoantibody screening for ultrasensitive multiplexed diagnostics.

6.9 PERSPECTIVES

For today, we are witnesses of prompt development of technologies and applications of
QDs. Alongside with constant growth of interest to QDs as fluorescent labels,
occurrence of new applications takes place: flash memory, light emitting diodes
(LED) flexible displays and flexible electronics, solar cells and white LED lightning.
Among these new applications are new tools for medicine and biology. Advantages of
QDs is necessary to develop in order to enter in full in these areas of their applications.
In synthesis, new compositions could entail QDs with properties such as (i) sensitivity
to electric or magnetic fields; (ii) narrower fluorescence emission and longer lifetimes
(using lanthanide-doped QDs); (iii) smaller sizes and extension to the NIR spectrum,
as demonstrated by ternary alloys (41); (iv) end-specific functionalizations of
nanorods; (v) suppression of blinking (15) and quantum yield enhancement (107),
and (vi) built-in on—off switches or photoelectric biotransducers. An on—off switch
was demonstrated for amaltose sensor (18) and can be obtained by associating the QDs
to a fluorescence-quenching molecule that can be separated or cleaved upon binding to
the target, or in the presence of a chemical species or enzyme. This would be of
particular interest for intracellular applications, in which there is no way to get rid of
unbound QDs (unlike outer cell membrane—Ilabeling experiments). As an example of
a biotransducer, light-excited QDs could transfer their charge to bound enzymes
functioning as electron or hole acceptors, enabling their control by light activation.

Reciprocally, QDs could be lit up by electron or hole donor enzymes through
chemiluminescence (108). Peptide coating of nanomaterials is in this respect a
powerful tool for imparting novel functions to the organic—inorganic interface. The
simultaneous engineering of the semiconductor’s band gap (by rational design) with
the peptide’s redox potential (by molecular evolution) could be used to optimize
QDs chemical compositions and peptide sequences for binding and desired
optical, electronic, magnetic, and chemical properties. In summary, different shapes,
and specificities, and compositions will lead to more complex bioinorganic archi-
tectures that could be exploited as an optoelectronic interface to the cellular
machinery.
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QDs have a yet untapped potential in bioelectronics. Indeed, beyond their
exceptional photophysical properties, QDs also have unique electronic properties
that arise from quantum confinement in such small semiconductor clusters. Many
efforts have been launched to interface QDs with neurons (109,110), in an attempt
to trigger neuronal functions by QDs-mediated stimulation. Although no clear
proof of the feasibility of such projects has yet emerged, a thin and carefully
designed surface coating together with QDs optimized for large separation of
charges after excitation (e.g., type Il CdTe/CdSe QDs) might indeed open the doors
to a new generation of light-activated QDs probes, where photogenerated carriers
(electrons or hole) may undergo electron transfer, produce heat or generate dipole
moments sufficiently strong to interact with membrane proteins, and changes in
local membrane potentials.

QDs functionalization is another area where new developments will be needed.
Ligands of cellular proteins should be readily cross-linked to QDs by means of
standard bioconjugation schemes. However, most of the potential extracellular or
intracellular targets do not have any known ligands, or if they do, QDs may interfere
with their interaction. The use of antibodies, which has proven successful for surface-
bound proteins, may not be practical for intracellular targets because of the size of the
QD-antibody construct and delivery issues. In vivo cross-linking strategies developed
for dyes—such as the use of biarsenical ligands targeted against tetra-cysteine motifs
(111), Ni2p—nitrilotriacetic acid moieties targeted against hexa-histidine motifs (112),
and other similar approaches (113,114)—may be adapted for QDs functionalization.
Water-soluble peptide-coated nanorods could probably be used as orientational probes
for studying rotational movements of macromolecules (107).

Intracellular delivery remains a challenge, and strategies to escape the endocytosis
pathways will be needed. Two recent publications indicate that peptide-coated QDs
could have many untapped virtues: (i) 20-nm gold nanoparticles coated with protein
transduction domains could enter live cells, and further enter the nucleus with
additional adenovirus nuclear localization and integrin binding domains (117), and
(ii) after microinjection into the cytoplasm, PEG-coated QDs with a nuclear or
mitochondrial localization sequence were successfully targeted to the nucleus or
mitochondria (118). Another interesting model system, based on adenosine triphos-
phate—triggered release of CdS QDs encapsulated in chaperonin molecules (119),
suggests using a “Trojan horse” approach to avoid the cellular defense and recycling
mechanisms.

Cell-permeable virus capsids, vaults, or other biocapsules could be used to
translocate encapsulated QDs in cells, provided that a simple release-on-demand
mechanism could be engineered in the vehicle, such as a photolyzable or pH-sensitive
lock.

QDs photophysical properties (spectral range, brightness, long lifetimes) and their
potential as single-molecule probes may justify the development of new detectors that
would have the temporal resolution and sensitivity of avalanche photodiodes, and the
2D spatial resolution of cameras for widefield in vivo studies of protein dynamics and
trafficking. Their large size and electronic density may be used for combined
fluorescence and static high resolution imaging techniques such as atomic force
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microscopy and electron and X-ray microscopy and tomography. Additional contrast
mechanisms could be obtained by functionalization of QDs.

QDs have already fulfilled some of their promises as a class of multifunctional
molecular imaging agents. Through their versatile polymer coatings, QDs have also
provided a “building block™ to assemble multifunctional nanostructures and nano-
devices. Multimodality imaging probes could be created by integrating QDs with
paramagnetic or superparamagnetic agents. Indeed, researchers have recently at-
tached QDs to Fe,O3 and FePt nanoparticles. Micropositron emission tomography
(microPET) shows that QDs injected into the tail vein in mice are rapidly accumulated
in the liver. Fluorescence imaging of QDs for tracking combined with the quantitative
capability of microPET should therefore permit the elucidation of targeting mechan-
isms, biodistribution, and dynamics in living animals with high sensitivity. Nuclear
spin labels for magnetic resonance imaging (MRI) could also be incorporated into QDs
coatings with the use of similar chelating groups. It should therefore be possible to
image targeted QDs at all scales, from whole-body down to nanometer resolution,
using a single probe.

Beyond biotechnological and cell-imaging applications (Fig. 6.12), and provided
that cytotoxicity issues can be resolved, one can envision the use of intravenous
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FIGURE 6.12 Fluorescent colloidal particles as a detection tools in biotechnology systems
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injection of QDs to home in on and target cellular markers of diseased tissues and
organs in the human body. QDs could then be used as contrast reagents for functional
imaging with a combination of MRI, PET, computed tomography, and IR fluorescence
imaging (the latter by direct imaging through the epidermis or by a catheter-based
confocal fiber microscope). In vivo optical biopsy could confirm the pathology, and
therapy could then be performed selectively, locally, and temporally by depositing
energy (monochromatic X-rays for k-shell absorption or laser IR radiation) into the
targeted QDs, in a manner similar to the recently reported photothermal tumor ablation
with gold nanoshells (120). Alternatively, it might be possible to graft therapeutic
enzymes to the QDs surface and activate them by light, or produce free radicals (such
as singlet oxygen) by optically cycling the QDs.

Because the QDs have high chemical and photostability, they may become a new
generation of photosensitizers. Basic principles were described in Reference 77. It was
demonstrated that the combination of QD bioconjugates and UV irradiation can
sensitize leukemia cells and promote the effect of the classical photosensitizers. It
could be expected that photodynamic therapy based on the usage of QDs as photo-
sensitizers will be greatly developed in near future.

QDs are good candidates for using in drug delivery carriers based on block
copolymer micelles. The cellular fate of micelles is relevant for evaluating and
optimizing the delivery system. The micelles distribution inside living cells can be
followed by fluorescent labeling. Fluorescent dyes, which are useful for tracking
micelles have several limitations, particularly if time-lapse experiments are required or
if multiple laser exposures are needed. QDs represent a novel labeling strategy to
follow the fate of micelles by confocal fluorescent and electron microscopy (18,53).

As we have mentioned above, the various surface chemistries developed over the
years to interface ““”’soft"" biological materials with inorganic QDs have not only been
essential for the successful use of QDs in biological applications, but have also provided
new tools in materials science for the controlled assembly of nanomaterials. Indeed,
these interfaces, when used as molecular glue between inorganic nanoscaled building
blocks, offer means to control 2D and 3D assemblies of nanoscaled objects by taking
advantage of the unmatched ability of biological molecules to spatially and dynami-
cally self-assemble and self-organize into complex molecular superstructures. Pro-
grammable nanomaterials scaffolding, driven by self-assembling peptides, protein
domains interaction, DNA hybridisation, or carbohydrate/carbohydrate recognition,
hold great promises for the creation and emergence of new biomaterials and the
expansion of biomimetic nanotechnology (121-125).

6.10 CONCLUSION

QDs as ultrasensitive detection biotechnology probes have lived up to the hopes of
their initial promoters. They will not replace the well-established fluorophores or
fluorescent protein-fusion technologies, but will complement them for applications
needing better photostability, NIR emission, or single-molecule sensitivity over
long timescales. While they are not the perfect fluorophores, and more needs to be
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done to better understand and improve their photophysics and to further assess their
cytotoxicity, QDs have found their place in the existing repertory of bioimaging
tools. They will, without doubt, be a probe of choice for long-term, high sensitivity,
and multicontrast imaging of molecular dynamics in biological samples. Undoubt-
edly, biologists will catch on to these exciting developments and will find as yet
unforeseen applications for this new toolkit, thus, enhancing and complementing
their existing arsenal of biotechnology detecting tools.
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7.1 INTRODUCTION

Magnetic micro/nanoparticles (MMNP) used in biosensing technologies usually
present a core/shell structure. Such MMNPs have an inorganic core, for example,
iron oxide, surrounded by an outer layer of shell wall that consists of long-chain
organic ligands or inorganic/organic polymers. The attachment of bioactive
ligands to the surface of the outer shell is the key to bioapplication of magnetic
microbeads. Table 7.1 summarizes the main immobilization procedures of bioac-
tive species, on magnetic microbeads used in this chapter. A more exhaustive view
can be found in (1).

This chapter is divided into three parts covering three biosensing systems: affinity
biosensors, enzymatic biosensors, bio-bar-codes.

7.2 USE OF MAGNETIC MICRO/NANOPARTICLES
FOR AFFINITY BIOSENSORS
7.2.1 Electrochemical Inmunomagnetic Sensors

Electrochemical immunosensors are designed through the immobilization of the
specific antibody on the surface of the electrochemical transducer. The main

Colloidal Nanoparticles in Biotechnology, Edited by Abdelhamid Elaissari
Copyright © 2008 John Wiley & Sons, Inc.
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TABLE 7.1 Immobilization Protocols of Biomolecules Used to Our Knowledge on
Magnetic Micro/Nanoparticles.

Surface

Cross-linker /

Biomolecule References
function reactive group
Amine Aclive ester L
O Surface —N Biomolecule
—NH, N. H
0" Biomolecule
o}
Amine Glutaraldehyde Antibody (Ab), Enzyme (2,3)
H H H H
m Surface =N ~_~_- N~ Biomclecule
—NH, 0 0
Aminc Maleimide groups: Thiol derivatives (protein, thio-DNA) 4,5)
(o]
I>:SMPB Surface—N O
(] H
[0} N
o N
2 S—Biomolecule
s, O~ ‘
[¢d
Biomolecule
gulfo_SMCC o h omaoelecule
o] S
O™ H
N ﬁ Surface—N N
) O
Gold Thiol Thio-DNA ©
Au HS—DNA AuS—DNA
Active ester Amide
_)(])\ Aminc O
N : N
(0) H2N'Blom()lecule Surface N—Biomolecule
O
Antibody
Avidin Biotinylated (7)
Streptavidin O biomoleucle
NTON S
H 4 Antibody
N—Antibody %
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FIGURE 7.1 Schematic representation of the enzyme-linked immunomagnetic electro-
chemical assay (9)

problem affecting immunosensors is reproducible regeneration of the sensing
surface. This renewal is a difficult task since the drastic procedures required for
breaking the strong antigen-antibody interaction alter immunoreagent bound to the
surface of the transducer. This drawback makes immunosensors difficult to
integrate in automatic systems. An alternative approach avoiding regeneration
consists of using disposable antibody-coated magnetic micro/nanoparticles and
building up in situ immunosensing surface by localizing the immunomagnetic
micro/nanoparticles on the electrode area with the aid of a magnet. Moreover, the
use of immunomagnetic micro/nanoparticles is particularly evident in the detec-
tion of analytes contained in complex sample matrices (e.g., heterogeneous food
mixtures) that may exhibit either poor mass transport to immunosensor or physical
blockage of immunosensor surface by nonspecific adsorption. The schematic
representation of the enzyme-linked immunomagnetic electrochemical assay is
presented in Fig. 7.1. Immunogenic analyte (e.g., bacteria) is sandwiched between
an antibody-coated magnetic microparticle (immunomagnetic particle) and an
antibody-enzyme conjugate. The immunomagnetic particle is trapped magneti-
cally on the electrode surface, exposed to the enzymatic substrate, the electroactive
product is detected electrochemically. This type of immunomagnetic electrochem-
ical assay was applied for different analytes with different transducer/enzyme
combinaition gathered in Table 7.2. A good reproducibility of 2% relative standard
deviation was observed (8).
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TABLE 7.2 Features of Enzyme-Linked Immunomagnetic Electrochemical Assays
Using Different Electrochemical Transducers and Different Enzymatic Labels.

Detection Dynamic
Analyte Transducer Enzyme limit range References
Rabbit [gG  pH-ISFET Urease 8§nM 0-2.07 uM (10)
Rabbit IgG  Graphite HR 9x107° 0-0.26 uM 8)
composite  peroxidase ug/L
electrode
E. coli 0157: Graphite ink  Alkaline 47 % 10° 0-10° cells ©)]
H7 electrode phosphatase cells per mL per mL
24-D Nafion-SPE  Alkaline 0.01 ug/L 0.01-100 pg/L (11)
herbicide phosphatase
Human IgG Carbon paste HR peroxidase 0.18 pg/mL 0.51-30.17 pg/L 12)
electrode

7.2.2 Label-Free Inmunomagnetic
Impedancemetry-Based Sensors

The impedance measurements of the electrical properties of an antibody layer
immobilized on a gold electrode allows the direct monitoring of the variation of
these properties when antigen-antibody interaction occurs. This technique allows
label-free detection of the antigen concentration in biological samples. The problem of
regeneration of the sensing surface has been solved, in this example, by using
streptavidin magnetic nanoparticles for the immobilization of the antibody specific
of a small pesticide molecule, the atrazine. The antibody, biotinyl-anti-atrazine Fab
fragment K47, forms a quite stable layer onto the streptavidin-magnetic nanoparticles
immobilized on gold electrode using a 300mT magnet, due to the high affinity of the
biotin/streptavidin interaction. After the antibody layer formation, an antigen atrazine,
was injected and interacted with the antibody (cf. Fig. 7.2).

o] Bty LU | e | BIETIE

Magnetic bar (0.3 T)

Magnetic bar (0.3 T) Magnetic bar (0.3 T)

Magnetic particles Fab fragment K47 o Atrazine
e {
Sirepla\-‘idin/w‘\ Biotin

FIGURE7.2 Different steps for building up the immunomagnetic impedancemetric sensor (7)
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FIGURE 7.3 Nyquist diagram (Z, vs. Z;,,) for the nonfaradaic impedance measurements
corresponding to: (a) magnetic nanoparticles/Au-electrode; (b)anti-atrazine-Fab fragment
K47 antibody/magnetic nanoparticles/Au-electrode; (¢) 600 ng/mL of atrazine/anti-atra-
zine-Fab fragment K47 antibody/magnetic nanoparticles/Au-electrode; Solid curve shows
the computer fitting of the data using Randles’equivalent circuit. Symbols show the
experimental data (7)

Complex impedance plots of the successive building up of the sensing layers:
magnetic nanoparticles/Au-electrode, biotinyl-Fab fragment K47 antibody/mag-
netic nanoparticles/Au-electrode and after a 600 ng/mL of atrazine injection in cell
are shown in Fig. 7.3. Using Randles’ equivalent circuit model, an excellent fitting
between the simulated and experimental spectra was obtained. The electron transfer
resistance values were 304.6 Q cm? for the magnetic monolayer, 204.5 Q cm? for the
antibody layer, and 188.5 Qcm? after injection of 600ng/mL of atrazine. The
decreases of electron transfer resistance could be attributed to a reorganization of
the nanoparticle layer as the specific capacitance decreases too. The specific
capacitance, extracted from the computer fitting for the same steps was 17 uF/cm?,
15uF/cm?, and 14.29 pF/cm?, respectively. This decrease should be due to an
increase in thickness.

In order to obtain a calibration data set, the values of electron transfer resistance
differences AR, versus the added atrazine concentrations were plotted in Fig. 7.4.
The change of electron transfer resistance was calculated according to the
equation:

AR = Ret(Ab) - Ret(Abng);

where Reqab) is the value of electron transfer resistance after antibody immobili-
zation, Reyab—ag) 18 the value of the electron transfer resistance after antigen
binding to the antibody. As it can be seen in Fig. 7.4, the plot is linear for high
concentrations of atrazine and then reaches saturation. A linear relationship
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FIGURE 7.4 Calibration plot of the variation of electron transfer resistance AR, versus
concentration of atrazine (7)

between the AR, values and the concentration of atrazine was established in the
range from 50 to 500 ng/mL. A detection limit of 10 ng/mL is reached.

7.2.3 Piezoimmunosensors

A piezoelectric immunoassay based on a quartz crystal microbalance (QCM), with a
renewable surface, was also proposed using immunomagnetic beads localized on the
surface of a quartz using a permanent magnet (13). Human IgG as analyte was detected
using goat-anti-human IgG antibody covalently bonded on amino-modified silica
coated magnetic nanoparticles. A detection limit of 0.36 Lg/mL and a dynamic range
of 0.6-34.9 ug/mL were obtained using a 9 MHz QCM.

Another piezoelectric immunosensor based on a S MHz quartz crystal resonator
was used for the detection of biological pathogens, such as Salmonella typhinium
(14,15). The Salmonella cells were captured by antibody-coated magnetic micro-
particles and then these complexes were moved magnetically to the sensing quartz and
were captured by antibodies immobilized on the crystal surface. An impedance
analyzer measured the impedance behavior of the oscillating quartz crystal exposed
to various concentrations of Salmonella typhinium (10°-10® cells per mL). The
response of the crystal was expressed in terms of equivalent circuit parameters.
The motional inductance and the motional resistance increased as a function of the
concentration of Salmonella. The viscous damping was the main contributor to the
resistance and the inductance in aliquid environment. The load resistance was the most
effective and sensitive circuit parameter. A magnetic force was a useful method to
collect complexes of Salmonella-immunomagnetic microparticles on the crystal
surface and enhance the response of the sensor. In this system, the detection limit,
based on resistance monitoring was about 10° cells per mL.
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7.2.4 Genomagnetic Electrochemical Assays

Currently developed DNA hybridization sensors are using single-stranded (ss) short
(15-25 nucleotides) oligodeoxynucleotides (ODN, probe DNA) immobilized on an
electrode. The ODN-modified electrode is immersed in the target DNA solution. When
the sequence of target DNA matches that of the probe (based complementary Watson—
Crick pairing), a probe-target (hybrid) duplex DNA is formed at the electrode surface.
The hybridization event (DNA duplex formation) is detected electrochemically in
different ways. This system works quite well with synthetic ODNs when probe target
DNAs are about the same lengths. In a real DNA sequence analysis with longer PCR
products, viral or chromosomal DNAs, the target DNAs are substantially longer than
the probe. With longer target DNAs, difficulties connected with nonspecific target
DNA adsorptions frequently arise, resulting in a loss of specificity and decreased
sensitivity. Elimination of the nonspecific DNA adsorption at the electrodes (such as
carbon or gold ones) usually applied for the DNA hybridization is very difficult. A new
method based on separation of DNA hybridizal step (on magnetic microparticles) from
the electrochemical detection step has been proposed and successfully used (16,17).
One procedure of the genomagnetic electrochemical bioassay (GEME), based on a
PNA probe and on a electroactive intercalator, is schematized in Fig. 7.5 (18).

The detection of target DNA can be done by label-free detection of guanine peak
(16,17,19), by detection of chemically modified DNA prelabeled or postlabeled by
redox probes (16), by detection of the product of the enzymatic reaction on DNA
postlabeled by enzyme (20), or by detection of redox intercalators (18). The features of
the different genomagnetic electrochemical assays are presented in Table 7.3.

TABLE 7.3 Features of the Different Genomagnetic Electrochemical Assays.

Electrochemical Detection Dynamic
Analyte transducer Label limit range References
Breast-cancer  Potentiometric No 100 ng/mL, 100 ppb— a7
BRCA1 stripping ppb 20 ppm
gene measurements
Graphite
pencil
electrode
Breast-cancer  Differential pulse Alkaline 100 ppb 0.25-1.0 ppm (20)
BRCALI voltammetry phosphatase (20 min
gene hybridization)
21-mer DNA  Square wave Meldola’s 2pM 2-20pM (18)
voltammetry blue
intercalator
DNA Sequence Differential pulse No 9.68 pM 19)
from voltammetry
Salmonella Graphite
composite

electrodes
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7.2.5 Magnetic Detection

7.2.5.1 Magnetic Permeability Measurements Magnetic nanoparticles can
also be used as magnetic markers for bioassays. Measurements based on variation of
magnetic permeability were performed using a transducer that comprises a coil placed
in a Maxwell bridge (21) (see Fig. 7.6). The change in magnetic permeability of a
compound detected using inductance measurements. Furthermore, analyte detection
has been achieved directly (the analyte being labeled ferromagnetically) or
competitively (competition between ferromagnetic labeled and unlabeled analytes
exists for binding sites on the transducer) using the aforementioned device. The use of
magnetic markers has been shown to offer advantages such as low interference, little or
no background signal, no transducer fouling, and no sample treatment. The “sandwich”
approach used for in the magneto binding assay, where the target analyte is bound
between silica carrier particles and the magnetic marker is presented in Fig. 7.7.

Histone H1 conjugated magnetic nanoparticles were assessed for their ability to
work as magnetic transducers for the detection and quantification of DNA (22). For
the quantification of calf thymus DNA, a linear relationship between the DNA
concentration in the sample and the relative magnetic permeability of the pellet was
found for DNA concentration up to 67 ug/mL in buffered solutions as well as in a
lysed cell culture. The detection limits were determined to 12 and 31 ug/mL,
respectively. For the quantification of plasmid DNA in buffered solution a linear
range was established for concentration up to 150 pg/mL and the detection limit was
determined to 52 pg/mL.

A rapid (6.5 min) and simple one-step magnetic immunoassay has been developed
for the analysis of human urinary albumin in near patient settings (23). Polyclonal
rabbit antihuman was used as a capture antibody and monoclonal mouse antihuman
albumin as a detection antibody in a two-site immunomagnetic assay requiring no
additional washing procedures. The polyclonal antihuman albumin was conjugated to
silica microparticles (cf. Fig. 7.7) and the monoclonal antibody to dextran coated
magnetic nanoparticles (cf. Fig. 7.7). Quantification of human albumin in undiluted

FIGURE 7.6 The current magnetic permeability meter, a portable version of the device (21)
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FIGURE 7.7 The “sandwich” approach used for in the magneto binding assay (21)

urine was performed by adding 2 pL urine to a measuring vial containing polyclonal
Ab-silica microparticles, monoclonal Ab-magnetic nanoparticles and reaction buffer
and then agitating the vial by hand for 20s. A linear response was obtained for
0-400 pg/mL albumin with a detection limit of 5 pg/mL.

7.2.5.2 Frequency Mixing A new technique so-called frequency mixing was
also used for detection of magnetic biomarkers. A two-frequency magnetic field
excitation was used and the magnetic response at a third frequency was detected,
which is a linear combination of the applied frequencies (24). The so-called magnetic
sandwich bioassay for the detection of c-reactive protein (CRP) is presented in
Fig. 7.8. The detection principle is based on two different anti-CRP antibodies
(monoclonal IgG) for CRP recognition (grafted on a polyethylene PE sintered
filter) and labeling. The linear detection range of this immunosensor ranged from
25ng/mL to 2.5 ug/mL and is therefore much more sensitive than typical hsCRP-
sandwich-assays. Disavantages of this system is the sample size. Sample sizes are
currently 0.5 mL, which is quite high for blood serum analysis.

7.2.5.3 Magnetic AFM (25) For developing a magnetic bioassay system, an
investigation to determine the presence of a specific biomolecular interaction between
biotin and streptavidin was done using paramagnetic nanoparticles and a silicon
substrate with a self-assembled substrate (cf. Fig. 7.9). The reaction of streptavidin-
modified magnetic nanoparticles on the biotin-modified substrate was clearly
observed under an optical microscope (cf. Fig. 7.10). The magnetic signals from
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FIGURE 7.8 Magnetic sandwich bioassay for the detection of c-reactive protein (CRP) (24)

the particles were detected using a magnetic force microscope (MFM). The results of
this study demonstrate that the combination of a monolayer-modified substrate with
biomolecule-modified magnetic nanoparticles is useful for the detection of
biomolecular interactions in medical and diagnostic analysis.

APS Biotin

i .
* Streptavidin

Glass plate

FIGURE 7.9 Schematic illustration of biotin-streptavidin reaction on a SAM-modified
substrate. Biotin is attached to the aminopropyl silane (APS) patterned substrate. Strepta-
vidin-modified magnetic nanoparticles are injected into a channel on a glass plate. The
magnetic nanoparticles are bound through a specific interaction between biotin and
streptavidin (25)
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FIGURE 7.10 SEM (a), AFM (b), and MFM (c), images of magnetic nanoparticles
immobilized on a patterned substrate by specific interaction between biotin and streptavidin.
Dot size =4 um (25,27)

7.2.5.4 Magnetic Resonancelmaging (MRI) Biofunctionnalized magnetic
nano-particles can locally and in situ probe the presence of biomarkers by magnetic
resonance imaging (MRI) as described in the literature. The self-assembly of
super paramagnetic iron oxide core nanoparticles, leads to the enhancement of the
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spin—spin relaxation times 72 of the surrounding water molecules (26). Indeed,
the spins of surrounding water protons are more efficiently dephased by the
self-assembled structure. If one can design magnetic nanoparticles that would
self-assemble in the presence of a biological target and detect the 72 relaxation
time of water protons, it would be possible to build a magnetic nanosensor for
magnetic resonance imaging. Proofs of concept were realized using DNA/DNA
interaction, protein/protein interactions, protein/small molecules and enzyme
reactions (26).

Perez et al. have reported the detection of peroxidase using such an approach
(27). They showed that they could detect horseradish peroxidase and myeloper-
oxidase with modified magnetic iron core nanoparticle (75 nm). The presence of the
latest peroxidase is related to atherosclerosis and inflammation. Amino dextran
caged magnetic particles were surface modified with dopamine or serotonin using a
bifunctionnal cross-linker suberic acid bis(N-hydroxysuccinimide ester). Surface
modification was assessed by measuring fluorescence emission of serotonin. In
the presence of peroxidase, hydrogen peroxide is released, serotonin or dopamine
are oxidized leading to tyrosyl free radicals. The resulting cross linking leads to
the formation of a self-assembled structure and to the change of 72 relaxation time
(Fig. 7.11). The more peroxidase in the medium, the more free radicals are formed
and the more the 72 relaxation time is changed (Fig. 7.12).

The detection of adeno virus and herpes virus (5 viral particles/10 uL) was also
demonstrated (28). Antibodies directed against these viruses were immobilized at
the surface of amino dextran caged iron nanoparticles (46 = 0.6 nm) via protein G
attached with N-succinimidyl-3-(2-pyridyldithio)propionate to the particle. The

()

FIGURE 7.11 Inthe presence of peroxidase, hydrogen peroxide is released. Free radicals are
formed at the surface of the magnetic particles leading to cross- linking reactions. The resulting
self-assembled structure leads to a shift in water 72 relaxation time (27)
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FIGURE 7.12 Variation of 72 relaxation time increases with the concentration of horseradish
peroxidase (27)

aggregation kinetic of antibody modified magnetic particles in the presence of
viruses was followed by light scattering. A plateau was reached within 2h. The
diameter increases by a factor of approximately 11 (550 &30 nm) due to cross
linking of the magnetic and viral particles trough antigen/antibody interactions.
They found a linear relationship between the variation of 72 relaxation time and
the number of viral particles (from 50 to 250 viral particles) (Fig. 7.13). A better
detection limit is obtained versus ELISA. They also achieved the detection of viral
particle in complex media, such as cell lysates or serum but using a different
surface chemistry to minimize nonspecific adsorption. They found a 50 viral
particles detection limit.

Harris et al. have developed a MRI assay with nanoparticles (50 nm dextran
caged iron core nanoparticles) for detecting Matrix Metalloproteinase-2 (MPP-2)
activity (29). This protease activity when upregulated leads to invasive proliferation
and metastasis of cell cancer. Two types of particles bearing avidin or biotin are
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FIGURE 7.13 Variation of 72 relaxation time varies linearly with the number of virus
particle (28)
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FIGURE 7.14 The PEG molecules inhibit biotine/streptavidine interactions. In the presence
of MMP-2, the peptide is cleaved allowing to free the PEG molecules and leading to self-
assembly of nanoparticles (29)

prepared. The presence of a PEG modified peptide at the surface of the particles
inhibits the interaction between neutravidin and biotin. The peptide has an amino
acid sequence, which is a substrate for MPP-2 protease activity. In the presence of
MPP-2, the peptide is cleaved and the PEG is freed from the particles allowing the
nanoassembling that leads to a T2 shift (cf. Fig. 7.14). The device could detect down
to 9.2U/mL of MPP-2. The authors have demonstrated that inhibition of biotin/
neutravidin interaction increases with PEG molecular weight (10 kDa). Inversely,
the rate of aggregation in the presence of MPP-2 increases with lower PEG
molecular weight (cf. Fig. 7.15).

In conclusion, self-assembling of magnetic nanoparticles upon biological inter-
action is a promising tool for in vivo diagnostic as the authors have demonstrated.
Indeed these authors have shown that this methodology can work in complex and
turbid media. Its sensibility is below the concentration encounter in tumoral cell for
instance.

(a) (b) (c)
[1140
HT-1080 | |120 T
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60

HT-1080/No Inhibitor HT-1080/Inhibitor

FIGURE 7.15 In the presence of tumor derived cells (HT-1080), MMP-2 is secreted. (a) In
the absence of galardin (a MMP-2 inhibitor), 72 mapping of Fe;0,4 nanoparticles demonstrated
an enhancement of 72 relaxation time versus the 72 relaxation time observed in the presence of
galardin. (b) In the absence of galardin, aggregates can be removed from the solution by a strong
magnetic field. (¢) The aggregates can be stained with biotin modified quantum dots and imaged
by epifluorescent microscopy (29)
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7.3 ENZYMATIC BIOSENSORS BASED ONTO
MAGNETIC MICRO/NANOPARTICLES

Most of the proposed enzymatic biosensors are based on biofunctionnalization of a
transducer, which is more often constituted by amperometric, potentiometric, or
conductimetric devices.

Compared to classical immobilization methods used for the development of
enzymatic biosensors, the use of magnetic micro/nanoparticles can bring a lot of
advantages:

1. enzyme immobilization onto magnetic micro/nanoparticles, having high spe-
cific area, allows a high loading of the sensitive matrix,

2. such a matrix provides a good macroenvironment for retention of the bioactivity,

3. the most decisive advantage is a good control of the localization of the sensitive
material through the use of magnets or of magnetized transducing parts
allowing enzyme reactions to occur close to the detection device,

4. the sensitive transducing part can be easily renewed.

In parallel with biosensing applications, enzyme coated magnetic micro/nanopar-
ticles have been used to facilitate the enzyme handling. By this way stock solutions
containing such a material can be, when properly stored, used for more than ten months
without significant activity loss. Then this immobilization method has been, for
example, validated for glucose oxidase, urease, and alpha-amylase covalently im-
mobilized onto polyacrolein magnetic microparticles (30).

Except the work of Miyabayashi et al. (31), where biomodified magnetic beads
were used on a Clark electrode for glucose or Saccharomyces cerevisiae detection, one
of the first applications of magnetic microparticles for biosensors was the combination
of a covalent enzyme bonding onto magnetic microparticles with physical entrapment
on the sensor surface. Latex beads, containing superparamagnetic material covalently
modified with enzymes, have been patterned on a transducer by the means of screen
printed thick films permanent magnets. Such a method, valuable for batch production
independently of the nature of the substrate material, was evaluated for assessing
glucose concentrations up to 20 mM (32).

Enzymes immobilized on magnetic nanoparticles can be trapped by magnets and
retained on an electrode surface at a specific location in flow analysis devices. Thus
covalent immobilization of glucose oxidase, urease, alpha—amylase on paramag-
netic polyacrolein beads have been proposed to facilitate the enzyme handling.' But
only a few number of works using magnetic microparticles have been devoted to
design real enzymatic biosensors. As an example of such devices, an enzyme based
electrochemical magnetobiosensor for environmental toxicity analysis can be cited.
The integration of the bioactive material as urease, cholinesterases classes, signifi-
cantly increases the sensitivity and allows detection limits as low as 10~'' M for

'Reference 30.
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TABLE 7.4 Examples of Magnetic Nanoparticles-based Enzymatic Biosensors.

Magnetic Dynamic
Analyte nanoparticles Transducer Enzyme Sensitivity ~ range References
Phenol MgFe,O4 C paste Tyrosinase 54.2.uA/mM 107°-0.5 3)
silica x107* M
coated
¢é=120nm
Ethanol Precipitated Screen Yeast 0.61 yYA/mM  1-9mM (34)
Fe;0y4 printed C  YADH/NAD+
$=9.8nm
Glucose Precipitated Screen Glucose 1.74mA/mM 0-33mM 35)
Fe;04 printed C oxidase
$=9.8nm

heavy metal ions and 10~'* M for organophosphates and carbamates (33). In Table
7.4, characteristics of some magnetic nanoparticles-based enzymatic biosensors are
gathered.

As an example, a strategy of enzyme immobilization is given in Fig. 7.16, where a
covalent bonding of the biospecie can be achieved, allowing a quite good storage stability.

NH,
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FIGURE 7.16 Preparation of magnetic bioparticles for a tyrosinase-based biosensor (3)



186 BIOFUNCTIONALIZED MAGNETIC

In the case of ferrocyanide mediated enzymatic amperometric biosensors, the use
of magnetic nanoparticle can enhance the peak current of redox species.

Recently, the potentialities of nanoporous silica microparticles containing super-
paramagnetic defect spinel-type iron oxide nanoparticles inside their pores have been
underlined for biosensors applications. This approach allows the obtaining of a high
sensitivity and selectivity even in complex media. These silica-based magnetic
particles also offer a new immobilization strategies, thus it was proposed a deposition
of gold nanorods on magnetic nanoparticles allowing, through aminothiols, quite
stable enzyme functionalization. Interest of such a support has been validated for the
immobilization of horseradish peroxidase leading to hydroquinone and hydrogen
peroxide biosensing at level as low as 4 x 10~’ M (36). The design of a magnetized
carbon paste electrode with trapped magnetic nanoporous silica microparticles
(MMPs) is given in Fig. 7.17.

A similar strategy has been used for immobilization of horseradish peroxidase
with a high density of nanopores of MMPs having a diameter of 5 um and applied for
studying peroxidation of clozapine. Clozapine is a drug belonging to the dibenzoa-
zepine class and often used to treat neurological disorders. The resulting amperometric
biosensor allows the drug quantification in the micromolar range and presents a quite
good stability, no significant signal loss being observed after 1 month of storage (37).

Enzymatic MMPs-based devices present also specific advantages, as silica MMPs
do not act as a barrier for the diffusion of the analyte to the electrode surface. Only a
decrease of few percent of the voltamperometric signal is observed in presence of
microparticles compared to the bare electrode. Furthermore MMPs constitute a
valuable tool for inhibition studies, immobilized enzymes on such silica micropar-
ticles being less sensitive, through a screening effect, to inhibitors than soluble
enzymes. Thus, it has been recently shown that immobilized HRP, through MMP
strategy, was protected from inactivation by inhibitors as thiols that can react with
intermediary quinoneimine derivatives produced during the enzymatic reaction (38).

Conducting wire

Magnet

Solid carbon paste

A-Fe,03 MMP
°® HRP Qt

Enzyme —O.Q) ® o°
© H,O5 HQ
HO ™ HRPox

FIGURE 7.17 An enzymatic biosensor based on magnetic nanoporous silica microparticles
(MMPs) where oxidation of hydroquinone (HQ) to quinone by the enzyme horseradish
peroxidase (HRP) in presence of hydrogen peroxide and subsequent electroreduction of
quinone (Q) is shown
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Magnetoswitchable electrocatalysis and bioelectrocatalysis are accomplished by
the surface modification of magnetic microbeads with redox-relay units. By the
attraction of the modified magnetic microbeads to the electrode support, or their
retraction from the electrode, by means of an external magnet, the electrochemical
functions of the magnetic microbeads tethered relays can be switched between “ON”
and “OFF” states, respectively. The magnetoswitchable redox functionalities of the
modified particles activate electrocatalytic transformations, such as a biocatalytic
chemoluminescence cascade that leads to magnetoswitchable light emission or the
activation of bioelectrocatalytic processes (39,40).

7.4 BIO-BAR-CODE

Since the introduction of Polymerase Chain Reaction (PCR) in 1985, the detection
of very low amounts of DNA (as low as 5-10 copies) has been achieved. However,
its complexity, lengthy procedure time, and narrow range of targets have moti-
vated further research to develop new technologies. Furthermore, many efforts
have been devoted in the scientific community for developing new methodologies
allowing for the detection of proteins with a lower detection limit than is possible
with PCR.

In the early 2000s, Mirkin’s group at the Northwestern University reported on a
promising analytical tool for high sensitivity detection of protein (6) and DNA (4),
namely, the bio-bar-code.

In the following section, the principle of bio-bar-code for protein and
DNA detection will be presented, followed by examples of biological
applications.

The bio-bar-code relies on sandwiching a target molecule in a biological medium
between a magnetic particle and a signal amplifier nanoparticle through specific
biological interactions. The magnetic particle permits the separation of reacted target
molecules from unreacted ones. The nanoparticles are loaded with double stranded
DNA tag encoding for a unique target. The primary interaction of the magnetic
particles is amplified by the presence of numerous copies of DNA at the surface of the
nanoparticles, allowing for detection in the order of zM. Therefore, the bio-bar-code
approach relies on two components:

e Magnetic MicroParticles (MMP): The MMP surface is functionalized with a
biological probe (DNA or antibody, Fig. 7.18) that specifically interacts with the
target molecule to be detected.

e Nanoparticles (NP): The NP surface is functionalized with a target binding
molecule (DNA or polyclonal antibody, Fig. 7.18), and the so-called bio-bar-
code (an oligonucleotide, Fig. 7.18).

In the following, we will define the bio-bar-code complement as the oligonucleo-
tide sequence immobilized at the surface of the nanoparticle (Fig. 7.18) and the
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(a) (b) (c) d) (e
FIGURE 7.18 Components of the bio-bar code assay: MMB (Magnetic MicroBeads); NP
(Nanoparticle); (a) monoclonal antibody or oligonucleotide; (b) polyclonal antibody or
oligonucleotide; (¢) bio-bar-code; (d) bio-bar-code; complementary oligonucleotide (e) target
molecule (antigen or DNA)

bio-bar-code (Fig. 7.18) as the oligonucleotide that is hybridized with this immobi-
lized sequence. The bio-bar-code sequence is captured on the DNA chip for detection
after melting of the DNA duplex from the NP.

The steps involved in the bio-bar-code assay are as follows (Fig. 7.19).

First, the MMP are added to a solution of interest and allowed to interact with the
biological target to be detected, generally via DNA/DNA interaction or antibody/
antigen interaction (Fig. 7.19a). Next, a sandwich like structure is obtained through the
interaction (via DNA/DNA interaction or Antibody/Antigen interaction) of the NP’s
with the biological target (Fig. 7.19b), the magnetic property of the MMP’s allowing
for the separation of this sandwich structure from the medium (Fig. 7.19c). After
removal of the medium (Fig. 7.19d), the bio-bar-code DNA duplex is melted in pure
water (Fig. 7.19¢), purified from the particles by centrifugation (Fig. 7.19f) and
captured on a DNA chip. The concentration of target molecules is directly related to the
number of sandwich structure formed and consequently, related to the concentration of
released bio-bar-codes.

Different detections have been described in the literature. Detection may be
performed by fluorescence, by silver enhancement, or by electrical detection
(Fig.7.19g). A promising approach is based upon using a Y-junction dendrimer DNA,
carrying two fluorophores (Alexa Fluor 480 and Bodipy 630/650). The coding is not
detected via a DNA chip but by intensity encoding. In consequence, no nanoparticles
are required (41). So far this approach was carried out on polystyrene-based micro-
particles (nonmagnetic) but would be an interesting alternative in the bio-bar-code
assay.
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FIGURE 7.19 Steps of the bio-bar-code assay. (a) interaction between MMB and target; (b)
recognition between target and particles in complex biological medium: sandwich MB/target/
NP; (c¢) magnetic separation of MMB; (d) removal of biological medium. Only sandwiches
MMB/target/NP and MMB are kept in the tube; (e) redispersion of sandwiches in distilled water
causes dehybridization of bio-bar-codes; (f) removal and analysis of bio-bar-codes using DNA
microarray or other methods

7.4.1 Nanoparticles (NP)

The NP amplifies the primary interaction of the MMP with the target through the so-
called bio-bar-code. The ratio of bio-bar-code to target molecule per sandwich
structure determines the amplification factor. The amounts of loaded bio-bar-code
as well as the yield of sandwich captured target molecules will therefore determine the
detection limit of the assay. The availability of immobilized biomolecules at the
surface of the particles (the bio-bar-code complement and the biomolecule directed
toward the target) is a key parameter. The bio-bar-code complement is typically 30 to
50 bases long, it can bear at the 3’-end an A10 spacer and an amine or thiol terminated
alkyl (usually C6). 5'-thiolated ends are also described with 10-mers ethylene glycol
spacer (2). The chemistry used for biomolecule immobilization depends on the
materials employed for the NP’s fabrication. Polyclonal antibodies are preferred for
antigen detection.

Two materials are generally described, gold nanoparticles (2,6), and polystyrene
(42). On polystyrene NP’s, the generally described protocol for surface immobiliza-
tion relies on glutaraldehyde cross-linking of amine bearing molecules. Polyclonal
antibodies are immobilized through its N-termini or free amine bearing amino
acid residues. The bio-bar-code complement is amine terminated that permits its
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immobilization with a similar protocol (1530 &+ 181 Abs). The particles are blocked
with ethanol amine.

For gold NP’s, the polyclonal antibody is first immobilized using a slow salt-aging
methods, followed by the bio-bar-code complement using thiolated oligonucleotides
through thiol/gold interactions. The surface is then blocked using BSA (43).

Sequence analysis of the complement bio-bar-code leads to the following: the GC
content is near 50% with a melting temperature between 65 and 75°C (calculated with
the next neighboring theory).

The number of loaded DNA strands on gold NP’s is approximately 100 copies for a
10 nm particle, 300 copies for a 30 nm particle and 1000 copies for a 100 nm particle.
This corresponds for approximately 0.3, 0.1, and 0.03 molecules per nm?, respectively
(5,43). It means that the surface density of bound DNA strands decreases with the
diameter of the NP’s. Nevertheless, Mirkin’s group uses mainly 30 nm gold NP’s.

The bio-bar-code is loaded by hybridization at room temperature in PBS 0.1 M.
On polystyrene nanoparticles 3.5x10° bio-bar-code are loaded (1 pm diameter).
Under these conditions of hybridization on polystyrene particles, the hybridization
yield is near 10% as observed by UV spectroscopy and fluorescence (42). If the
target molecule is a nucleic acid, the bio-bar-code and the target hybridizing
oligonucleotide are immobilized at the surface of the particle using a solution
containing the two molecules. The ratio between the two oligonucleotides provides
a way to achieve signal amplification. For example, loading the particles with a
100:1 ratio of target complement DNA/bio-bar-code complement DNA leads to
particles of 70:1(5).

In 2005, a simplified protocol of the bio-bar-code NP was reported where the bio-
bar-code consists of single stranded thiolated oligonucleotides immobilized, on gold
NP. The DNA is released for on chip DNA detection by DTT (4,44).

7.4.2 Magnetic Microparticles (MMP)

The function of the magnetic micro particles is to separate the target molecule from the
medium. After interaction with the target molecule, the NP’s are added leading to a
sandwich like structure. MMP’s magnetic properties allow for the separation of the
sandwich structure from unreacted material and medium. Magnetic separation from
unreacted target molecules before sandwiching is also reported (43).

Typically, MMPs are iron oxide based particles that may be encapsulated in a
polymeric layer, the total particle having a diameter in the range of one to several
micrometers. Amine bearing MMP are obtained by silanization of iron oxide (5)
with an amine modified silane or purchased with a polyamine layer (2,5). Cross-
linking reaction of glutaraldehyde with the primary amine at the surface of the
particle and with free amine of the antibody, permits immobilization of monoclonal
antibodies. In the case of oligonucleotide, the particle is modified with surface
maleimido groups using succinimidyl 4-(p-maleimidophenyl) butyrate (SMPB) (4)
or sulfosuccinimidyl 4-N-maleimidomethyl cyclohexane-1-carboxylate (sulfo-
SMCC), leading to a maleimide modified surface (5). The oligonucleotide is then
immobilized through thiol addition to the Carbon—-Carbon double bond of the
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maleimido group. The average number of DNA strands per particle is 3 x 10°. In the
case of antibody immobilization, the average number of immobilized molecules is
3500 per MMP (42), as estimated by optical density at 280 nm. Capping is
accomplished with BSA or sulfo-NHS acetate.

Similarly to NPs, the detection limit depends on the yield of captured target
molecules by the MMP, which depends among other factors upon the availability of the
immobilized biomolecules.

7.4.3 Detection

Four main detection methods are described in the literature, namely, scanometric
detection (45), fluorescent detection (42), electrical detection (46), and rolling circle
amplification (RCA) (47).

Scanometric detection (45) is performed as follows. After collection of the
sandwich structure, the DNA bar code is freed from the NP by melting of the bio-
bar-code from its complement at high stringency (in DI water 55°C) or by
competition between thiolated oligonucleotide and DTT (2,44). The bio-bar-code
is recovered from the supernatant after centrifugation and captured on DNA chip by
hybridization. The DNA chip is usually supported on maleimide modified glass
slides or ester activated bearing 12-mer oligonucleotides complementary to one
end of the bio-bar-code. After hybridization of the bio-bar-code (30-50-mer) on
the DNA chip, the remaining free end is further hybridized with a gold nanoparticle
(13 nm) labeled oligonucleotide. The 13 nm gold particles catalyze the reduction of
silver salt (silver nitrate) from a modified photographic solution containing
hydroquinone (reducing agent)(5,6). Light scattering due to the silver particles
allow for the detection of the bio-bar-code. Mirkin’s group uses an alterative
method based upon the detection of a fluorophore (Alexa type) instead of silver
enhancement. They found that it was best using larger NP’s due to higher bio-code-
bar loading (see below).

Detection limit as low as 500 zM (5) in the case of DNA targeted molecules and
3aM is the case of protein targeted molecules (PSA) (42) are achieved. With
fluorescence, the detection limit is of a few hundreds of aM using micrometer scaled
NP instead of nanoscaled ones. As described above, the surface density of bound bio-
bar-code complement strains decreases with the diameter of gold NP’s. One might
think that smaller diameter NPs would allow for a greater ratio of NPs per MMP. This
may suggest that the limiting factor in the assay is the yield of sandwich structure
formed per MMP.

Finally when using complex media or when multiplexing, the detection limit is
increased by one to five orders of magnitude, probably due to cross reactivity and
nonspecific adsorption (4).

An electrical-based detection device has also been reported (46). The device
comprises of a gold layer with nanogaps containing SiO,. These SiO, windows
are functionalized with a thiolated silane allowing the immobilization of gold
nanoparticles bearing DNA that comprises a sequence partially complementary to
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MMB Magnetic microparticle

a Polyclonal anti-human IgE antibody
b Human IgE

¢ Monoclonal anti-human IgE antibody

d Oligonucleotide hinked to ¢

e Circular DNA
f Polymerase

g Labeled oligonucleotide
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FIGURE 7.20 Components of rolling circle amplification on magnetic particle

the bio-bar-code. The bio-bar-code DNA after purification from unreacted material by
magnetic field, is melted and hybridized on the the immobilized gold nanoparticles
through hybridization and sandwiched through a second hybridization with a second
gold nanoparticle. The resulting current is then detected producing a detection limit in
the femtomolar range.

Other authors have reported rolling circle amplification (RCA) for detection (47).
This method allows an antibody/antigen interaction to be revealed and amplified via
DNA polymerase reaction. The detection of human IgE is achieved with polyclonal
anti-human IgE functionalized magnetic particles (Fig. 7.20a). The target molecules
are sandwiched between the MMP and oligonucleotide (Fig. 7.20d) tagged monoclo-
nal anti-human IgE antibodies (Fig. 7.20c). Next the oligonucleotide tag is extended
using a complementary circular DNA (Fig. 7.20e), and a DNA polymerase reaction
(Fig. 7.20f). Fig. 7.21 is a schematic of the rolling circle amplification.

FIGURE 7.21 Rolling circle amplification with magnetic particle
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TABLE 7.5 Summary of Biological Target Detected by Means of
a Bio-Bar-Code assay.

Lower
Recognition detection
Target Disease event Detection limit References
PSA Breast and Ab/Ag Scanometric 30 aM (6)
prostate cancer
PSA Breast and Ab/Ag Fluorescence 300 aM 42)
prostate cancer
Cardiac Acute myocardial ~Ab/Ag RTPCR HRP 500fM (48)
troponin I infarctions 3.35pM
(cTnl)
ADDL Alzheimer disease Ab/Ag Scanometric 100 aM 2)
Hepatitis B, Viral DNA/DNA  Scanometric 500 fM (@]
Variolas
virus, Ebola,
HIV
Anthrax Bacterial DNA/DNA  Scanometric 500 zM (&)
lethal factor
Mock RNA RNA/DNA  Scanometric 700 aM (44)

The analysis of this DNA is achieved using a labeled oligonucleotide probe
(Figure 7.20g) that hybridizes on the extended DNA strand. Such an assay has been
compared to a more classical immunoassay using magnetic particles and an anti-IgE
alkaline phosphatase conjugate. The RCA amplification gave approximately 75-
fold more signal than the classical immunotest, for a quantity of 25 ng/mL of IgE to
be detected. The limit of detection of the RCA assay was reported as 1pg/mL
(Table 7.5).

7.4.4 Biological Application

Most applications concern the diagnosis of cancer (PSA), pathogens (bacteria or
viruses), and the detection of Alziemer disease maker (ADDL). In brief, bio-bar-code
allows the detection of biomolecules in the aM range when dealing with a model
solution. When detection is performed with a complex mixture or when multiplex
detection is performed, the lower detection limit raises up to 500 fM. In the particular
case of PSA, Bao et al. (49) have demonstrated a linear dose response over at least four
orders of magnitude and a 1000-fold improvement of the detection limit with regards
to ELISA. Mirkin’s group has been reporting an integrated system for bio-bar-code
assay (50). The reported lab-on-a-chip is based on two major types of components:
passive microfluidics (channels and reactive chambers) and electromechanical con-
trol structures (actuators and sensors). They reported the analysis of free PSA, aslow as
500 aM using volumes in the microliter range. The free PSA is first allowed to react
with the MMP. The mixture is then introduced into the lab-on-a-chip with all
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subsequent operations being performed on-chip. Optical detection is performed on a
DNA array as usual after silver reduction. It has been demonstrated that for con-
centrations of total PSA below 118 pM, the ratio of free PSA/total PSA is more
sensitive than the analysis of only total PSA (51). Achieving ultra sensitive detection
would allow for early diagnosis of the disease.

Another example is the detection of single polymorphism (43). However, this assay
was performed with two separated solutions at concentration of 500 aM. The cross
reactivity was not assessed.

7.4.5 Conclusion

The bio-bar-code appeared in the early 2000s as an analytical assay for proteins with
detection limit similar to PCR. It is particularly useful for antigen detection where it
improved the detection limit by many orders of magnitudes compare to classical
ELISA (at the fM range) allowing for early diagnosis of diseases. Future works will
focus on development of integrated systems as well as new detection procedures.
Furthermore, it appears that work on surface chemistry may help to increase the
capture yield as well as reducing nonspecific adsorption. Indeed, most of the work have
been performed on model systems. In complex mixtures the detection limit increases
by many orders of magnitude.

7.5 CONCLUSION

This chapter reports the applications of magnetic micro/nanoparticles in biosensors
and bio-bar-code assays. Affinity biosensors are presented through different types of
transducing systems: electrochemical, piezo electric or magnetic ones, applied to
immunodetection and genodetection. Enzymatic biosensors are based on biofunctio-
nalization through magnetic micro/nanoparticles of a transducer, more often amper-
ometric, potentiometric or conductimetric. The bio-bar-code assays rely on a sand-
wich structure based on specific biological interaction of a magnetic microparticles
and a gold nanoparticle with a defined biological molecule. The magnetic microparti-
cle allows the separation of the reacted target molecules from unreacted ones. The
nanoparticles aim at the amplification and the detection of the target molecule. The
bio-bar-code assays allow the detection at very low concentrations of biological
molecules, similar to PCR sensitivity.
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8.1 INTRODUCTION

Microfluidics is the field of manipulating subnanoliter volumes of fluids in a controlled
way (1,2). This area has expanded very rapidly in the past 10-15 years because of its
direct applications not only in the fields of Lab-on-chip (3,4) and microreaction devices
(5,6), but also in the fields of proteomics and genomics (7). The success of this
miniaturized approach is due to its unique features, such as the reduction of solvent/
sample consumption and the improvement of mass and heat transfer due to a high
surface-to-volume ratio. This last feature is very interesting from a synthesis standpoint
as it allows achieving better control of the reaction conditions. Another important
aspect of microfluidic is that the dimensions of microfluidic devices are approximately
the same as the dimensions of many biological cells, and it is therefore a convenient
tool to manipulate them. Microfluidics is now a field in its own and detailed
descriptions of microfluidic physics can be found in various reviews (1,2) and
textbooks (8). The first microdevices were mainly fabricated using methods issued
from microelectronics industry and were made of Si and glass (9). More recently,
polymers were used to fabricate devices for chemical or biological applications.
Therefore, alternative techniques such as hot embossing (10,11) and soft lithography
(12,13) have been developed. These techniques present the advantages of being less
complex and also cheaper than technologies derived from microelectronic industries.

Colloidal Nanoparticles in Biotechnology, Edited by Abdelhamid Elaissari
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The integration and coupling of colloids and microfluidic devices present many
advantages and opportunities for biotechnology. Micro- and nanoparticles are be-
coming increasingly important for biomedical applications. In diagnosis, micro- and
nanoparticles can be used as labels for selective and specific detection in immunoas-
says (14-16). For example, semiconductor nanoparticles can be used as fluorescent
labels for fluorescence detection, and metallic (gold and silver) nanoparticles are
appropriate for Raman detection due to their resonance light scattering properties (17).
Integration of these immunoassays in microfluidic devices is of great interest and
many examples can be found now in literature (14—16). These microdevices present
the advantage of being able to minimize time and cost associated with routine
biological analysis while improving reproducibility. Nevertheless, the integration of
existing nanoparticle-based analytical approaches in Lab-on-chip is an obvious move
when looking for improved analytical performances.

However, coupling of microfluidics and colloids can lead to less straightforward
applications resulting in new perspectives for biologists or analytical chemists.
In therapeutics, nanoparticles are important as they can be used for drug delivery
(18-20). The development of such drug-encapsulated nanoparticles, which are able to
deliver drugs to specific diseased cells in a controlled way, may maximize the
therapeutic efficacy of drugs (21,22) while minimizing side effects. However, surface
properties, size, and morphology of these particles can influence cell-particle inter-
actions and should be investigated separately. Therefore, the development of devices
used as in vitro models of biological environment is essential for the screening of these
parameters. For example, microfluidic devices were introduced as in vitro models of
biological microvasculature and were used to evaluate the interaction of polymeric
particles with cells seeded in microchannels (23).

For both the above-cited applications, therapeutics and diagnosis, size and mor-
phology of the particles are very important. Therefore, there is a need for the
production of a large amount of micro- and nanoparticles with small-dimension
dispersion. Microfluidics can also offer unique opportunities in the field of colloid
synthesis due to the improved control of the operating conditions such as temperature
and concentration in microreactors.

Microfluidic devices can also be used for in situ self-assembly and separation of
colloids or cells. For example, one of the advantages of these devices is that due to their
small dimensions, small amounts of particles can be easily handled, which can be very
useful when involving precious objects (antibodies, . . .).

Finally, micro- and nanoparticles can be integrated with microfluidic devices
such as “Lab-on-chip” and “Cell-on-chip” for what we will call nonstandard
applications, where colloids can be part of the functionalization of the microdevices.
Functions such as pumping, valving, or separation can be achieved by the integration
of colloids (24).

The objective of this review is to give the reader a summary of the integration and
coupling of colloids and microfluidic in the field of biotechnology. We will focus here
on three fields: (1) the use of microreactors for the production of nanoparticles, (2) the
use of microfluidic for colloid arrangement, and finally (3) the actuation possibilities
in microfluidic devices using colloids.
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8.2 NANOPARTICLE SYNTHESIS IN MICROFLUIDIC REACTORS

The concept of preparing nanoparticles in a microfluidic reactor is of very recent
interest and it regroups a handful of studies (~40 papers). This concept has recently
been the subject of a minireview by DeMello and DeMello (25), where they presented
the potential benefits that microfluidic systems can offer, namely, producing mono-
dispersed nanoparticles in a continuous flow mode, therefore, reaching a larger yield
than that of standard production approaches. Recently, Sounart, et al. (26) also
demonstrated that microsystems can offer unique opportunities to investigate the
nucleation mechanism of nanoparticles. Indeed, they were able to spatially resolve
nucleation and growth of cysteine-stabilized CdS nanoparticles in a microfluidic
reactor and showed that the homogeneous reaction and particle nucleation are
diffusion-limited processes. Microfluidic routes can, therefore, also be used as a tool
to investigate kinetic and mechanism when detection techniques are coupled online to
the microreactor.

To date, various types of microreactors have been described in the literature. These
microreactors can be divided in two main classes based on the number of liquid phases
that are used: single-phase or two-phase reactors. These microfluidic reactors have
demonstrated successful production of mainly spherical nanoparticles of metal (Au,
Ag, Cu, and Pd), semiconductors (CdS, Cd/Se), metal oxides (TiO,, SiO,), and
polymers. Very recent papers demonstrated that microfluidic routes are well suited for
the production of Janus (27), ternary (27), and nonspherical nanoparticles with
anisotropic properties (28). Tables 8.1 and 8.2 present a brief description of the
various microreactors devoted to particle synthesis.

TABLE 8.1 Main Features of Single-Phase Microfluidic Reactors Described
in the Literature.

Types of
nanoparticles Microreactor Details References
Au Pyrex glass/Si Diameter between 5 and (42)
microreactor 50 nm,
No seeds Standard deviation 13%
Au Pyrex glass/Si Diameter >12 nm (82)
microreactor
With 12 nm seeds Deviation >10%
Ag Tubular microreactor Thermal reduction (83)
Ag-Au Tubular microreactor Cylindrical particles ~100 nm (84)
nanorods long, 50 nm diameter
CdSe Glass tubing with Radii between 1.5 and 2.7 nm (35)
heated parts
CdSe Silica glass capillary 245-275°C (35,36)
CdSe Glass microreactor Diameter 2.23-2.55 nm (34)
CdS (€2))
CdSe-ZnS Tubular microreactor 37
Co Polymeric microreactor Diameter 3.9—4.7 nm (85)

Different crystal structures
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TABLE 8.2 Main Features of Two-Phase Microfluidic Reactors Described

in the Literature.

COLLOIDS, BIOTECHNOLOGY, AND MICROFLUIDICS

Types of
nanoparticles Microreactor Details References
UV-curable Two-phase droplet-based Nonspherical (86)
photopolymer (liquid/liquid) particles: plugsand
disks
(diameter >10 pum)
PDMS microreactors UV photopolymerization
Acrylate Two-phase droplet-based Core and core/shell (55)
(liquid/liquid) particles
(diameter >50 pum)
PU microreactors
Acrylate Two-phase droplet-based Spherical microgel shell (53)
tubular microreactor and spherical microgel
particles
CdS and Two-phase droplet-based Core and core/shell (50)
CdS/CdSe (liquid/liquid) particles
PDMS microreactors From aqueous precursors
at room temperature
No size given
(wavelength)
CdSe Two-phase droplet-based High temperature 87)
(liquid/liquid) (300°C)
Glass microreactors Diameter 3.4 nm
CdS Two-phase droplet-based Diameter 4.2-8.2 nm (88)
PDMS microreactor
TiO, Two-phase laminar Diameter <10 nm 43)
interface (liquid/liquid)
Ceramic microreactor
SiO, Two-phase droplet-based Diameter >200 nm (49)
(gas/liquid)
PDMS microreactor
SiO, Two-phase droplet-based 10nm-1 pm (89)
(gas/liquid)
and (liquid/liquid)
PDMS microreactor
CaCoOs, Two-phase laminar a7

Mnl_aNia(C204)-2H20,
BaTiO;

interface (liquid/liquid)

In this paragraph, we will first introduce some general aspects concerning the
synthesis of nanoparticles and then, present some microfluidic routes that were

investigated for the preparation of these nanoparticles.

8.2.1

Physical properties of nanoparticles are generally defined by quantum size
effects and they substantially differ from bulk material properties. For example,

Nanoparticle Synthesis—General



NANOPARTICLE SYNTHESIS IN MICROFLUIDIC REACTORS 203

characteristics such as surface plasmon resonance and optical bandgap of novel
metal and semiconductor particles depend strongly on the particle dimensions
(29). As a result, optical or electronic properties of nanoparticles can be tuned by
particle dimensions. Bulk Au appears in a yellow color in reflected light, whereas
thin films or small particles of Au appear in a large range of colors (from blue to
orange) in a transmitted light. One of the most ancient examples of the use of this
phenomenon is the Lycurgus Cup produced at the time of the Romans, where small
amounts of Au and Ag nanoparticles (70 nm) were found in the glass and gave
various colors to the cup. Another important parameter is the aspect ratio of
nanoparticles. A slight deviation from spherical particles can also result in very
impressive color changes (30).

There is a great interest in developing synthesis routes that are able to control
particle dimensions, distribution, and also morphologies. After the synthesis,
solutions containing nanoparticles are subjected to posttreatments, such as elec-
trophoresis, to separate nanoparticles based on their size and obtain more mono-
dispersed nanoparticles. These additional treatments are usually time consuming
and also result in a lower yield of the particle production. There are two main
routes to produce nanoparticles: the so-called “top-down” and “bottom-up”
approaches. The latter approach is probably the one mostly used due to its versa-
tility and ease of use.

The formation of nanoparticles can be described by two distinct processes. The
nucleation phase is the formation of new particles from a supersaturated solution.
These seeds can then grow by incorporation of monomers via the particle/solution
interface. In a classical reactor, the nucleation and growth steps can take place at
the same time and result in a broad range of particle diameters. To obtain narrow size
distribution, it is necessary to discriminate in the reactor between the nucleation stage
and the growth step. The nucleation stage needs to take place very fast, and then
the growth condition needs to impede further nucleation.

The conditions to obtain monodispersed particles can be summarized here: (i) it is
necessary to have a nucleation step occurring in a short time scale compared to the
growth step and also (ii) all particles need to grow in the same chemical environment
(same temperature and concentration, for example). These conditions are not always
fulfilled in a standard reaction chamber. The preparation of this kind of particles is
usually carried out in a batch reactor in which the precursors are rapidly injected and
mixed with the solvents and the coordinating ligands at high temperature. During this
process, various parameters need to be controlled to obtain nanoparticles of good
quality and with low diameter dispersion. This control is obviously more difficult to
be attained with a batch reactor compared to a flow microreactor.

8.2.2 Nanoparticle Synthesis—Microfluidic Route

Because of their reduced dimensions, microreactors are characterized by rapid and
efficient thermal and mass transfer (5,6), conditions that are advantageous for the
production of monodisperse nanoparticles. Using microreactors it is possible (i) to
control temperature and concentration gradients, (ii) to efficiently mix reactants, and
(iii) to operate in a continuous flow regime.
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Various types of microreactors have been suggested for the synthesis of a large
variety of nanoparticles: Ag, Au, CdS, CdSe, TiO,, SiO,, and polymers. To date, the
benefits demonstrated are essentially the continuous production of particles, at least as
monodisperse as in batch reactors. The lower dispersion is not always demonstrated, as
strict comparisons are not shown. Nevertheless, the continuous production, the ease of
scalability, and the possibility to finely tune the particle sizes are characteristics that
explain the attractiveness of the microfluidic approach presented here.

8.2.2.1 Single-Phase Microfluidic Reactor The use of microfluidic reactor
for nanoparticle synthesis was first reported by Edel et al. in 2002 (31). In their work,
they used a continuous flow micromixer (600 nL) developed by Bessoth et al. (32)
(Fig. 8.1) and based on diffusive mixing to carry out the synthesis of CdSe
nanoparticles with diameter from 12 to 3.2nm. They demonstrated by recording
absorption spectrum (Fig. 8.2) that the use of a miniaturized and flow reaction vessel
improved CdSe nanoparticle monodispersity compared to standard bulk reactor and
that the homogeneity can further be improved by increasing the volume flow rate (31).
After this first demonstration, several studies were devoted to the synthesis and
characterization of several nanoparticles materials, such as CdSe, Au, Ag, Cu, Pd and
TiO,, using single-phase microfluidic reactors.
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FIGURE 8.1 Schematic representation of a continuous flow micromixer (a) layer 1 (b) detail
of layer 1 (32) (reproduced by permission of The Royal Society of Chemistry)

Semiconductor Nanoparticles  Preparation of semiconductor nanoparticles such
as CdSe has gained a lot of interest because of their potential use for fluorescence tags
of biological molecules. When size of CdSe nanoparticle is smaller than the exciton
Bohr radius (<7 nm), fluorescence from these particles shift toward shorter wavelength
due to the reduction of their bandgap. It is therefore possible to tune fluorescence color
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FIGURE 8.2 Absorption spectra of fluid streams exiting the micromixer after contact
between cadmium nitrate and sodium disulfide solutions as a function of flow rate. Inset:
absorption spectrum of nanoparticles produced using a bulk synthesis (31) (reproduced by
permission of The Royal Society of Chemistry)

by controlling the particle dimensions. The continuous preparation of CdSe
nanoparticles using a microfluidic approach has therefore been demonstrated by
various authors (33-36), but unfortunately they do not always compare their results
(particle dispersion) with macroscopic production. Nevertheless, they investigated the
influence of various parameters, such as temperature, precursor concentration, and
residence time (by varying the flow rate), on the particle quality and the size
distribution. They demonstrated that a wide range of nanoparticle diameters is
accessible, but this can be at the expense of polydispersity. As a general trend,
nanoparticle dispersion usually decreases not only by increasing temperature and
mixing but also by reducing microreactor dimensions. The influence of the flow rate
and therefore residence time was found to be very important. The increase of the
dispersion of the particle dimensions (from 6% to 11%) was observed with increasing
the flow rate (35). Nakamura et al. (33) prepared CdSe nanoparticles by mixing
solutions of Se trioctyl phosphine and Cd trioctyl phosphine oxide at high temperature
(230-300°C), and they obtained CdSe nanoparticles with diameters from 2 to 4.5 nm.
The mixing was performed outside of the microreactor and the mixture was then
introduced into glass syringe connected to a glass capillary (200-500 pm diameter).
These authors were the first to demonstrate the interest of segmented flow (solution
plugs separated by N, gas injected into the capillary) for the reduction of particle
dispersity. Yen et al. (35) proposed a more detailed study of the influence of reaction
conditions on the quality of nanoparticles. They obtained CdSe nanoparticles by
mixing two solutions containing Cd oleate and Se trioctyl phosphine using a convective
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micromixer connected to a glass capillary (250 um diameter) and maintained at a
constant temperature (180-320°C). They prepared nanoparticles with diameters from
1.52 to 2.7nm by varying the solution composition, the residence time and, the
operating temperature. In their study, they also identified the main drawback of the
single-phase microfluidic approach, namely, the residence time distribution due to
the parabolic profile of the velocity in a microchannel or a capillary. This residence
time discrepancy was identified as being responsible for particle dispersion at low flow
rate.

The possibility of running successive reactions was also demonstrated by the
production of composite core/shell nanoparticles, such as CdSe particles coated with
ZnS (37). The authors used a three-section system where the CdSe particles were first
produced in a capillary at high temperature, mixed to ZnS raw material, and then the
mixture was introduced into a second capillary to carry out ZnS coating on CdSe
nanoparticles. Recording the UV spectra, they demonstrated the redshift of the
absorption peak due to ZnS coating of CdSe nanoparticles. They also noticed that
ZnS coating thickness can be controlled by changing the flow rate and the residence
time in the coating section.

Metal Nanoparticles  Production of metal nanoparticles in microreactors have also
been demonstrated. These kinds of particles have a great potential for analytical
chemistry in applications such as colorimetric gene detection (38), nanoparticles-
enhanced microchip capillary electrophoresis (39), surface-enhanced Raman
spectroscopy (40), and optical detection (41). Silver nanoparticles were prepared
in a continuous flow (0.08-0.7 mL/min) stainless steel tubular microreactor using
thermal reduction of silver pentafluoropropionate. This synthesis was carried out at
mild temperature (100-140°C) and with various molar ratios between surfactant and
precursor resulting in Ag particle size from 7.4 to 8.7 nm with standard deviation
between 1.4 and 0.9nm. As for CdSe particle synthesis, polydispersity of Ag
nanoparticles increases at high flow rate. Residence time of at least 60s was
required to obtain monodisperse particles.

Gold nanoparticles were obtained from the mixing of chloroauric acid with
ascorbic acid using a static micromixer (42). The authors obtained nanoparticles
ranging between 5 and 50 nm (with a standard deviation of ~13% at the best) by
adjusting experimental parameters such as flow rate, pH, and excess of reducing
agents. They also carried out comparable experiments in batch reactors and obtained
particles of lower quality (standard deviation approximately two times larger).

8.2.2.2 Two-Phase Microfluidic Reactor The first report presenting a
multiphase approach for the production of nanoparticles in microfluidic devices
was made by Wang et al. (43) in 2002. They used the interface between two
liquids as a nanoreaction chamber. The authors took advantage of the thin interface
(<1 nm) between immiscible liquids to control the size of the particles. They used a
ceramic microreactor composed of 9 cm long microchannel (360 pm wide and 200 pm
deep) where they flowed two insoluble liquid systems: 1-hexanol/formamide and
cyclohexane/water. They prepared TiO, nanoparticles at these interfaces, which were
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less than 10 nm in size and possessed an anatase structure. In this report, immiscible
liquids were flowed as two adjacent streams. However, a second configuration based on
the formation of droplet nanoreactor is more widely used than the latter one.

Single-phase microfluidic reactors present two intrinsic drawbacks: (i) the
parabolic profile of the velocity distribution introduces sample dispersion and (ii)
the main mixing phenomenon at low Re number is diffusion, which is a slow process
compare to convection (high Pe number). These two characteristics are detrimental
for fast—millisecond time scale—mixing. Ismagilov et al. (44,45) recently dem-
onstrated that it is possible to achieve millisecond mixing by using a droplet-based
system. In this architecture, drops of water (organic solvents or oils, respectively)
containing the reactants are transported in a flow of organic and immiscible solvents
(oil or water respectively). This system solved the two previously described
drawbacks: (i) dispersion is eliminated by transport in droplets and (ii) efficient
mixing is achieved within droplets through winding channels by chaotic advection.
The efficiency of nL reactors was demonstrated by carrying out protein crystalli-
zation (46) and was also successfully applied to nanoparticle synthesis by various
groups as described below.

The first report of the droplet configuration used for colloid production was
made in 2003 and the reactor was entitled “Continuous Segmented Flow Tubular
Reactor” (47). This microreactor was applied to the production of CaCOs3, BaTiO3
and Mn_,Ni,(C,04)-2H,0 powders. The authors demonstrated that they were able
to obtain calcite particles with a median diameter of 1.32 pm, compared to 2.35 pm
for high quality commercial powder, and with a narrower particle size distribution.
The span of the powder produced in the microreactor was reduced to 1.09
compared to 1.63 for commercial powder.

Silica nanoparticles were also prepared using segmented flow reactors by Jensen et
al. (48). The microchannels used in their work were 400 pm wide and 150 pm deep and
were fabricated using standard soft-lithographic techniques (Fig. 8.3). The synthesis
was carried out using Stober (49) process and was based on the mixing of a dilute
solution of TEOS in ethyl alcohol and a solution of ammonia, water, and ethyl alcohol.
In this work, air was used as the segmenting fluid and a detailed characterization of the
flow regimes, mixing efficiency, and residence-time distribution is presented before
demonstrating the silica synthesis. They produced particles ~200-300 nm in diameter
and with size distribution of ~10%. In comparison, the same particles obtained by
carrying out the synthesis in a single-phase microreactor had a size dispersion of ~20—
25% (Fig. 8.4).

Successful production of CdS and CdS/CdSe nanoparticles using droplet-based
microreactors was also achieved by Ismagilov et al. (50) at room temperature. In their
work, aqueous droplets were formed in a continuous stream of fluorinated oils. They
also demonstrated that they were able to add a quenching step after synthesis to avoid
particle aggregation.

Microfluidic biphasic reactors are also widely used to generate monodisperse
polymer particles (27,28,51-54) that are usually in the micrometer range. In this
approach, flow-focusing reactors are used and immiscible streams of monomer and
perfluorinated oil solutions are flowed to create droplets of monomers inside an oil
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FIGURE 8.3 (a) Schematic representation of the microfluidic reactors used for nanoparticle
synthesis. (b) Examples of microreactor designs in PDMS and bonded to glass slides (48)
(reproduced by permission of The Royal Society of Chemistry)
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FIGURE 8.4 (a) Plot of variance of particle size distribution expressed as a percentage of the
mean diameter for the two reactor types operating under various conditions. Inset are the
schematics of flow patterns in laminar flow reactors (LFRs) and segmented flow reactors
(SFRs). (b) SEM micrographs of typical product from an LFR (left) and a SFR (right) (48)
(reproduced by permission of The Royal Society of Chemistry)
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stream. The UV photopolymerization of the monomer droplets is also carried out
directly in the microreactor. This approach was used to obtain various types of
particles: core—shell particles with different number of cores (55), nonspherical
particles (28,55), Janus and ternary particles (27).

8.3 ORGANIZATION AND SEPARATION OF COLLOIDS
IN MICROFLUIDIC DEVICES

8.3.1 Microfluidic: A Tool for Crystallisation and Colloidal Assembly

One of the main current issues with colloids is to create uniform assemblies. These
assemblies have a number of potential applications such as paper-like displays,
photocatalyst supports, and 3D photonic bandgap materials. For biotechnology,
they can also be used as membranes to filter elements, as supports for size-exclusion
chromatography, or as nanobar codes for the recognition of biological molecules.
Periodic colloidal assemblies (2D or 3D) have been grown within microfluidic
devices that are used as templates for the growth of colloidal assemblies. Micro-
fluidic allows an easy integration of the assembly with other functionalities. For
example, photonic crystals fabricated inside microfluidic devices can be easily
integrated with other planar optical components (waveguides or fiber optics).
Another advantage is that it is possible to actively control the formation of the
self-assembled colloidal crystals and to finely tune their thicknesses, areas, and
orientations.

We will now describe different techniques used to create colloidal assemblies with
microfluidic devices:

8.3.1.1 Microfluidic Devices: Templates for Evaporation-Induced
Colloidal Assemblies Evaporation is often used at a macroscopic scale to
assemble colloids. Ozin and collaborators (56) have employed evaporation-
induced self-assembly to grow colloidal crystals inside microchannels. Their
microchannels consist of a V-shaped groove in a silicon substrate covered by a
PDMS slab. An aqueous solution containing monodisperse colloidal microspheres is
driven inside the microchanel by capillary forces, and the microspheres are closely
packed inside the grooves upon water evaporation through the PDMS. Over spatial
surfaces of around 40 pum?, areas sufficiently large for photonic applications or
chromatographic microdevices, they were able to grow defect-free crystals. This
method is a straightforward, fast (the whole process takes 2 hours), reproducible, and
inexpensive tool to pattern defect-free opals on silicon wafers. The attractiveness of
this method, in comparison with usual macroscopic methods, is the possibility of
controlling defects in colloidal crystals (by controlling the template) as well as the
number, area, orientation, and registry of close-packed layer planes of microspheres
in the colloidal crystals embedded within a single-crystal silicon (100) wafer. Kuo
et al. (57) have also studied convective self-assembly of colloids on structured
microchannels. Using a novel approach based on a combination of sedimentation
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and hydrodynamic particle removal in partially sealed microchannels, they generated
assemblies of microparticles on predefined locations of the microchannels.

8.3.1.2 Evaporation of Emulsions Created inside Microfluidic
Devices Assemblies resulting from spontaneous evaporation are face centered
cubic crystals. More complex nonplanar structured materials are useful for photonic
applications, chromatography, or catalysis. Yi et al. (58) have made spherical colloidal
assemblies called photonic balls (Fig. 8.5). Emulsions created inside microfluidic
devices were used to generate these uniform photonic balls. Yi et al. (59) have made a
water-in-oil emulsion containing monodisperse spheres. The number of particles
captured inside the emulsion controls the internal structure of the colloidal assembly.
By slowly removing the water from the aqueous suspension droplets, they have created
uniform assemblies of identical colloidal particles. The advantage of using
microfluidic devices is that the emulsions generated inside these devices can be
really uniform, providing uniform nanoliter crystallization chambers.
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FIGURE 8.5 Typical scanning electron micrograph of colloidal assemblies that were
generated in soft-microfluidic devices. This figure was published in Reference (58), Copyright
Elsevier (2003)

8.3.1.3 Active Control of the Formation of Colloidal Crystals inside
Microfluidic Devices: A Combination of Electrocapillary Forces
and Evaporation The formation of self-assembled colloidal crystals in
microfluidic devices can also be actively controlled by using a combination of
electrocapillary forces and evaporation-induced self-assembly (60) (Fig. 8.6). The
crystalization vessel consists of a microfluidic channel where three walls are made of
PDMS while the fourth was an electrode. The electrocapillary forces drive the
colloidal solution into the predesigned position in the microfluidic channels by
applying a specific voltage. The colloidal crystals can then be obtained after
solvent evaporation that occurs naturally through the PDMS. It is also possible to
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FIGURE 8.6 (a) Two adjacent colloidal crystals formed in the same microchannel using
250 and 300 nm diameter polystyrene beads. (b) SEM image of the boundary between two
adjacent colloidal crystals. (¢) Three adjacent colloidal crystals formed in the same micro-
channel using 250-, 300-, and 198-nm diameter polystyrene beads. Reprinted with permission
from (60) Copyright (2004) American Chemical Society

address simultaneously or individually multiple channels using different
configurations for the electrodes. One can selectively fabricate colloidal crystals in
desired channels and also build colloidal crystals with different optical properties (by
using colloids of different sizes, for example) in different channels or in the same
channel. The same principle can be employed to guide microcapsules through three-
dimensional networks of channels or to produce other novel functional materials using
the self-assembly process.

The use of electrocapillary forces in microfluidic devices can also lead to the
patterning of biological solutions and cells in a programmable manner. Shiu and Chen
(61) have shown that it is possible to pattern and grow cells in addressable micro-
chambers arrays using electrocapillary forces and evaporation.

8.3.1.4 The Use of the Confinement and the Geometry of Microfluidic
Devices to Create Colloidal Assemblies Microfluidic devices can also be
used to control precisely the formation of self-assemblies and create reproducible
structures. The environments need to be controllable on the dimension of the self-
assembly itself. Microfluidic systems have several characteristics that allow process
control at this level; one cannot usually have such a control with conventional bulk
production of self-assembly.

Kumachevaetal. (62) generated 2D colloidal lattices in microchannels by coupling
the laminar flow of dispersions of spherical colloids and geometrical confinement in
microfluidic devices. They present convective mechanism leading to the formation of
close-packed and non-closed-packed structures. In their case, the number and types of
possible lattices is determined by the ratio of the width of the microfluidic channel to
the diameter of the particle.

Very homogeneous biological self-assemblies can be made using microfluidic
devices. For example, liposomes are composed of a lipid bilayer membrane that



212 COLLOIDS, BIOTECHNOLOGY, AND MICROFLUIDICS

encapsulates an aqueous volume. To use these liposomes in vivo for applications such
as targeted drug delivery, it is important to control the liposome size as size influences
the clearance rate from the body and ultimately determines the drug dosage. In bulk the
local environment is not well controlled, so a bulk fabrication of liposomes leads to
inhomogeneous population. Using microfluidic devices Jahn et al. (63) created
monodisperse liposomes: a stream of lipids is hydrodynamically focused at a micro-
channel junction between two aqueous buffers. They controlled the formation of the
liposomes better than the spontaneous self-assembly in bulk. They have also deter-
mined that one can control the liposome size by changing the flow rates inside the
microfluidic channel.

Microfluidic devices can also be used to create patterns of colloids. Lim et al. (64)
have formed patterns of colloids within the steady-state recirculation flow of a
microvortex generated in a microfluidic system. The mechanism at the origin of the
formation of these patterns could be exploited for the separation and concentration of
biological particles in analytical applications, such as in flow cytometry.

8.3.1.5 Fabrication of Patterned Colloidal Photonic Structures in
Centrifugal Microfluidic Chips Lee et al. (65) report a method for fabri-
cating colloidal photonic crystals inside microchannels using centrifugal force.
Colloids are driven to flow through the channels under the action of a centrifugal
force and then they assemble quickly into face-centered cubic arrangement. The
colloidal photonic crystals can be used in sifu inside the microfluidic channel, for
example, as light filters for integrated adaptive optical devices.

8.3.2 Microfluidic: A Tool to Manipulate, Collect, and Separate Species

The true potential of microfabricated devices lies in their ability to integrate a
complete analysis system “on chip,” and those “lab on a chip” have to integrate
different functionalities. It is important to control fluid flow within these micro-
fluidic devices.

To analyze species (colloids, biological particles) from a solution, it is necessary to
be able to collect and concentrate particles from this solution. As described below,
some groups have developed noninvasive techniques that are perfectly suited for
sorting and fractioning particles inside a microfluidic device, making it easy to
integrate those steps within a “lab-on-chip.” For some applications, for example, the
one involving precious cells, such as primary cells that cannot be expanded to large
populations, the microfluidic sorting devices are very important because it is possible
to handle a small number of cells (100-100,000) with high yield. In classical
macroscopic sorting techniques such as flow cytometry (characterization of single
cells as they pass at high speed through a laser beam), a much higher number of cells
are required.

Different noninvasive techniques have been used to create microfluidic cell sorters:
some based on dielectrophoresis process, others based on optical process and still
others based on hydrodynamic phenomena. Some techniques based on a CMOS/
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microfluidic hybrid system make the manipulation of single cells easy. We will first
describe these techniques briefly.

8.3.2.1 Integrated Cell Manipulation Lee et al. (66) have designed hybrid
CMOS/microfluidic devices to control of the motion of individual biological cells that
are tagged with magnetic beads. The control is assured by a CMOS chip (lying under a
microfluidic device) that generates microscopic magnetic field patterns using an on-
chip array of microelectromagnets. Furthermore, the CMOS chip allows
programmable reconfiguration of the magnetic fields, increasing the manipulation
capability of the hybrid system.

8.3.2.2 Dielectrophoresis Process An electrokinetic methodology that
exploits dielectrophoresis (DEP) in microfluidic channels has been used to
actively control the trajectories of some particles. Dielectrophoresis is based on
the translational motion of charge-neutral matter caused by polarization effects in
nonuniform electric fields. By using miniaturized electrode arrays (driven with high
frequency ac) housed in a microchannel, Fiedler et al. (67) were able to actively control
some particle trajectories: a laminar liquid flow carries the particles past the
electrodes, and a modification of the ac drive changes the particle trajectories.

More recently, DEP in microfluidic has also been used to sort colloids (or cells)
and, for example, isolate rare cells from complex mixture (68). Some target cells are
labeled with particles that differ in polarization response, which changes the
dielectrophoretic amplitude response of the target cells. Electric fields are engi-
neered inside the microfluidic device to achieve an efficient separation between the
dielectrophoretically labeled and unlabeled cells. With this kind of device, Hu et al.
(68) have enriched rare cells by 200 in a single round of sorting. The main drawbacks
of this technique are that the approach is sometimes incompatible with the buffers
used for biological cells and it is also a very slow sorting process. We can also
mention the work of Bhatt et al. (69): by combining electrohydrodynamic effects
and EDP, they were capable of focusing latex particles and collecting, for example,
yeast cells from buffer solutions.

8.3.2.3 Optical Separation

Microfluidic-Based Fluorescence-Activated Cell Sorting The principle of
fluorescence-activated cell sorting (FACS) is the following: cells first pass through
an analysis region and then through an optical switching region. When a cell is
detected and determined to be a target cell, a focus laser spot deflects the cell to the
target output channel. For applications involving precious cells, where only a small
amount of cells can be used, it is very important to develop a microfluidic version of
these FACS. The first microfluidic-based FACS (LFACS) cell sorters sorted cells via
electrokinetic flows (70). However, the electrokinetic sorter suffers from the same
drawbacks as all the electrokinetically actuated microfluidic devices, such as buffer
incompatibilities and frequent change of voltage settings due to ion depletion, pressure
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imbalance, and evaporation. By incorporating valves and pumps to control sorting by
pneumatic actuation, the cell sorter developed by Fuet al. (71) has a better capability of
fine tuning the flow and is less harmful to the cells than the devices that use
electrokinetic flow. They can also create complete analytical microsystems by
integrating various modules on the same chip. Different strains of Escherichia coli
and different types of bacteria, including magnetotactic bacteria, could be pumped
through the integrated cell sorter in their own suspending media. In this device, for
example, two populations of E. coli cells were separated, one expressing EGFP and the
other expressing p-nitrobenzyl (pNB) esterase; 480,000 cells were sorted in 3 h at the
rate of 44 cells per second. Wolf et al. (72) have also developed a microfabricated
fluorescent-activated cell sorter (UWFACS) with several integrated functional
structures. A novel structure for hydrodynamic focusing of sample in flow
cytometry and cell sorting was designed. An advanced microfluidic-based
fluorescence-activated cell sorter (WFACS) has also been developed by Wang et al.
(73). With this device, cell populations (from 1000 up to 280,000 cells) can be sorted in
less than an hour. This number is still smaller than what can be achieved with
conventional macroscopic flow cytometer, but the device would be very useful for rare
cells. These techniques should also facilitate a variety of more integrated and complex
cell handling functions.

Optical Trapping Some optical techniques used for sorting and fractioning
elements can be integrated within microfluidic devices, providing a way to sort
colloidal, molecular, or biological elements that could later be used for other
analysis. Macdonald et al. (74) have achieved microfluidic sorting in an optical
lattice (Fig. 8.7). Their optical sorter is based on the interaction of colloids (or
biological elements) with a dynamically reconfigurable 3D optical lattice. The
optical trapping would hold a particle in a tightly focused light beam. Their optical
technique is noninvasive and can sort particles or cells without physical contact.
The sole use of optical forces simplifies surface interaction and sterility issues by
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FIGURE 8.7 The concept of optical fractionation. Low Reynolds number flows will be
laminar: Without an actuator all particles from chamber B would flow in chamber D. By
introducing a 3D optical lattice into the fractionation chamber (FC), one species of particle is
selectively pushed into the upper flow field. The reconfigurability of the optical lattice allows
for dynamic updating of selection criteria. Reprinted by permission from Macmillan Publishers
Ltd: Nature (74), copyright (2003)
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removing the extremely high surface area associated with any physical sieve or gel.
When a flow of mixed particles is passed through the lattice, selected particles are
strongly deflected from their original trajectories while others pass straight
through largely unhindered, depending upon their sensitivity to the optical
potential. They can separate particles of different sizes or of different index of
refraction—that is to say, of different chemistry. With their device, they have a
sorting efficiency higher than 96% and their technique is often faster than the
classical techniques used to separate elements.

8.3.2.4 Hydrodynamic Flow-Based Control to Sort Colloids or
Cells To separate particles of different sizes, Tagaki et al. (75) have developed
microfluidic devices presenting asymmetric pinched flow fractionation. Liquids with
and without particles are introduced into a microchannel having a pinched segment
obtained by using different flow rates for the two solutions (see Fig. 8.8); the
particles are separated perpendicularly to the direction of flow according to their
sizes by hydrodynamic force. Separated particles can be collected independently by
making multiple branch channels at the end of the pinched segment. This device is
really advantageous because it realizes a purely geometrical separation, which is
suitable for preparative separation of particles. Their system is suitable for the
separation of biological species. They could, for example, separate erythrocytes
from blood.
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FIGURE 8.8 Schematic diagram of an asymmetric pinched flow fractionation. The size of an
arrow represents the flow rate. One branch channel is designed to be short and or broad, and
liquid flow is asymmetrically distributed (75) (reproduced by permission of The Royal Society
of Chemistry)
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8.4 COLLOIDS USED TO CONTROL FLOW MOTION IN
MICROFLUIDIC DEVICES

The control of fluid motion is very important for chemical processing in “lab-on-a-
chip.” To integrate analysis platforms and microchemical reactors, it is necessary to
use on-chip valving and pumping. Classical pump designs that employ inertial or
centrifugal action are inappropriate for microfluidic applications due to the very small
Reynolds number. Pumping and valving are usually realized in microfluidics by
electroosmosis. Electrokinetic pumping is sensitive to surface conditions, and elec-
trokinetic valving can leak. For biological applications, it is sometimes difficult to
maintain cell viability under high electric fields. Most of those devices including
control elements based on electroosmosis require complex fabrication and they also
impose unique constraints on potential device capability, flexibility, and performance.
Those microsystems have also never been directly integrated with microfluidic
devices. Thus people have looked for other ways of valving and pumping.

Few groups have worked on controlling flows by the forced motion of colloidal
microparticles in a microchannel. This seems to be a promising way to control in situ
microfluidic flows, though there have been only a few studies on this up till now. The
use of colloidal valves and pumps allows easy device integrations, and colloids can be
easily transported through microfluidic channels to their target position.

8.4.1 Microfluidic Electrophoresis

Viovy and collaborators (76) have developed a microfluidic tool for the separation of
DNA. They confine a solution of paramagnetic colloids in a microfluidic channel, and
then they apply a constant magnetic field. The paramagnetic particles self-organize
into a fixed quasi-regular array of columns. The column spacing can be tuned from
submicrometer to about 100 um by changing the concentration of the particles. They
have shown that this kind of device can be used to achieve fast microfluidic separation
of large DNA on a routine basis (77). One can refer to Chapter 11 for more details on
this technique.

8.4.2 Peristaltic and Gear Colloidal Micropump

Terray et al. (24,78) have developed micropumps by using colloidal microspheres as
the active flow control element. They remotely manipulate their colloids using optical
trapping; the colloids could also be manipulated using electric or external magnetic
fields. Remote activation techniques are really attractive in controlling microdevices:
those noninvasive techniques do not require physical connection to macroscopic
hardware, a major drawback in most of the other techniques used to control the flows.

By manipulating colloidal microspheres within customized channels, Terray et al.
have created micrometer-scale fluid pumps and particulate valves. Their designs are
based on positive-displacement pumping techniques that operate by imparting
forward motion to individual plugs of fluid. For example, we describe one of their
pumps consisting of six particles forming a chain along the channel. The chain of six
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microspheres is activated by optical trapping that induces a smooth traveling-wave
motion.

With this system, they can reach flow rate of about 1 nL/h. They have also used this
process to create microfluidic valves capable of both restricting and directing flow of
cells or colloids within microfluidic networks.

Liu et al. (79) have developed continuum-based methods to model those colloidal
micropumps. They used the force coupling method. For example, they simulated a
peristaltic micropump (following the design of Terray et al.) based on a chain of six
colloidal microspheres in a channel. To produce a pumping effect, they applied a
transverse traveling wave motion on the microspheres. They have studied the stability
of the flexible chain of colloidal microspheres that provide the positive displacement
that leads to net flow rate. They have also investigated the robustness of the peristaltic
pump in the presence of a parasitic force. From the simulation results, a flow rate of
1nL/h can be achieved (at an excitation frequency of about 10Hz). However,
achieving the higher flow rates in the higher frequency range that the simulation
predicts may be challenging in the physical laboratory: the particles could tend to fall
out of the trap, thus disrupting the pumping motion.

8.4.3 Ferrofluid Pumps and Valves

Hartshorne et al. (80) have developed pumps and valves based on the use of ferrofluids
plugs that can be actuated by external magnets. Ferrofluids conform to the channel
shape, potentially providing very good seals and responding to external localized
magnetic forces, resulting in an easy actuation. These features offer advantages over
other methods of fluid control. The ferrofluid used is a colloidal suspension of
ferromagnetic colloids (the particle size is typically 10 nm) in a fluorocarbon liquid
immiscible in water.

Ferrofluidic devices may have utility in microchip applications where more
conventional fluid control, such as electroosmosis, is difficult. Similarly, devices
may be used in complex on-chip processing as an adjunct to electroosmosis by
providing channel-priming pumps or valves that can isolate specific areas of a chip to
prevent leakage or contamination. These ferrofluidic systems can withstand pressure
of 12 kPa.

8.4.4 Colloidal Microstirrer

Mixing of small volumes of liquid in microfluidics is difficult due to the fact that at low
Reynolds number turbulent flow is suppressed. Nevertheless, the fast mixing of two
fluids is important for the performance of integrated lab-on-a-chip devices. Tierno et
al. (81) have achieved active colloidal microstirrers. They use for this paramagnetic
colloidal particles dispersed in water and deposited above magnetic bubble domains of
a uniaxial ferromagnetic garnet film. The solution is subjected to relatively small
external rotating magnetic fields, and the speed of the rotating colloid can be precisely
tuned up to angular frequencies of 250 s~'. The stirrer’s rotation is limited by the size
of the magnetic bubble domain.



218 COLLOIDS, BIOTECHNOLOGY, AND MICROFLUIDICS
8.5 CONCLUSIONS

The combination of microfluidics and colloids presents many opportunities in the field
of biotechnology. This coupling has already demonstrated successful applications,
such as monodispersed colloid synthesis in a continuous mode, controlled in situ
colloid crystallization, and easy separation of small volumes of colloids and cells.
Microfluidic is also a very promising tool to understand precisely nanoparticles
synthesis mechanism and to carry out combinatorial studies. The use of colloids can
also be successfully applied to create advanced microfluidics functions. However,
these reports are limited to proof-of-concepts and have not yet been really integrated or
used into more complex devices with real applications. For example, reports on the
production of nanoparticles only dealt with the demonstration of the syntheses but
never demonstrated the possibility to directly use those nanoparticles.

We have presented in this chapter only a handful of examples as it is an emerging
field. Nevertheless, we can expect that biotechnology will benefit even more from
future advances in the fields of both microfluidic and colloids.
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Gas Sensors Based on Ultrathin
Films of Conducting Polymers
and Nanocomposites

MANOJ K. RAM, OZLEM YAVUZ, and MATT ALDISSI
Fractal Systems Inc, 200 9th Avenue N., Suite 100, Safety Harbor, FL 34695, USA

9.1 INTRODUCTION

Much of the welfare of modern societies relies on the combustion of fossil fuels. To a
greater or lesser extent, all energy production processes are associated with the
generation of toxic by-products such as CO, NO, and aromatic hydrocarbons (1). A
significant part of CO and NO, emission originates from the exhaust of motor vehicles
due to their increasing number each year. The interaction of CO and NO, with sunlight
tends to produce O3, which, due to its strongly oxidizing behavior, is believed to be
harmful to plants and to the respiratory system of human beings (2). In order to be
useful as an air monitoring system, a sensor, device, and/or technique should be able to
detect the gases (CO, NO,, CO,) at environmentally relevant concentrations (3,4). The
United States Environmental Protection Agency (EPA) and the European Union (EU)
have set Ambient Air Quality Standards for such pollutants, which are listed in
Table 9.1 (5).

Metal oxide-based gas sensors are known to be widely used for such combustion
products. Their poor selectivity is typically bypassed partially by forming arrays of
sensors distinguished by their cross sensitivity (6). The disadvantages include baseline
drifts upon interaction with poisoning species such as SO, and NO, and the dual
response of oxides used in the automotive field, particularly SnO,, to oxidizing (NO,)
or reducing (CO) gases (7,8). Doping with metals in SnO, was shown to significantly
increase sensitivity (9,10). Such gas sensors, however, still lack selectivity and
sensitivity at ambient humidity, which increases its conductivity. Conducting poly-
mers (polypyrrole [PPy], polythiophenes, and polyaniline (PAn)) have shown very
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TABLE 9.1 Standard Set for Maintaining the Quality of Air.

EU standard
attention level

Pollutant EPA standard value (ppm)
Carbon monoxide (CO)
8-h average 9ppm (10 mg/m?) 12.5
1-h average 35 ppm (40 mg/m?)
Nitrogen dioxide (NO,)
Annual arithmetic mean 0.053 ppm (100 pg/m’) 0.1
Ozone (O3)
1-h average 0.12 ppm (235 pg/m?) 0.09
8-h average 0.08 ppm (157 pg/m?)

Sulfur dioxide (SO,)
Annual arithmetic mean
24-h average
3-h average

0.03 ppm (80 ug/m*)
0.14 ppm (365 pg/m>)
0.50 ppm (1300 pg/m’)

promising results for application in gas sensors and are currently used in electronic
nose systems (11). There has also been considerable interest in the use of conducting
polymers, particularly, in the form of thin films, blends, or composites as sensors for
airborne volatiles such as alcohols, ethers, NH;, NO,, and CO (11). Films of
polythiophene were successfully used for the detection of ppb levels of hydrazine
gases (12). Langmuir-Blodgett (LB) films of PAn were used to measure NO, and CO
atlow concentrations (13). Electrochemically synthesized conducting polymers, such
as PPy and poly-3-methylthiophene, doped with copper and palladium accurately
detected CO gas (14). PAn is unique among the class of electrically conducting
polymers in that its electrical properties can be reversibly controlled by changing the
oxidation state through protonation of amine nitrogen of the main chain (15).
Electrical and electrochemical characterization of LB PAn films has shown good
reproducibility in sensing characteristics (16). LB films of poly(ortho-anisidine) were
successfully used for sensing of protonic acids (HCI, HSO,) in water at a sensitivity of
less than 0.1 ppm (17). The sensing, ageing, and mechanical characteristics of the
conducting polymer films have been improved by composite fabrication (18,19),
similarly to what was observed in the case of inorganic composites that resulted in
better exhaust gas detection accuracy (20,21).

In this work, we describe the fabrication and characterization of gas sensors based
on highly organized ultrathin films of conducting polymers and their nanocomposites
with inorganic oxides. The films were characterized using conductivity, electrochem-
ical impedance spectroscopy (EIS), UV-visible spectra, electrochemistry, and AFM
techniques. The effect of temperature and SO, gas sensing on film properties as well as
gas specificity are also discussed.
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9.2 EXPERIMENTAL

9.2.1 Substrate Activation

The substrate preparation for ultrathin film deposition is an important task for
obtaining the desired number of layers and thickness of the polymer or nanocomposite
films, which were prepared according to published work (22,23). The first layer of the
activated surface is deposited using a sulfonated polystyrene (PSS, M, =70,000)
solution for 15 min, prepared by using 2 mg/mL of PSS in water, which provided the
charges necessary to adsorb the first layer of the polycation. In some instances, poly
(diallyldiamine) (PDDA) was used as a polycation when a second activation layer was
needed. As an example of polymer film deposition, the active solution contained
0.026 M aniline monomer, 0.012M ammonium perdisulphate, and 0.026 M para-
toluenesulfonic acid (p-TSA) for PAn films; or 0.006 M FeCl;, 0.026 M p-TSA, and
0.02 M pyrrole monomer for PPy films. The solution was stirred for 15 min after the
addition of the monomer and filtered, and then used for the deposition of the polymer
or the polymer nanocomposite films.

9.2.2 Fabrication of Conducting Polymer-SnO, Composite Films

The SnO, particles were prepared using a standard procedure. SnCl, was
dissolved in 1M HCI and then added to 400 mL of deionized water. Aqueous
ammonia was added dropwise to this solution to obtain a dispersion of fine SnO,
particles. The solution was centrifuged to remove excess ammonia and unreacted
SnCly. The pH of the dispersion medium was adjusted by addition of water,
followed by the addition of appropriate amounts of aniline monomer and
ammonium persulfate ((NH4),S,0g) oxidant to start the polymerization of aniline
in the aqueous medium. The PSS-treated substrate was then introduced in the
resulting solution for film deposition.

9.2.3 Fabrication of Conducting Polymer TiO, Composite Films

The colloidal TiO, was prepared using tetra-2-propoxy titanate obtained by the
dissolution of TiCl, in 2-propanol. An amount of 0.5 mL of this 8.65% solution was
injected in 5 mL of a 0.05 M aqueous HCIO, solution (24). The resulting solution was
then bubbled with nitrogen for a few hours until a transparent solution was obtained.
This TiO, sol was stabilized by mixing with 5 mL of 0.2 wt% aqueous solution of poly
(vinyl alcohol). The TiO,-conducting polymer nanocomposite films were fabricated
by in situ self-assembly. PAn—TiO, films were fabricated on a PSS-treated substrates.
The chemical oxidative polymerization of aniline in the presence of colloidal TiO, was
carried out in HCI at pH 2 using drop-by-drop addition of 0.5 M (NH,4),S,0g. The pH
of the reaction mixture remained constant throughout the reaction. The deposition of
alternating PSS and nanocomposite layers was repeated as many times as needed to get
the desired thickness. The same procedure was used for fabrication of PAn—SnO,
multilayered films.
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9.3 RESULTS AND DISCUSSION

9.3.1 Effect of Surface Treatment

Conductivity of the self-assembled nanocomposite films was measured using a two-
probe technique. The PSS-treated surface (protonated) shows better conductivity than
the nontreated one (hydrophilic), indicating that protonation leads to better coatings.
This effect is demonstrated in the results summarized in Table 9.2.

TABLE 9.2 Optical Absorption Bands for the Various Polymers and Treatments.

Self-assembled films of polyaniline UV-visible bands (nm)
HCl-doped 341, 424, 809-880
NO,-treated 309, 709
Undoped 632, 330
Self-assembled films of PPy
As-made 442, 898
NO,-treated 455, 1048
Self-assembled films of regioregular
polyhexylthiophene
As-made 523, 553, 608
NO,-treated 513, 544, 598
Self-assembled films of chemically synthesized
polyhexylthiophene
As-made 520, 561, 600
NO,-treated 460, 535, 350, 407
Hexylthiophene and ethylene-dioxy-thiophene
copolymer
As-made 478, 510, 601
NO,-treated 412, 319

9.3.2 Optical Characterizations

Optical spectroscopy of conducting polymers is a well-known technique for
characterization of the conducting states that correspond to the absorption bands
of inter- and/or intragap states. The UV-visible absorption spectra of PAn/PSS
with bands at 340, 425, and 860 nm are shown in Fig. 9.1 (plot 1). Fig. 9.1 (plot 2)
depicts the UV-visible spectra of PAn—-SnO, composite self-assembled films
deposited on a PSS/glass substrate. Since PSS does not absorb in the spectral
region of concern, the absorption is due to nanocomposite only. Similarly to
the PAn film, although it is shifted, this spectrum has three distinct absorption
bands: 320, 425, and 900 nm. Fig. 9.1 (plot 3) shows the optical spectrum of
self-assembled PAn-TiO, film, which exhibits two absorption bands at 340, 425,
and 800-850nm for the film made at a pH of 2.8.

Figure 9.2a depicts the UV-visible spectra of PDDA/PAn-SOj; deposited on a
PSS/glass slide as a function of the number of bilayers. As PDDA or PSS does not
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FIGURE 9.1 UV-visible spectra of in situ self-assembled conductive films

absorb in the spectral region of concern, absorption can only be due to the
sulfonated PAn. A typical absorption spectrum has three distinct absorption bands
at 340, 383, and 477 nm. The 340 nm band is attributed to the t—x" transition. The
477 nm band is due to the polaron state, with the 383 nm band being that of an
intermediate state. The deposited bilayer films were first undoped using 0.1 M
NaOH solution and redoped using 1 M HCI. The deposition of bilayers was
monitored by the change in absorption magnitude at 477 nm. The linear variation
in absorbance versus the number of bilayers indicates a regular deposition of LBL
films (Fig. 9.2b). Similar results were obtained for PPy, polyhexylthiophene, and
other polymers as well as their nanocomposites with SnO, and TiO,. The UV-
visible absorption spectra of PPy films deposited on PSS surface at different
deposition times exhibited typical bands of the doped polymer at 466 and 800-
940nm. A single layer typically results in films with a thickness in the range of
60—200 A. The in situ fabrication of PPy films is a dynamic process where the film
thickness initially increases linearly with time, and then gradually departs from
linearity after 60 min. LBL films of both poly(hexylthiophene) (PHTh) forms
(regioregular and regiorandom) were characterized as well. A redshift of the m—m"
transition is observed for the regioregular form relative to the regiorandom one
(526 and 518 nm, respectively), and the appearance of more distinct shoulders at
555 and 606 nm suggests that the regioregular form has a more rod-like confor-
mation with extended m-conjugation in the condensed phase, as reported earlier in
the literature (25).

9.3.3 Annealing Effect on the Conductive Films

Figure 9.3 shows the UV-visible absorption of PAn—SnO, self-assembled films
treated with NH4OH and annealed at different temperatures from 100°C to 800°C.
Unlike the surface topography or morphology of the film, the optical absorption
spectra (except for the absorption intensity) seem unchanged, which reflects the
stability of the electronic structure of the material. The PAn—SnO, film deposited on
glass (10 min deposition) was initially treated with aqueous ammonia to yield the
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FIGURE 9.2 (a) UV-visible spectra of PAn-SO;/PDDA LBL films (1-10 layers) and
(b) absorption maximum at 477 nm versus numbers of layers for PAn-SO5;/PDDA LBL films

emeraldine base and then annealed at various temperatures up to 800°C for 2h at
each temperature. On the basis of the optical spectra of the material at the different
stages, the material exhibits an excellent stability up to 200°C. Plot 1 shows
characteristic absorption bands of PAn that are redshifted (320, 385, and 850 nm)
due to the interaction with the oxide nanoparticles. Treatment with ammonia yields
characteristic bands of the emeraldine base (plot 2). The film treated at 100-500°C
(plots 3-5) shows a 600 nm band (n—nt") with a reduced intensity due to the loss of
water and restructuring. The film annealed at 800°C (plot 6) shows a change in
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FIGURE 9.3 UV-visible absorption of PAn-SnO, before and after annealing

absorption characteristics due to the degradation of PAn and is characteristic of the
oxide only. Also, at this temperature, SnO, nanoparticles undergo an ordering
process. PAn—TiO, films exhibit a similar behavior.

9.3.4 Atomic Force Microscopy

The surface morphology of self-assembled films treated at different temperatures
was examined using atomic force microscopy (AFM) (in tapping mode in air at a
constant contact force) because it is important that the film morphology remains
intact at elevated temperatures. A granular structure is typically obtained with such
nanocomposites, as shown in Fig. 9.4 for PAn—SnQO,: initial (plot a) annealed at
100°C for 20 min (plot b). The granular structure of the film is maintained up to
250°C. However, a partial deformation of the granular structure is observed at
higher temperatures, probably due to the restructuring of the film upon removal
of intrinsic water and particle fusing. The annealed PAn—-SnO, particles are
aggregated into clusters in the range of several hundred nanometers. As with
optical absorption, annealing results in the removal of traces of moisture and
some restructuring of the material at 500°C (plot c). Annealing at 800°C shows
an ordered structure of SnO, particles (plot d). Similar results were obtained for
PAn-TiO,.

9.3.5 Cyclic Voltammetry

Figuere 9.5 shows the cyclic voltammograms of PAn-TiO, film in 0.1 M HCI
with three main redox couples at 0.14, 0.48, and 0.63 V. The first peak is due to the
surface electron transfer, which has almost identical characteristics as that of PAn
(0.15V). However, it is slightly more anodic than that of PAn, and this behavior
suggests that the incorporation of TiO, into PAn does not decrease its conductivity,
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FIGURE 9.4 AFM of self-assembled PAn—-SnO, (a) as-made (b) annealed at 100°C
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indicating the formation of a high conductivity composite. Interestingly, the second
peak, which is due to the quinoid structure in PAn, has a higher potential than that
observed for PAn (0.48 V versus SCE). The third peak due to protonation is observed

at 0.64 V.
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1100 900 700 500 300 100
E (mV) versus Ag/AgCl

-100

FIGURE 9.5 CV of PAn-TiO, films as a functional of scan rate
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9.3.6 Effect of Gas Exposure on the Optical Characteristics of Films

We wanted to first examine the conducting polymer films to establish the optical
absorption characteristics as a baseline for comparison with the nanocomposites.
Figure 9.6a shows the optical spectra of PSS/PAn self-assembled films on glass as
prepared and after ex situ gas treatment. As-prepared films are doped with HC1 and
exhibit characteristic bands at 340, 424, and 810-880 nm that are attributed to the m—
n" transition, polaron, and bipolaron (doped) states, respectively, as mentioned
earlier. Treatment with NO, gas, for example, results in a blue shift of the m—m
transition (309 nm) and the emergence of a new peak at 710 nm as a result of the
formation of an intermediate state between the emeraldine salt (doped, conductive)
and the emeraldine base (reduced, nonconductive). Dedoping the films by dipping
in 1 M NaOH solution for 5 min results in an absorption peak at 330 nm and a broad
band at 630 nm, indicating the formation of the emeraldine base form of PAn with its
characteristic blue color. Figure 9.6b shows the optical absorption of PPy films
deposited on PSS surface for 1h. The as-prepared film exhibits the 440 nm m—m
transition band and a broad free-carrier-tail band at 900 nm, indicating a high degree
of doping. No significant shift is observed upon treatment with NO, gas, indicating
that no structural changes takes place and thus reversibility (gas desorption) can be
easily attained when desired. Figure 9.6c shows the optical spectra of regioregular

03. (1) HCl-Doped (a) PAn 035 (b) PPy
(Z) NO,-Treated

3 (3) Undoped 3 (1) As-prepared
8" 0.2 3 8 (2) NO,-Treated
g g 0.25]
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Wavelength, nm Wavelength, nm
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FIGURE 9.6 UV-visible spectra of self-assembled conducting polymers: (a) PAn, (b) PPy,
(c) regioregular PHTh, and (d) regiorandom PHTh
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TABLE 9.3 Resistance of Self-Assembled PAn—-SnO, Films on Protonated and
Nonprotonated Substrates.

Nonpropotaned substrate Protonated substrate
Polymerization Resistance, Polymerization Resistance,
time, min kQ time, min kQ
15 100 15 62.9
30 20.7 30 20.3
40 40.7 45 40.7
60 47.2 60 16.5
90 28.6 90 10.0

poly(hexylthiophene) (PHTh) layered films (30 layers). The observed m—m" transi-
tion at 523nm and the two more distinct shoulders at 555 and 606nm are
characteristics of the rod-like conformation with extended m-conjugation in the
condensed phase. Similar to PPy, no change in the absorption spectra has been
observed when exposed to NO, gas. Absorption bands at 520, 560, and 600 nm
observed for the regiorandom PHTh layered films (Fig. 9.6d) are basically similar to
the regioregular equivalent. However, exposure to NO, results in several bands at
350, 460, 535, and 407 nm. The 350 nm band indicates a structural change in the
polymer. Similar to the regiorandom polymer, the PEDT-PHTh copolymer under-
goes a structural change when treated with NO,, as evidenced by the formation of
bands at 320 and 410 nm. Table 9.3 shows the bands of ultrathin films as a function of
NO, gas treatment.

9.3.7 Effect of Exposure to Gas on Morphology

Morphology of multilayered films of the various polymers has been investigated
using AFM at the nanometer level. The morphology of self-assembled films on a
PSS surface for 1h is shown in Fig. 9.7. AFM images of PPy (Fig. 9.7a) reveal a
granular surface topography with an average size of 70 nm and a surface roughness
of 17 nm. No significant change occurs in particle size upon exposure to NO,,
except for a slight decrease in surface roughness to 15 nm due to slight doping of
the polymer. Self-assembled PAn films on a PSS surface (35min) exhibit a
morphology with particles in the range of 30-100nm (Fig. 9.7b). The particle
size in PSS/PAn is known to increase with the number of layers. The change in
particle size observed in this polymer due to gas treatment is more significant than
that observed in other polymers without necessarily changing the surface rough-
ness (45nm before and after gas treatment). This correlates with the optical
absorption results that a reaction (doping/undoping) takes place. The surface
morphology of 30-layer films of the regioregular PHTh had particles in the size
range of 50-100 nm (independent of the number of layers) with no change after
exposure to gases, as shown in Fig. 9.7c.
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FIGURE 9.7 AFM of self-assembled (top) PPy, (middle) PAn, and (bottom) regioregular
PHTh films before and after exposure to NO,

9.3.8 Gas Detection via Resistance and Impedance Measurements

The sensor element consists of interdigitated electrodes (50 wm spacing, 50 um wide,
and 40 um thick) made of platinum-coated quartz. The gas sensing system consisted of
a Parr pressure chamber equipped with the necessary valves to achieve vacuum,
introduce gases, and perform in sifu four-probe conductivity measurements at room
temperature. The film is connected to a digital multimeter or an impedance analyser,
with the change in resistance being recorded as gas pressure is varied. Real-time
resistance changes are monitored using a computer-interfaced electrometer upon
exposure to gas.
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FIGURE 9.8 Resistance change versus NO, gas concentration for various materials with a
similar thickness

Resistance values obtained for three different polymers (regioregular PHTh, PEDT,
PHTh-PEDT copolymer) as a function of NO, concentration are shown in Fig. 9.8.
The resistance decreases continuously and exponentially upon exposure to NO,,
indicating that the gas acts as a dopant for the polymer. The change in resistance was
dramatic at all concentrations, which made detection of small quantities easy with a
good resolution. It is worth noting that the response was instantaneous due to the thin
nature of films, which has an excellent reproducibility.

We wanted to study the effect of number of bilayers on gas sensing. Figure 9.9
shows the results obtained for four films of PHTh with different layer thicknesses. All
films behave similarly as a function of gas concentration, with a semidoping effect that
consists of one gas molecule per thiophene repeat unit. The two-layer films have a
higher resistance than that of thicker ones. However, the thin films are better for low
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FIGURE 9.9 Resistance change versus NO, gas concentration and number of layers of PHTh
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gas (ppb) detection levels. Figure 9.10 shows the lower end of the concentration range
for the six-layer film with an excellent sensitivity in the ppb range.

Self-assembled PPy films exhibited a decrease in resistance when exposed to NO,,
however, with less sensitivity. The polymer is highly conductive, and therefore further
doping by the gas results in a weak effect on resistance. In the case of PAn, a large
change in resistance was observed (from few kQ to 110 MQ) upon exposure to
100-200 ppm of NO,, with a concomitant structural and color change to the emer-
aldine base. Evacuation of the gas does not lead to a change in resistance unless heat
(50-60°C) is applied to the sample. Therefore, we concentrated mostly on the
thiophene-based materials for NO, gas measurements. SnO,-based nanocomposites
films with poly(ethylene-dioxythiophene) (PEDT) and PHTh (Figs. 9.11 and 9.12,
respectively) exhibited good detection characteristics, with the former having better
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FIGURE 9.11 Resistance change of PEDT-SnO, nanocomposite versus NO, gas

concentration
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FIGURE 9.12 Resistance change of PHTh-SnO, nanocomposite versus NO, gas
concentration

sensitivity. Furthermore, detection occurred instantaneously by the composite as
opposed to a delayed response with the oxide alone. The resistance results for NO, gas
are tabulated in Tables 9.4 and 9.5.

The change in resistance (AR) obtained for three different types of PAn—metal oxide
films in the case of PAn-CO films are shown in Fig. 9.13a and b. AR =Ry, — R, where
Ry is the initial resistance and R, the resistance at gas concentration x. The CO gas acts
as an oxidant, and exposure results in a decrease in the resistance value (in k€2 range) as
CO concentration increases (Fig. 9.13a). This is probably because interaction between
the polymer and the SnO, nanoparticles results in the reduced form of PAn, which
becomes easily oxidizable. It is important to note that reversibility of gas adsorption
can easily take place under vacuum at room temperature for few minutes. Similar
results were obtained with TiO, (Fig. 9.13b).

TABLE 9.4 DC Resistance before and after NO, for Various Polymers and Number
of Layers.

Number of R; MQ R; MQ
Polymer layers (before NO,) (after NO,)
PHTh 1 24.43 8.08
PHTh 6 0.34 0.68
PHTh 15 1.70 3.08
PHTh 24 99.2 0.15
PHTh 143 67.3 0.19
PEDT — 9.61 3.67
PAn 2.90 >100
PEDT-PHTh 150 591 242
PPy — 0.001 0.002

PAn — 0.028 2.78
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TABLE 9.5 Comparison between Different Materials Tested for the Various Gases.

Structure NO,, ppm Comments

SnTiO, thin films 1.7 Thin films are more sensitive than
(at 400°C) thick films

SnO; (crystalline, RF 5000 Highly selective but effected due to
sputtered) (300°C) influence of water
SnO,-reactive evaporated, 0.92 Poor selectivity and stability
measured at 450°C

Pd-doped SnO, 2.5 Stability

WO; thin films at 300°C 2.6 1-2 mins response time
Pt—Pd/Si/Al 6 No response with NO detection
Pt/SnO,/n-Si/p-Si/Al 1000 The barrier height change or

Co0/Si0, nanocomposite

conductivity change of SnO,
Selective to NO

Our work <100 ppb <1 s response time, material-
based selectivity
(a) 50
CO gas sensing properties of PAn—SnO,
49
G
=
o
é 48 4
& 47
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FIGURE 9.13 Resistance change of self-assembled PAn—SnO, (a) and PAn-TiO, (b) films

versus CO gas concentration
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FIGURE 9.14 Response curve with SO, introduction to PAn-TiO, composite films

9.3.8.1 Effect of SO, Gas on the Nanocomposite Films Figure 9.14
shows that there is little or no variation in conductivity of PAn—SnO, or PAn-TiO,
composite films, respectively, after exposure to SO, gas (1000 ppm). In other words,
the nanocomposite films should not be affected by SO, gas poisoning during CO gas
detection measurements, as is the requirement for motor vehicle exhaust detection.

9.3.8.2 The Sensitivity in the Measurement The resistance of the
nanocomposite films typically changes by at least one order of magnitude after
50-100 ms of exposure to the gas. The change is readily observed after a few seconds
with saturation taking place after 80's of exposure in such thin films. Such effect is
readily reversible by subjecting the films to vacuum created, as shown in Fig. 9.15.

9.3.8.3 Gas Detection Specificity Evaluation of specificity was performed

by using gas mixtures. The response of PHTh, PHTh-TiO,, and PHTh-SnO, films to
a mixture of NO, and CO in equal amounts indicates high specificity for NO,, as
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FIGURE 9.15 Response time of PAn-SnO, membrane with 1ppm CO gas
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FIGURE 9.19 Resistance change of PAn-TiO, films versus time in the presence of CO and
NO,

shown in Figs. 9.16-9.18. The data show that the nanocomposites are much more
specific than the polymer itself. A sharp decrease in resistance is observed when
NO, is introduced in the chamber, while no significant change takes place when CO
is introduced. The gases are introduced in to the chamber with 10 ppm increments
each time. The sharp decrease in resistance indicates an excellent sensitivity of such
films. In addition, total reversibility was observed upon removal of the gas mixture
by vacuum. Similar effects for the specific recognition of CO gas by PAn-TiO; can
be seen in Fig. 9.19 where the gases were introduced into the chamber in the same
manner using the same amount and ratio. Here, resistance of the sensing layer
increases in response to the presence of CO and practically no change in resistance
is observed upon introduction of NO,. In the case of PAn—SnO, films (Fig. 9.20), a
slight change in resistance is observed compared to that of PAn—TiO, films. This
means that although both materials are CO specific, the latter composite has a
higher sensitivity.
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FIGURE 9.20 Resistance change of PAn-SnO, films versus time in the presence of CO and
NO,
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9.3.9 Gas Sensing Mechanism in the Materials

9.3.9.1 Conducting Polymers 1t is important to understand the change of
physical parameters using conducting polymers and their nanocomposites. The
resistance decreases continuously and exponentially upon exposure to NO,,
indicating that the gas acts as a dopant for the polymer, as shown in Fig. 9.21. The
change in resistance is dramatic at all concentrations, which makes the detection of
small quantities easy with a good resolution. It is worth noting that the response was
instantaneous due to the thin nature of the films with excellent reproducibility.

CH CH
/@i}l 2/ | /Q\CHZ />5CH3 CH2/>5 3
O—N O
§7 N T s

0-N-0 0—-N=0

FIGURE 9.21 Schematic of the NO, reaction with PHTh conducting polymer

9.3.9.2 Oxide Nanoparticles Such nanoparticles (i.e., SnO,) exhibit good
sensory characteristics only at high temperatures of the order of 400°C. The dominant
species in tin oxide surfaces is O, that is, the atomic surface oxygen ion. Such ions
form in a sequence of physisorption and charge exchange reactions with the bulk of the
SnO, grains. With significant amounts of O~ ions now available on the surface,
oxidation reactions, such as those sketched in Fig. 9.22 should become possible. This
kind of interaction clearly gives rise to a reducing interaction as observed at high
temperatures for the low concentration regime. At higher NO, concentrations, the
reaction is likely to deplete the SnO, surface from O~ sites.

AdsorbingNO, Chemisorbed Desorbing NO
(I)' molecule NO2molecule (I? molecule
1
) 0 7
o' - Il - -
0 Y9 e
l Q Q ¢ o
0—Sn—0—Sn—0 0—S8n—0—Sn—0 0—Sn—0—Sn—0
| I I | 1® | I | 1@ | I
Sn—O—Sn—0—Sn Sn—O—Sn—0—Sn Sn—O—Sn—O—=Sn
Normal conductivity Reduced conductivity Reduced conductivity

FIGURE 9.22 Operating mechanism of SnO, semiconductor (200°C to 400°C)

9.3.9.3 Conducting Polymers/Oxide Nanocomposites Conducting
polymer-SnO, or -TiO, films exhibit interesting nanostructured materials with
excellent optical, dielectric, and catalytic properties. The n-type SnO, forms a p-n
heterojunction with the p-type conducting polymer with a depletion region as shown in
its energy band diagram (Fig. 9.23). The device resembles a field effect transistor
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FIGURE 9.23 Energy band diagram of PHTh-SnO, p-n heterojunction before and after NO,
exposure

(FET). The gas effects a change of the depletion region and thus modulates
conductivity of the junction. Exposure to NO or NO, causes a depletion of the
SnO, carrier concentration. Less carriers in the SnO, layer causes a reduction of the
channel electric field of the junction. The width of the depletion region decreases and
the conductivity of the thiophene channel increases before and after the exposure to
NO,. NO; causes an increase in E. — Egin the n-region, involving the reduction of the
width of the depletion region. This corresponds to the observed large difference in the
value of conductivity between the layered PHTh and the PHTh-SnO, films for
detection of ppb levels of NO, gas.

9.4 CONCLUSIONS

We have performed numerous experiments using a variety of materials that have been
well characterized using spectroscopic, microscopy, and electrical techniques. The
use of ultrathin films of conducting polymers and their nanocomposites with certain
inorganic oxides, processed via the LBL self-assembly technique, has proved to be an
effective way for simple, fast, and cost-effective sensing of gases. The self-assembled
films are typically deposited on precleaned surfaces that are then modified by a
polyanion or polycation as a necessary step before the deposition of the active layer to
ensure that the proper sequence of deposition is followed and for adhesion purposes.
We have fabricated the films with a different number of layers (thickness) of the same
material during our optimization effort and found that 2—10 monolayers are sufficient
to form a cohesive film with excellent gas detection capability.

The synergy between the conducting polymer and the inorganic oxide leads to
the formation of novel materials with gas detection capability beyond that of the
conducting polymer and the inorganic oxide used separately. With this technology,
sensitivity and selectivity have been dramatically improved compared to commercial
systems. For example, sensitivity levels exceed those of oxide-based materials by >2
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orders of magnitude with good reversibility in most cases without requiring difficult
and costly processes used in commercial systems. Selectivity has been addressed by
looking into using different materials that respond differently to gases. Furthermore,
conducting polymer films are known to perform >10° of doping/undoping cycles in
similar applications, such as capacitors and electrochromics. With gases that do not
form a strong charge transfer complex with the polymers, cycling, and therefore,
multiple uses of our sensors will be a natural outcome without using heat activation or
deactivation.

We have evaluated the stability of the films in sifu and ex situ versus temperature and
gases. The stability versus time and temperature of these films has been tested and
found to be appropriate at temperatures > 200°C and in some cases up to 400°C.
We have optimized gas detection properties of several materials for several gases.
The sensors were tested in the presence of mixed gases for specificity and
sensitivity studies with excellent results. For example, SO, gas did not change the
conductivity of the nanocomposite films, indicating that our sensing layers that are
specific to NO, or CO will not be affected by the presence of SO, gas.

In order to address viability of this technology, we have fabricated the sensing
layers onto interdigitated electrode arrays. The electrodes were characterized for
their gas detection capability, which proved to be more effective than their planar
electrode counterparts used at the beginning of this effort.
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10.1 INTRODUCTION

The specific capture and detection of nucleic acid molecules (DNA or RNA) in
biomedical diagnostic have attracted special interest in the last 20 years. In order to
enhance the specificity and the sensitivity of molecular diagnostic, special attention
has been paid to the possible automation of samples preparation, specific or generic
extraction of DNA molecules, and specific target detection in new biotechnological
devices (1-3). To answer the variability of conditions encountered by the different
types of nucleic acids, various supports have been used and widely explored (4-6).
Several devices (such as planar silica wafers and colloids) were used as solid
supports for biomolecules immobilization. In this direction, the chemical grafting of
single stranded DNA (ssDNA) fragments (capture probes) on selected solid support
(1) has been applied to the capture of nucleic acid molecules. The specificity of this
capture is controlled by the hydrogen binding between complementary basis. The

Colloidal Nanoparticles in Biotechnology, Edited by Abdelhamid Elaissari
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detection is hereafter performed by coupling a complementary ssDNA bearing
enzyme sequence to a given part of the target. Then, the addition of a chemical
specie that is transformed by the enzyme results in a coloring of the system. A
colorimetric titration leads directly to the target captured amount. As a general
tendency, the specific capture efficiency is related to (i) the accessibility and the
reactivity of the capture probes, (ii) the surface properties of the solid support,
(iii) the affinity between the solid support surface and the target probes, and (iv) the
amount of target in the biological sample.

Using magnetic colloids, various problems have been solved or at less circum-
vented as evidenced by the numerous reported works (6—8). Such colloids have been
used in various levels of bionanotechnologies. Apart from their large specific area,
their main advantage is their ability to move under the application of a single
magnetic field, which allows for their separation from the surrounding medium.
Magnetic particles have been widely used in various biomedical applications, such
as immunoassays, bacteria isolation, cell sorting, virus extraction, and finally
generic nucleic acids (6-8). In this direction, magnetic emulsions (9,10) were used
as seed in emulsion polymerization processes. The advantages of magnetic emul-
sions are their narrow size distribution, high iron oxide content, and their ability to
be turned into magnetic latex particles as an appropriate polymerization process
occurs (11).

In the last decade, it was shown that the repulsive forces between magnetic
emulsion droplets could be measured (12) and used to determine the presence of
charges (13) or adsorbed macromolecules (14) at the particles surface. More precisely,
it was demonstrated that even the conformation and density number of adsorbed
macromolecules could be determined using such measurements (15).

The main objective of this chapter is to review the various results obtained with
this method when simple ionic and nonionic surfactants, polymers, and finally
biomolecules are adsorbed at the droplets surfaces. In Section 10.2, we present the
technique and its experimental aspects. In Sections 10.3 and 10.4, we review the
results that were obtained with emulsions stabilized by simple surfactant molecules
and polymers, respectively. In Section 10.5, we then summarize the recent studies
on systems containing proteins and sSDNA molecules. As a further prospect of this
work, we present, in Section 10.6, some recent results obtained with ferrofluid
droplets covered by a silica shell.

10.2 FORCE MEASUREMENTS BETWEEN MAGNETIC PARTICLES

10.2.1 Description of the Experimental System

A ferrofluid is dispersion of small paramagnetic iron oxide grains (Fe,O3, of size
around 10 nm) that are dispersed and chemically stabilized in octane using a mixture of
oleic and phosphoric acid (OPA) as surfactant within the oil. OPA adsorb at the surface
of the oxide grains that are thus sterically stabilized (16). A magnetic emulsion is
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obtained by shearing the ferrofluid oil in a mixture of water and surfactant. Using the
analog of a fractionated crystallization technique (17), a monodisperse population of
oil droplets can be obtained from the initially crude emulsion. The final emulsion
contains both a watersoluble surfactant (of high Hydrophile/Lipophile Balance (HLB)
(18)) and the oil soluble only OPA (of low HLB).

10.2.2 Description of the Technique and Theoretical Aspect

The droplets align into an external magnetic field and form linear chains aligned along
the field direction (Fig. 10.1). The applied field induces a magnetic dipole in each drop,
causing them to form chains. At low particles volume fractions, the chains are well
separated.

Intense Bragg scattering is observed (12-15) due to the presence of this one-
dimensional ordered structure. The interdroplet spacing can be measured since it is
very simply related to the Bragg peak wavelength 4 through the following relation:

2d = i/n, (10.1)

where d is the center to center separation distance between the particles in the chain
and n is the refractive index of the suspending medium (n = 1.33 in the case of water).
The distance # is related to the droplets radius R,

h=d—2R, (10.2)

R is determined independently using light scattering measurements. The attractive
magnetic force is a function of the radius R, the amount of ferrofluid grains in each

FIGURE 10.1 Light microscopy picture of a monodisperse magnetic emulsion enduring a
magnetic field. The droplets chains align in the direction of the applied field (width of the
pictures 100 pm)
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droplet, the magnetic susceptibility of the ferrofluid (measured with a SQUID
susceptometer), the adjustable intensity of the applied field, and /. The calculation
of this attractive force is fully described by Zhang et al. (19). Inside the chains, the
mechanical equilibrium takes place between the droplets. This means that, for a given

equilibrium distance hcq, one gets

Fatt(heq) = Frep(heq)7 (103)

where F,(heq) and F,(heq) are, respectively, the attractive and the repulsive force
between the droplets. Fy(heq) can be calculated leading to the value of Frp(heq)
(Eq. 10.3). The full force—distance profile can be determined by varying the field
and measuring the consequent Bragg peak’s wavelength.

10.3 FORCE MEASUREMENTS IN SURFACTANT SOLUTIONS

In this section, we review the force—distance profiles obtained in surfactant
solutions (13).

The force—distance profile measured when droplets are stabilized by a nonionic
surfactant (Nonylphenol Ether of commercial name NP10) is shown in Fig. 10.2. At
such small droplet separation, the attractive van der Waals forces are significant and
have been taken into account in the calculation of F,,. The measured surface separation
h is found to be independent of the magnetic field strength. Within the experimental
uncertainty, 4 is found to be around 2 nm, very close to zero. The contact is almost
achieved between droplets and the repulsion is of the hard sphere type. This profile

x 10-11

Force,N

T
1.0 1.2 1.4 1.6 1.8 2.0
h,nm
FIGURE 10.2 Force—distance measurement between ferrofluid droplets in a nonionic
surfactant solution ([NP10] =10 CMC). The profile is of the “hard sphere” type indicating
that the interfaces are not significantly charged (from Reference 13)
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evidences the absence of any long-range double layer repulsion or any significant
deformation of the droplets.

When an ionic surfactant sodium dodecyl sulfate (SDS) is added in the bulk phase
(Fig. 10.3a) the behavior changes drastically, going from hard sphere to exponentially
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FIGURE 10.3 Evolution of the force—distance profile from a typically “hard sphere” to an
electrostatic exponentially decaying behavior. (a) Evolution of the force—distance profile when
SDS is introduced in an initially nonionic ferrofluid emulsion at low pH (5.5). Empty circles:
[NP10] = 10 CMC, no SDS; cross: [NP10] = 10 CMC, [SDS] =7.1 x 10™*M; black triangles:
[NP10] = 10 CMC, [SDS] =8 x 10~>M; continuous lines: best fits of our data to Equations
(10.4), (10.5), and (10.6), respectively in the text. (b) Evolution of the force—distance profile
with increasing pH. Empty circles: [NP10] =10 CMC, pH=35.5; cross: [NP10] =10 CMC,
[NaOH] =2.9 x 10~*M; black triangles: [NP10]= 10 CMC, [NaOH] = 1.3 x 10> M; con-

tinuous lines: best fits of our data to Equations (10.4), (10.5), and (10.6), respectively, in the text
(from Reference 13)
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decaying. The obtained profiles reveal the appearance of a long-range repulsion that is
caused by the adsorption of charged molecules at the oil-water interface.

A similar behavior (Fig. 10.3b) is observed when the pH is increased in the
continuous phase. Indeed, the acid molecules that are contained in the oil droplets
are also present at the oil-water interface and are ionized at large pH. In that case, the
droplets are stabilized by the surfactant contained in the oil and the addition of any other
surfactant in the bulk aqueous phase is not needed. The profiles of Fig. 10.3b clearly
reveal the appearance of long-range exponentially decaying double layer forces.

These profiles can be successfully described using a theoretical expression of the
double layer repulsion that is derived from Poisson—-Boltzmann theory. Between two
charged spheres (of radius R) of low surface charge densities immersed in a continuous
phase of ionic concentration C, the force reads (12,20)

— when KR<5

Fy(h) = 4ney2R%[x/(h+2R)+1/(h+2R)*exp(—xh) (10.4)

— when kR >5
F,(h) = 2ney)Rx[exp(—xh)/(1+exp(—xh))], (10.5)

where ¢ is the water dielectric permittivity and y the droplet surface potential. k' is
the Debye length that is connected to the electrolyte concentration Cs. In the case of
symmetric 1:1 electrolytes, k' reads (20)

k! = [(4ng?/ekT)2Cy V2, (10.6)

where q is the ion charge and kT the thermal energy. From Equations 10.4 and 10.5, itis
clear that the intensity of the electrostatic force is mostly fixed by the surface potential
while its range is determined by «~'. The data are compatible with Equation 10.5
(see Fig. 10.3) since the screening lengths k' (computed through Equation 10.6) that
determine the slopes of the semilogarithmic plots are in all cases in good agreement
with the experimental slopes. In these fits, the Debye lengths are never treated as
adjustable parameters and the only free parameter is the droplet surface potential. This
agreement between the measured and the theoretical slope is our main proof for the
accuracy of that experimental technique (12).

Interestingly, our technique can evidence the cooperative effect between a nonionic
and an anionic surfactants. As a nonionic surfactant is added into an emulsion
containing initially only an ionic one, the force intensity increases (Fig. 10.4). From
the two sets of profiles, we can deduce several conclusions. First, the characteristic
range k' of the repulsion remains unchanged as NP10 is introduced since the bulk ion
concentration is kept at a constant value (see Equation 10.6). This is evidenced by the
parallel evolution of the force profiles on the semilogarithmic scale. Second, we
observe that the intensity of the repulsive forces is always larger in the presence of
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FIGURE 104 Compared force—distance profiles of the simple and the mixed surfactant
systems at constant ion concentration in the bulk phase: (a) SDS-NP10 system (pH = 5.5). Empty
circles: simple SDS system ([SDS]=3.7 x 107> M, no NP10); cross: mixed SDS-NP10 system
([SDS]=3.7 x 1075M, [NP10]=4.2 x 107° M); continuous lines: best fits of our data to
Equations (10.4) and (10.5) in the text (\]/(,,Simple =15.2mV, Yo mixea =20mV). (b) AOP-NP10
system. Empty circles: simple AOP system ([NaOH] = 1.1 x 107> M, no NP10); cross: mixed
AOP-NP10 system ([NaOH] = 1.1 x 1073 M, [NP10] =10 CMC); continuous lines: best fits of
our data to Equations (10.4) and (10.5) in the text (Vg simple = 18.6 MV, Y mixea = 30.5mV).
(from Reference 13)

NP10. This indicates that the surface charge densities are always larger in the mixed
surfactant system. It is due to an increase of adsorption of charged species caused by an
attraction between ionic and neutral surfactant molecules in good agreement with
earlier surface tension results (21).
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TABLE 10.1 Characteristics of the Diblock Copolymers. The Polydispersity Index
(Mw/Mn) was Determined by SEC with Polystyrene Standards. (from Reference 15(b)).

Reference name  Butadiene block My, g/mol  Oxyethylene block My, g/mol ~ Mw/M,

7.7/8 7,700 8,000 1.06
21/9.3 21,000 9,300 1.1
58/20 58,000 20,000 1.12
98/13.5 98,000 13,500 1.19
150/30 150,000 30,000 1.3

10.4 FORCE MEASUREMENTS IN POLYMER SOLUTIONS

10.4.1 Diblock Copolymers

Emulsions can also be stabilized using diblock copolymers such as those listed in
Table 10.1. In such copolymers, the hydrophobic part (polybutadiene) is larger than the
hydrophilic (poly(ethylene oxide)) one. Consequently, such polymers can be used to
stabilize inverted water-in-oil emulsions.

The measured profiles at various polymer concentrations are plotted in Fig. 10.5. An
increase in the range of the forces that is due to the adsorption of a copolymer layer is
clearly observed. The presence of the polymer generates repulsive forces with
characteristic ranges larger than those obtained with a nonionic surfactant (see previous
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FIGURE 10.5 Evolution of the force—distance profile between aqueous ferrofluid emulsion
droplets in methylcyclohexane as a function of the polymer concentration and at a constant
Span 80 concentration (0.5%). The used polymer is the 98-13.5K of Table 10.1. The
concentrations are given in weight percents. The “reference” profile is the one found in the
absence of any polymer when the droplets are stabilized by the “short-tail” surfactant Span 80
(sorbitan monooleate, from Aldrich) only. The scale is semilogarithmic. (from Reference 15(b))
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section). We identify different regimes depending on the polymer concentrations.
For the lowest one (Cp <0.1%), the force range increases with the polymer concen-
tration to reach a plateau value.

In such concentration range, we have measured the force profile as a function of
the polybutadiene block molecular weight in Fig. 10.6a. We have made the same

(a) T T T T
11 L —e— 21-9,3K (C=0.08%) |
107 Fo — o -58-20K (0.002%) 7
B % - 98-13,5K (0.002%) ]
Fe % ",ah —0o— 150-30K (0.002%) -
K R Twon, ¢ Reference 1
L & Q v g 4
R i Y,\u\n |
] Ty
= Y e
o 1012L v o 4
uB_ E qoé Y \:\ ]
[ * o\ t'i,\ \g ]
L o v. q j
L Q Y o |
\o 2 4 \'\ln
1()'13 U S R R S SR TS S S T
0 20 40 60 80 100
h, nm
(b)
10"
—e—7.7-8K
—e—21-93K
“ed@ 58-20K

—4+— 98-13.5K

C
1012 o E \\
i ° ha

10 100
h, nm

Force, N

FIGURE 10.6 (a) Evolution of the force—distance profiles as a function of the polybutadiene
block molecular weight in the low concentration regime. The solid lines are the best fits of our
data to the Dolan—-Edwards model described in Reference 22(a), which treats the cases of the
compression of polymer “mushroom.” The scale is semilogarithmic (from Reference 15(b)).
(b) Evolution of the force—distance profiles as a function of the polybutadiene block molecular
weight in the high concentration regime. The solid lines are the best fits of our data to the
Alexander—de Gennes model described in Reference 22(b), which treats the cases of the
compression of polymer “brushes” layers. The scale is in log-log (from Reference 15(b))
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FIGURE 10.7 (a) “Mushroom” polymer layer. Schematic of a diblock adsorbed layer at low
concentration. Since the surface concentration is low, the polybutadiene block can adopt a coil
conformation and the adsorbed chains do not interact with each other (the average spacing
between neighboring coils is larger than 2R pg,,) (from Reference 15(b)). (b) “Brush” polymer
layer. Schematic of a diblock adsorbed layer at high concentration. Since the surface
concentration is large, the polybutadiene block can no longer adopt a coil conformation, and
the adsorbed chains interact with each other and extend in the continuous phase (the average
spacing between neighboring coils is smaller than 2Rg pg,). (from Reference 15(b))

experiment in the high concentration regime (Fig. 10.6b: C;; = 0.5%). In both cases,
the force range clearly increases with the polybutadiene block length. We interpret
these results within the frame of the Dolan—Edwards (22(a)) and Alexander—de
Gennes (22(b)) models that, respectively, describe the compression of independent
random coils at low surface concentration (“mushroom” situation, Fig. 10.7a) and
polymer brushes (“brush” situation, Fig. 10.7b) at high surface concentration. The
data are fully consistent with this hypothesis as confirmed by the excellent
agreement between the experimental results and the theoretical predictions (which
are the solid lines in Fig. 10.7a and b). They are also in full agreement with earlier
results obtained between solid surfaces (23). The conclusions are also confirmed by
independent measurement of the polymer layer thickness using dynamic light
scattering (Fig. 10.8). The polymer layer thickness is indeed proportional to the
polybutadiene block gyration radius (which is itself proportional to Mw,pButO'(’) at
low concentration and to the polybutadiene block extended length at high concen-
tration (about My pgyy)-

10.4.2 Statistical Copolymers

A statistical copolymer can also stabilize an emulsion. For example, a PVA-VAc
(polyvinyl alcohol (88%)-co-polyvinyl acetate (12%)) is shown to adsorb at the
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FIGURE 10.8 Log-log evolution of the characteristic layer length as a function of the
polybutadiene block length (in kg/mol) and at various polymer bulk concentration. At low
concentrations, the length follows a power law with an exponent of about 0.6 for My ppu, as
predicted when the polymer layer adopts a coil like conformation in good solvent. At large
concentration, the linear behavior (with an exponent around 1) reflects an extended conforma-
tion of the adsorbed chain, as schematized on Fig. 10.7b. (from Reference 15(b))

surface of oil droplets (14,15(a)). Here also, a long-range repulsive force is
measured (Fig. 10.9).

The observed force is shown to be unchanged by the addition of ions in the bulk
phase, which clearly establish the steric nature of the measured force. The
measured forces decay exponentially with the distance i with ranges that increase
with the polymer molecular weight. The profiles can be fitted by the following
expression (24):

F(h) = Ahexp(—=h/1), (10.7)

where A is a constant and 4 is a distance characteristic of the adsorbed polymer layer
that can be, in a first approximation, considered as proportional to the layer
thickness. Interestingly, it can be shown that the polymer layer characteristic
distance is proportional to the polymer coil gyration radius Rg,

) ~ Re. (10.8)

Our observations (Fig. 10.10) are in good agreement with the earliest (25) as well as
the more recent theories (24) on polymers at interfaces. The results are independent of
the nature (liquid or solid) of the surfaces (26).
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FIGURE 10.9 Evolution of the force—distance profiles between oil-in-water emulsion
droplets stabilized by the statistical copolymer PVA-Vac of different molecular weights
(10,000, 50,000, and 155,000 g/mol). The profiles are exponentially decaying with ranges
that depend on the polymer molecular weight. The solid lines are the best fits of our data to
Equation 10.7 in the text. The extracted value of 1 are plotted versus the polymer gyration radius
on Fig. 10.10. The scale is semilogarithmic (from Reference 15(a))
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FIGURE 10.10 Evolution of the characteristic length 4 deduced from the best fits of the data
from Fig. 10.9 to Equation 10.7 in the text, as a function of the polymer coils gyration radii
(which were deduced independently from viscometric measurements). Other points were
obtained from results that are not shown here. The different symbols correspond to different sets
of emulsions. (from Reference 15(a))
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10.5 FORCE MEASUREMENTS IN SOLUTIONS OF BIOMOLECULES

10.5.1 Force Measurements in Protein Solutions

In the late 1990s, Dimitrova et al. (27) have used the technique to investigate the forces
that take place between emulsion droplets suspended in mixtures of nonionic
surfactant (polyoxyethylene (20) sorbitan monolaurate: Tween 20, and Bovine Serum
Albumine BSA). When dispersed in pure BSA solution, the emulsions droplets could
not be stabilized and are always flocculated. To ensure a good stability to the system,
Tween 20 has to be added into the continuous phase of the emulsion. The force profiles
obtained at constant Tween 20 but varying BSA concentrations are plotted in
Fig. 10.11.

In the absence of BSA, the authors observe a classical exponentially decaying
behavior that is characteristic of long-range double layer forces added to van der
Waals attraction. However, as BSA is added in the system, the force profiles deviate
from this behavior. For both Tween 20 concentrations, the resulting profiles in the

(@) 10.0 , . -
O 0.00 wt% BSA
8 0.04 wt% BSA
. 0.10 wt% BSA
= A 0.40 wt% BSA
N
e 10}
@
e
e
0.1L - . : -
10 20 30 40 50 60
Distance, nm
(b) 10.0 . ,
O 0.00 wt% BSA
~® 0.04 wt% BSA
“m_0.10 wt% BSA
A 0.40 wi% BSA
&  for
)
2
(]
w
0'1 i ' 1 1 I
10 20 30 40 50 60

Distance, nm

FIGURE 10.11 Force versus distance profiles for ferrofluid emulsions stabilized with mixed
BSA-Tween 20 adsorption layers. The total concentration of the Tween 20 is kept constant:
5 CMC (a) and 50 CMC (b) The ionic strength is 3 X 10~* mol/L, pH =5.8. The solid lines are
the best fits to Equation 10.9 in the text (from Reference 27)
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presence of the same quantity of BSA are very similar and do not depend strongly on
the Tween 20 concentration. Measurements of the {-potential in the mixed systems
lead to some values of about 2-3 mV, which suggests that there is a negligible
contribution from the electrostatic repulsion. For that reason, the authors fitted the
experimental points for mixed protein—surfactant systems with a combination of van
der Waals attraction and power-law steric repulsion, supposing the additivity of
these two contributions using Hamaker constants from the literature (20(b), 28). The
expression used for the steric force is

FS = (s)t(h/hmin)ia; (109)

where o is a parameter that accounts for the range of the interaction. The value A,
is the minimum distance measured in each case and serves as a scaling factor. The
authors adopt this empirical expression, because it is the one that provides the best
description of the experimental data (the continuous lines in Fig. 10.11). The fits are
obtained leaving both f (S)t and o as free parameters. The force profiles for the
corresponding emulsions stabilized only with Tween 20 are fitted with DLVO
theory, as described in previous section are shown for comparison. In Table 10.2, the
values of the fitting parameters f f)t and o for different BSA concentrations are
reported. It is important to notice that f’ f)t and o are effective parameters character-
izing the mixed adsorbed layers.

The obtained |’ (S)t values are quite similar, and the main differences come from the o
factor that determines the range of the force. The change of its value with the increase
in BSA content can be attributed to some changes in the adsorption and/or structural
parameters of the protein—surfactant mixed layer present at the interface. It was proven
(29) that a low molecular weight surfactant and a globular protein interact in the bulk
solution forming a complex. The formation of this complex is driven by electrostatic
and and/or hydrophobic interactions. Unfortunately, the lack of detailed knowledge
concerning the surface/interfacial properties of protein—surfactant complexes, makes
any further interpretation of our numerical results rather difficult.

From Fig. 10.11, the authors conclude that the force profiles do not vary much with
Tween 20 concentration at the same BSA content. The deviations are in the frame of

TABLE 10.2 Fitting Parameters for the Mixed Layers of BSA and Tween 20 (from
Reference 27).

BSA Tween 20 concentration (CMC)
5 25 50 25
Concentration, wt %  f§ pN o PN« PN« 0PN«
0.04 3.61 223 3.76 1.73 3.07 2.5 4.46 2.17
0.1 374 236 3.21 1.92 3.46 2.44 3.79 2.45

0.4 3.79 8.97 3.43 3.76 4.89 4.68
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the experimental error, which suggest that the presence of the protein dominates the
behavior and the properties of the systems studied. The force profiles are qualitatively
identical to those reported in the literature. Indeed long-range steric repulsion between
BSA covered mica sheets were observed in a previous study (30). It was found that at
pH 5.5 the force (measured by means of SFA) deviates from linearity (in semilog plot)
at a separation of about 50 nm, indicating the presence of long-range steric repulsion.
The increased stability against coalescence of BSA-stabilized oil-in-water emulsions
is also attributed to steric repulsion between the BSA adsorption layers (31).

Then the authors have also studied the behavior of casein covered emulsion
droplets. Caseins are common milk proteins widely used as emulsifiers due to their
excellent stabilizing properties. The caseins are disordered proteins, which (within
some limits) can be treated as specific random coil polymers. Here the authors focus
their attention on [-casein, which represents almost 33-35 wt %of the total casein
content in cow’s milk. This protein is an amphiphilic molecule that could be divided
into hydrophilic and hydrophobic parts (32). The force profiles between -casein
covered droplets, at various protein concentrations in the continuous phase (from 0.1
to 0.5wt%) are investigated. The authors explain their results by considering a
repulsive electrostatic force combined to an attractive depletion contribution due to
the presence of free casein in the continuous phase. This behavior is reminiscent of
previous results obtained in micellar surfactant solutions where the osmotic pressure
of the micelles induces a long-range depletion attractive force (13,33).

10.5.2 Force Measurements in ssDNA Solutions

10.5.2.1 Streptavidin-Magnetic Droplets Conjugates Preparation The
oligonucleotides or ssDNA molecules bearing biotin at the 5’ position are immobilized
onto the streptavidin containing oil in water magnetic ferrofluid nanodroplets. The
streptavidin is chemically grafted onto activated carboxylic groups of the nanodroplets
surface. After chemical grafting, the emulsion droplets bearing ssDNA capture probe
are washed via magnetic separation-redispersion cycles using a TE buffer solution
(10 mM Tris; 1 M NaCl, 10 mM EDTA, 0.05 wt %Triton X-405). In order to avoid the
adsorption of the capture and detection probes on the nanodroplets, well appropriate
amount of salmon DNA (low molecular weight) is introduced in streptavidin
containing magnetic nanodroplets dispersion as a coating agent (34).

The capture probe (ssDNA grafted consists in 32 nucleotides complementary to
HIV nucleic acid sequence used as a target model (see Table 10.3)). The obtained
mixtures are then incubated at 37°C for 30 min before the washing step.

10.5.2.2 Specific Capture and Detection of the Nucleic Acid Target (i.e.,
ELOSA) Enzyme Linked Oligo Sorbent Assay (ELOSA) is used in biomedical
diagnostic for specific detection of nucleic acid target via specific hydrogen binding as
shown in Fig. 10.13. The capture probe-magnetic particle conjugates are mixed with
ssDNA solution composed of HIV sequence containing 72 nucleotides as a model of
target nucleic acid materials (Table 10.3). The detection process of the captured HIV



262 FORCE MEASUREMENTS BETWEEN EMULSION DROPLETS

TABLE 10.3 Sequences of the Different ssDNA Used in this Study as Schematically
Ilustrated in Figure 10.12 (G, Guanine; T, Thymine; C, Cytosine A, Adenine) (from
Reference 34).

Sequence of the capture —5'TAT GTC TAC TAT TCT TTC CCC TGC

ssDNA bearing biotin ACT GTA CC 3'—
Sequence of the target —5'GTATTC ATC CAC AAT TTT AAA AGA AAA
HIV ssDNA GGG GGG ATT GGG GGG TAC AGT GCA GGG GAA

AGA ATA GTA GAC ATA 3'—
Sequence of the detection ~ —5'CCT TTT CTT TTA AAATTG TGG ATG AAT AC 3'—
ssDNA bearing HRD
enzyme

target is performed by adding a second ssDNA (named detection probe) of 29
nucleotides bearing HRP enzyme (Horse Radish Peroxydase) at its extremity
(Table 10.4). The added substrate is oxidized by HRP leading to colored medium,
which quantified by UV spectrophotometer. The intensity of the coloration is
quantified using a UV spectrometer at 492 nm wavelength (34).

This study is necessary in order to evaluate the specificity and the accessibility of
the capture probes. This ELOSA method clearly reveals the presence of detection
ssDNA at the surface of the magnetic particles. In addition, the amount of ssDNA
(capture probe) at the magnetic particles surface increases as a function of streptavidin
immobilized amount on the particles before reaching the surface saturation. It is
interesting to notice that ELOSA technique is not quantitative and can be used for the
qualitative and comparative aspects only.

10.5.2.3 Measurement and Determination of the Force-Distance
Profiles The different studied systems are schematized on Fig. 10.12. The

‘Bare” emulsion o
Emulsion | streptavidine q:s

32 Nucleotides

Conjugate A
Emulsion | streptavidine + "capture” ssDNA

72 Nucleotides
Conjugate B
Emulsion : streptavidine + "capture” ssDNA
+ "target" DNA

FIGURE 10.12 Schematic presentation of the system after each different step of the coupling
and capture procedure (from Reference 34)
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Targeted
Capture ssDNA
ssDNA Detection
ssDNA
e, > Enzyme
emulsion (HRP)
o ¥

Hybridation
FIGURE 10.13 Schematic illustration of Enzyme Linked Oligo Sorbent Assay (ELOSA)

force—distance profiles (Fig. 10.14) of bare magnetic emulsion, streptavidin
containing magnetic emulsion, capture probe containing particles (conjugate A)
and target-capture probe containing particles (conjugate B) are examined in
phosphate buffer (pH 8) solution of concentration 10> M (an equimolar mixture
of Na,HPO,4 and NaH,PQ,), Triton X-405 ata concentration of 1 g/L (around CMC/2).
They are exponentially decaying. Since, the droplets interfaces are charged, one can
compare these data with what is expected from a double layer electrostatic type of
repulsive force (Eqs. 10.4 and 10.5).

TABLE 10.4 Values of and Deduced from the Fit of the Data of Figure 10.14 Using
Equation (10.5) (from Reference 34).

“Effective salt ISurface

System 4! nm bxfl, nm concentration, M potential, mV
Bare emulsion 4 5.8x%x 1073 26.9
Emulsion + 33 8.5x107° 20.9

streptavidin
Conjugate A 4.1 5.4 32x1072 435
Conjugate B 5 3.7%x107° 41.6
Conjugate B + 5.26 33%x107° 38.4

“detection”

ssDNA

“Calculated using Equation (10.6).

®From the best fit using Equation (10.5).

“Concentration deduced from the fit using Equation (10.5).
“ISurface potential deduced from the best fit using Equation (10.5).
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h, nm

—=— Conjugate B + detection DNA
——=— Conjugate B

—— Conjugate A

—— Emulsion + streptavidin
—— "Bare" emulsion

FIGURE 10.14 Force—distance profiles between emulsion droplets performed at pH 8 and at
each step of the coupling procedure (from Reference 34)

In the first investigated medium, at pH 8, the effective concentration should be
around 5.5 x 107> M if considering that the most stable state of phosphoric acid is
HPO,>". Such a concentration value leads to a Debye length of around 4.1 nm.

The best fit of the data reported in Fig. 10.14 leaving K_l, Yo, and Ce as free
parameters are reported in Table 10.4. The magnetic dispersion containing strepta-
vidin only is found to be not as stable as the other systems under magnetic field. In fact,
once a magnetic field is applied to the droplets, they remain attached one to the others.
This might be due to a decrease in the droplets surface potential as streptavidin is
coupled onto the surfaces. However, it is not easy to understand such an effect without
additional information on the surface state.

Whereas, the profiles in the case of ssDNA containing droplets are repulsive in
nature in all three cases (i.e., conjugate A, conjugate B, and conjugate B plus the
detection probe). However, the values of k! (or equivalently the values of Cegp)
deduced from the fitting procedure are significantly different. The obtained forces
can be explained not only in terms of purely electrostatic contribution but also in
the presence of steric interactions. In fact, the presence of ssDNA molecules
induced a significant increase in the magnitude of the force. This increase can be
attributed to an increase in the surface potential and in the thickness of the adsorbed
ssDNA layer (2,5).

Unfortunately, it appears very few differences between conjugate A and B, which
means that, under such conditions for such surfaces, it is problematic to deduce exactly
the amount of target ssDNA captured by the ssDNA capture probe using this force
measurement based technique.

Such a mismatch between the expected double layer contributions is confirmed by
the experiments performed with the conjugate A as a function of ionic strengths
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FIGURE 10.15 Force-distance profiles between emulsion droplets performed at pH 8, with
conjugate A, as function of the ionic strength. (from Reference 34).

(Fig. 10.15). The solid lines correspond to the fitting of the data leaving both y, and
k! as free parameters of the fit. The differences between the obtained ' and the one
deduced from Equation 10.6 to the y, are too large to be attributed to an experimental
uncertainty (see Table 10.5). The observed difference can be attributed to the
macromolecular conformation of the interfacial nucleic acid molecules. In fact, the
conformation of immobilized single stranded short ssDNA fragments onto colloidal
particles was found to be pH and ionic strength dependent as examined by small angle
neutron scattering studies (35). The thickness layer of high grafted oligonucleotide
amount (~0.8 mg/m?) was reported to be in between 6 and 12 nm as a function of pH
and ionic strength (36).

The effect of pH on the repulsive forces between ssDNA-droplets conjugates was
examined and is reported in Figs. 10.16 and 10.17 and the values deduced from the best

TABLE 10.5 Values Deduced from the fit of the Fata of Figure 10.15 to Equation 10.5
(from Reference 34).

“Effective salt ISurface
System 4! nm brc_l, nm concentration, M potential, mV
Bare emulsion 34 8.1x107° 22.2
Emulsion + 3.9 4.8 4%x1073 39.2
streptavidin +
“capture” ssDNA
Emulsion + streptavidin + 4.8 4%1073 36.6

“capture” ssDNA +
“target” ssDNA

“Calculated from Equation (10.6).

“From the best fit using Equation (10.5).

“Concentration deduced from the fit using Equation (10.5).
“Surface potential deduced from the best fit using Equation (10.5).
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FIGURE 10.16 Force—distance profiles between emulsion droplets performed at pH 6 and at
each step of the coupling procedure (from Reference 34)

fits are reported in Table 10.6. The tendency of results obtained shows no evidence of
target sSDNA captured by the capture probes on the magnetic particles.

The literature on forces measurement between two surfaces coated with polyelec-
trolytes is rather abundant (37). In fact, various interfaces have been reported such as
polyelectrolyte brushes (38), mixed surfactant-polyelectrolyte layers (39), polyelec-
trolytes multilayers (40), nanoparticles-polyelectrolytes systems (41). The reported
forces are generally the combination of both electrostatic and steric in nature (42).
When electrostatic interactions are the main forces, the calculation of the character-
istic Debye length is not obvious (43) and can certainly not be performed using
Equation 10.6. In the case of ssDNA-magnetic droplets conjugates, the main

S
10" —+—“Bare” emulsion] |
r —B— conjugate A h
—&— conjugate B
4
N
o
e 1012 b & i
*
| | | | | |
5 10 15 20 25 30 35 40

h, nm

FIGURE 10.17 Force—distance profile between emulsion droplets performed at pH 11 and at
each step of the coupling procedure. (from Reference 34)
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TABLE 10.6 Values Deduced from the Fit of the Data of Fig. 10.16 Using Equation
(10.5) (from Reference (34)).

“Effective salt ISurface
System “Kﬁl, nm b Kﬁl, nm concentration, M potential, mV
Bare emulsion 3.2 8.4x107° 30.6
Emulsion + streptavidin + 3.9 53 33%x107° 54.1
“capture” ssDNA
Emulsion + streptavidin + 53 33%x107° 53

“capture” ssDNA +
“target” ssDNA

“Calculated from Equation (10.6).

®From the best fit using Equation (10.5).

“Concentration deduced from the fit using Equation (10.5).
4Surface potential deduced from the best fit using Equation (10.5).

trends seem to follow the Debye Hiickel approach presented even though the use of
Equation 10.6 does not lead to the expected experimental value for the effective ionic
strength of the investigated system. The possible explanation of this can be due to a
possible rearrangement of the ssDNA (polyelectrolytes in nature) layer as the
interdroplet distance decreases.

10.6 FURTHER DEVELOPMENTS: SILICA COVERED
FERROFLUID EMULSIONS

In this section, we present the preparation of new magnetic supports that are
constituted of a core made of ferrofluid embedded into a silica shell. Our idea here
is to perform some new magnetic carriers exhibiting a silica surface that in
principle should allow for some new possibilities for the grafting of functions different
from the one usually grafted onto polymer latex particles.

10.6.1 Preparation of the Particles

To promote such a growth of the silica shell, we used the process first exploited by
Schacht et al. (44). The process consists of previously adding a small amount of
tetraorthosilane (TEOS) in the organic phase of the ferrofluid emulsion. Then, when
suspended in the continuous aqueous phase of the system, the pH can be increased in
order to trigger the hydrolysis-condensation of TEOS in water according to the
following sol-gel reaction (45):

Hydrolysis step:

Si(OC2H5)4+ xH,0 — Si(OC2H5)4ix(OH)X+ xC,Hs;OH
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Condensation step:

HO\ /OH HO\ /OH
EtO—/Si—OH + HO—Sii—OEt —_— EtO—/Si\O_Si\—OEt + OH,
EtO OFEt EtO OEt

Because the reaction can occur only with water and that the initial TEOS molecules are
oil soluble only, the reaction can be confined at the oil-water interface leading to the
formation of a thin silica layer around the droplets. This process can also be used in
inverted emulsion systems in order to perform water capsules dispersed in an organic
phase (46). These reactions are catalyzed at low or high pH (45). In this case, we
triggered the reaction by heightening the pH at a value of 12 by introducing NaOH in
the continuous phase.

We first tested this process in a simple emulsion system with an oil phase composed
of Dodecane (82 wt%) and TEOS (18 wt%) but containing no ferrofluid. To efficiently
stabilize the emulsion, the droplets are suspended in an aqueous phase containing a
surface-active polymer (polyvinyl alcohol, 0.5 wt%) and a cationic surfactant
(tetradecyltrimethyl-ammonium bromide TTAB, CMC = 3.6 x 10~> M) at a concen-
tration of 2 CMC. Once the emulsion is performed, one increases the pH of the aqueous
phase to a value around 12. This triggers the sol-gel reaction. In Fig. 10.18, we present
some light microscopy picture of the system as a function of time.

Clearly, as time goes by, the surface of the emulsion droplets looks more and more
crumpled as a result of the growth of the silica shell. When shearing the emulsion
between two glass slides, it clearly appears that the inner part of the droplets is liquid.
We then applied this process in the presence of the ferrofluid. However, the presence of
the iron oxide particles gives some color to the system and prevents from the
observation of the system using light microscopy. To get some insights into the
structure of the system, we used freeze-fracture transmission electron microscopy. At
room temperature, the samples are deposited on Cu planchettes and are afterward
quenched rapidly by plunging them into liquid propane cooled to —190°C by liquid
nitrogen. The frozen samples are then introduced into a vacuum chamber and fractured

(b)

FIGURE 10.18 Light microscopy pictures of the dodecane/TEOS emulsion dispersed in the
PVA/TTAB aqueous solution at pH 12 as a function of time after the addition of NaOH in the
aqueous phase. (a) picture of the system at r=0, (b) r=10min, (¢) r=4 days. Scale:
lem=10um
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100 nm

50 nm _\.
300 nm

FIGURE 10.19 FF-TEM pictures of the emulsions made using the process described in the
text. The ferrofluid appears as the grainy white centers of the droplets. The pictures clearly
evidence the core-shell structure of the emulsions

at a temperature of —150°C. The replications are ensured by a shadowing of platinum,
deposited at a 35° angle with respect to the fracture surface, followed by the deposition
of a carbon film normal to the surface. The replicas are removed from the copper plate
and cleaned in a surfactant solution to dissolve the emulsion droplets that are stuck to
the replica. We observe the replica with a transmission electron microscope. This
technique thus allows for the observation of fluid samples at the nanometric scale (47).
The pictures obtained are presented in Fig. 10.19.

10.6.2 Force-Distance Measurements During the Sol-Gel Reaction

We have performed some force distance measurements between the droplets as the sol
gel reaction takes place in the system (Fig. 10.20). First, the force—distance profile is
measured in the emulsion before pH is increased but at the same ionic strength (using
NaCl at 1072M) as in the emulsion containing NaOH. The observed profile is
exponentially decaying. Such behavior is not due to a double layer repulsive force
but to the presence of the polymer layer. Indeed, the range of the force is much larger
than the one obtained at such ionic strength (using Equation 10.6, one gets A = 3.2 nm,
which is clearly much smaller than the characteristic decay length observed in
Fig. 10.20). In the absence of NaCl and still without added NaOH, the range of the
profile remains identical and the only change is the intensity of the force. This might be
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FIGURE 10.20 Force—distance profile between emulsion droplets at various pH (A, [, at
pH 5.5), (7, at pH 5.5, 0.2 M NaCl), (X, at pH 12, min <#< 30 min) and (@, at pH 12, > 1h)

due either to an increasing amount of adsorbed polymer in the absence of salt or to the
presence of ionized oleic acid adsorbed at the droplet’s surface. As NaOH is added to
the system, one at the same time measures the force distance profile between the
droplets. The first measured points are the one performed at large distances (low
magnetic field). Interestingly, the points are on the same curve as the ones obtained at
low pH. As the field is increased, the obtained profile deviates from this behavior and
the higher field points are then found to lie above the one obtained at low pH. This
means that, at a given forces, the surface are separated by a larger distance. Such an
observation is compatible with the growth of a silica layer at the surface of the droplets.
Finally, once the time exceeds 30 min, the force profile never looks back as it was
before pH was increased, which is also consistent with the presence of a silica shell at
the surface of the droplet.

10.6.3 Zeta Potential Measurements

Inorderto check the presence of silica at the surface of the particle, we measured the zeta
potential of the droplets before and after modification as a function of pH (Fig. 10.21).
Before the encapsulation process, the zeta potential of oil in water droplet is found to be
negativeirrespective of theused pH. Thisis dueto the used negatively charged surfactant
is the formulation recipe. The zeta potential of encapsulated oil in water magnetic
droplets revealed the presence of the isoelectric point in between pH 4 and 5, which is
attributed to the surface modification by inducing —Si—O~ groups. The surface of
ferrofluid core—silica shell droplets dispersed in PVA solution was modified by using
(3-aminopropy)triethoxysilane (APTS). The zeta potential analysis was found to be
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FIGURE 10.21 Zeta potential of oil in water magnetic droplets, ferrofluid core—silica shell
and functionalized magnetic droplets as a function of pH

positive until pH 9. In addition, the zeta potential values increases with increasing the
APTS amount used in the functional recipe. Such process revealed without any doubt,
the possible preparation of liquid core bearing functionalized silica shell.

10.7 CONCLUSION

This short review shows the different possibilities of the force measurement technique
between magnetic emulsion droplets. First, the determination of force profiles
between emulsion droplets in the presence of surfactant molecules can be very well
accounted by using the classical DLVO theory involving van der Waals and double
layer forces. Then, steric forces in the presence of adsorbed polymers were explored
and discussed. Depending on the architecture and on the adsorption amount of the used
macromolecules, the characteristic force range is either proportional to the coil
gyration radius or to their extended configuration length were discussed. In all cases,
the obtained results are in agreement with the predictions from the theory. The
situation is more complicated in solutions of proteins where the forces are shown to be
steric in nature but do not obey the same law as the one observed for adsorbed
polymers. The best possible fit of the data is shown to be an empirical power law, which
is difficult to connect to any spatial conformation of the adsorbed proteins. In ssDNA-
magnetic droplets systems, the results look closer to what expected for adsorbed
polyelectrolytes and are not far from being understandable within the frame of the
Debye theory. Only some slight deviations from the predictions are observed. The
possibility of using the presented technique to measure the amount of immobilized
ssDNA molecules at the interface looks promising but still requires some additional
work before it can lead to any reproducible quantitative measurements for diagnostic
purpose. The lack of precision might be due to the small quantities of grafted DNA at
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the interface, which could in principle be improved. Finally, this short review
demonstrated that magnetic emulsions (magnetic oil in water ferrofluid) can properly
be turned into “isodense” silica shell—oil in water magnetic core using a sol-gel
process. This process should be considered as challenging methodology for the liquid
encapsulation for both in vivo diagnostic applications and for in vivo diagnostic and
therapy applications.
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11.1 INTRODUCTION

After the success of the human genome project, and the following sequencing of an
increasing number of genomes of various organisms, the focus of methodological
research in high throughput analysis is progressively shifting toward proteomics, the
unavoidable partner of genomics in systems biology (1). The first and still widely
expected applications from proteomic studies are the identification of all (or, more
reasonably, the highest possible number of) proteins contained in one proteome. This
task typically implies to separate the proteins with the highest resolution and
sensitivity possible and identify each “spot.” In many applications, it is also necessary
to have a quantization of the relative concentration of proteins of interest in a sample. In
particular, level of expression of specific “biomarker” proteins is extensively used for
diagnosis, or for unraveling the effect of drugs on different metabolic paths, for drug
discovery. More refined studies of proteins may also involve the characterization of
protein posttranslational modifications (also often useful as powerful biomarkers of
diseases), or studies of protein-ligand interactions.

Colloidal Nanoparticles in Biotechnology, Edited by Abdelhamid Elaissari
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The increasing activity in this area makes the development of new techniques
highly desirable. Several issues make the analysis of proteins much more challenging
than that of nucleic acids. First, no amplification such as PCR exists in the protein
world, so that one has to “live with” the quantity of a given protein in the initial sample,
putting a strong challenge on the sensitivity of the detection method. This challenge is
further hardened by a huge dynamic range of concentrations. One single type of
protein, such as actin in the cytoplasm or albumin in blood, can represent alone more
than 10% or 20% of the total proteinaous mass, and some essential other ones, such as
signaling proteins, may be present at subpicomolar concentrations (down to a few
hundred copies only per cell). These low abundance proteins are often the most
interesting for biological and medical applications. Another difficulty lies in the
hydrophobicity of numerous proteins, in particular, the biologically very important
membrane proteins (they are designed to lie embedded in the lipidic membrane of
cells). These proteins are difficult to dissolve and to separate in aqueous media.
Overall, low abundance proteins and membrane ones (the second category mostly
included in the first one) remain largely terrae incognitae. Still today, about one third
of the proteins, the genome is expected to code for, have unknown function!

Also, most proteins lie within a relatively limited range of sizes, typically from
15,000 Da to 200,000 Da, but they present a huge chemical diversity. They can
involve any of the 20 amino acids, either acidic or basic, and with very different
hydrophobicities, in a specific sequence. They may adopt various complex second-
ary structures and are folded into tertiary structures, which give each of them a very
unique pattern of recognition, signaling, and biological properties. Mass Spectrom-
etry, with its unchallenged mass resolution, is presently the gold method in proteo-
mics, but it can be operated with high resolution in a limited range of sizes only,
typically up to a few kDa. Also, its resolution is still by far insufficient to separate all
of the different proteins and peptides contained in a complex sample such as serum or
a cell extract, so that in practice, MS is mostly applied in combination with
electrophoresis or chromatography as a “post column” separator and detector. The
method still mostly employed is two-dimensional gel electrophoresis (separation
according to isoelectric point in a pH gradient, followed by separation by size thanks
to migration within a sieving media of SDS—protein complexes). This method is very
labor intensive, but it is still widely employed due to its still unchallenged peak
capacity (several thousand). An alternative method to 2D-gel electrophoresis is 2D
chromatographic separation of the proteins. It can include, for example, fractionation
on a cation exchange column followed by a gradient elution on a C18 reverse
phase column. After the excision of the subsequent spots (from 2D gel electropho-
resis) or collection of the protein fractions (after chromatography), the proteins are
submitted to proteolytic digestion by trypsin that cut proteins after specific amino
acids. This yields a series of peptides that can often provide a unique “signature” of a
protein. The power of peptide mapping was considerably increased by genome
sequencing: knowing the entire genome of an organism, one knows the sequence of
all the proteins it can code for, including those which have never been identified, or
the function of which is not known. These sequences and numerous useful annota-
tions (sequence similarities with other proteins with a known function, etc.) are now
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gathered in large databases, such as the famous “SwissProt,” and have accelerated
considerably the identification of proteins in the last years. As a second advantage,
tryptic digest yields peptides that are in the optimal range of resolution and sensitivity
for MS, unlike most native proteins.

Besides these proteomic applications, in which a large number of proteins have to
be treated simultaneously, numerous applications, focused on the identification or just
on the quantization of a limited number of proteins, exist, in particular, for diagnosis
purposes. These applications still rely heavily on immunoassay-type methods, such as
agglutination or ELISA tests, using the very specific interaction of proteins with
antibodies directed against them. Even in diagnosis, however, the trend is toward
multiparametric analysis (involving several to several tens of different biomarkers),
which bears the potential of more powerful diagnosis and more accurate treatment
design. Thus, both fundamental research and diagnosis are in aneed of protein analysis
methods with high level of parallelism, automation and sensitivity. Microfluidic
systems or “lab-on-chips” pave the route to such progress, and bear the promise of
entirely new molecular analysis systems (2—4).

In addition to molecular separation or assays, briefly recalled above, the analysis of
a biological sample generally involves sample preparation steps that can represent a
significant cost and delay in the analysis process, and microfluidics also seems well
suited to integrate such steps into a single, fully automated device (“lab on chip”). This,
however, raises numerous challenges, for which micro- and nanoparticles can provide
very powerful helps (as we shall now see).

The use of particles (also called beads) in analytical techniques has become a field
of strong interest (5,6). Indeed, they present alot of advantages. First, they are available
within controllable sizes and with inorganic or organic polymer core composition.
They can be manipulated using electric fields, pressure driven flow, gravity, or simple
shaking. They can be coated with biological molecules to make them interact with or
bind to a biological entity. In contrast to a direct coating of the surface of the analytical
device, this biofunctionalization can be performed in a batch process, and the particles
prepared and characterized in a single batch can be used to prepare thousands of
different test elements. For diagnosis applications, in which cost is a major issue, this is
a considerable advantage. Moreover, particles offer a much larger surface to volume
ratio than functionalized planar surface (typically increased hundred fold or more, for
micron-sized particles), allowing for higher sensitivity and dynamic range. Magnetic
beads offer an additional advantage: because of their magnetic core, they can be
magnetically manipulated with an external magnetic field and thus be easily extracted
and resuspended in a different solution without centrifugation. Numerous suppliers
now propose various colloids for biological assays, demonstrating the practical
interest of these materials.

In this review, we describe a series of applications illustrating the wide use of
particles for protein analysis in Microsystems. These applications typically raise four
challenges:

e The preparation of the beads: This aspect has been extensively discussed
elsewhere in this book and will not be considered here again.
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e The manipulation and packing of the beads into the microchannel: This aspect is
of particular importance, since the preparation of good and reproducible packed
beads columns in microfluidic systems is much more difficult than in conven-
tional chromatography microcolumns. This is due to, in particular, the smaller
dimensions and weaker mechanical resistance of microchannel, as compared to
tubular microcolumns.

¢ The manipulation of the fluids in the resulting system. In contrast to the previous
point, this manipulation is in general facilitated by the microfluidic format, in
which connections with no dead volume can be easily fabricated. The possibility
of integrating complex protocols and steps is indeed one of the powers of
microfluidic systems. Problems remain, however, associated in particular with
the very small volumes of liquid to be manipulated (in the pL. or nL range). The
conventional tools for fluid manipulation, such as peristaltic, piston, or syringe
pumps, are poorly adapted to microfluidic systems.

e The detection: The detection of proteins in microsystems is challenging for
several reasons: first, the reduced volume tends to reduce the total quantity of
proteins captured. Second, chips are generally fabricated in materials that are not
transparent in the UV (quartz chips exist but are extremely expensive), pre-
venting the use of UV absorption, the most common detector in chromatography
or capillary electrophoresis of proteins. Finally, staining is not as easy as with
gels. This latter disadvantage has to be minored, however, by the fact that
staining is an expensive and slow process that the current trend of high
throughput and automation tends to avoid anyway.

These different aspects must be taken into account simultaneously when designing
a microfluidic system for protein analysis. In the following, we shall provide
an overview on the variety of strategies proposed in the literature to integrate
bead-based assays or analyses in microfluidic systems, taking into account the packing
challenge.

11.2 GEOMETRIC IMMOBILIZATION OF PARTICLES

A simple strategy for bead immobilization, developed by several groups, relies on the
use of geometrical obstacles. The resulting structures must satisfy the dual purpose of
holding particles while still allowing sample and reagents to be delivered to the chip.

Oleschuk et al. created a chamber demarcated by two weirs and applied this device
to Solid Phase Extraction (SPE) and Capillary ElectroChromatography (CEC) on
chip. A 200 um long, 580 pm wide and 10 um deep cavity was etched into the glass,
with its inlet and outlet channels obstructed by 9 um high weirs to leave a 1 pum gap for
sample and reagents introduction. Beads larger than 1 pm in diameter were introduced
through a transverse channel (30 pm wide) and trapped between the weirs (see
Figure 11.1). In their first experiment, these authors immobilized in the cavity
octadecylsilane coated silica beads of 1.5-4 pm in diameter. Eluted fractions were
analyzed by Laser Induced Fluorescence in an off-line mode. Beads packing and liquid
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Cover plate

FIGURE 11.1 Scheme of the packed chamber obtained by creating weirs in a microchannel
(with permission from Reference (8))

handling were performed using electroosmotic flow. The SPE was performed on
BODIPY reagent and preconcentration factors of 80-500 for preconcentration times
ranging from 120 to 532 s were obtained. The CEC experiments showed complete
elution and separation of BODIPY and fluorescein in less than 20 s (7). Thanks to the
external channel for beads handling, the chromatographic bed can be easily removed
and refreshed with new beads. An additional advantage is that a wide variety of
stationary phases are available, so that different retention mechanism can be used. This
device is more reproducible than creating a frit (common technique in capillary
format), in terms of formation and positioning of the packed beads. In later publica-
tions, this group improved the length of the chromatographic bed and added a cross
injector in order to increase the efficiency of the analysis. They demonstrated, for
example, that using a bead-based SPE step, they could decrease the detection limit
from 30 pM to 70 fM for a fluorescent dye, with a very good reproducibility (8,9).

Along the same line, Wang et al. developed an integrated device comprising an
enzymatic reactor (based on the grafting of trypsin on agarose beads of 40—-60 pm in
diameter) associated to electrophoresis separation and coupled to electrospray mass
spectrometry (ESI-MS). The chamber for beads immobilization was 8§00 pm wide,
150 um deep, and 15 mm long. The channels for sample and reagents transport and
separation were 10 pm so that beads bigger than 10 pm in diameter were physically
maintained in the chamber. Solutions of melittin, cytochrome C, and bovine serum
albumin were passed through the trypsin reactor bed at different flow rates from 0.5 to
60 pL/min. Complete digestion was obtained faster on chip (5 s) than in a classical
cuvette (15 min) for melittin, due to an increased ratio of enzyme to substrate and
decreased diffusion time (10). Based on the same packing method, Li et al. (from the
same group) developed another example of partly integrated device. The large channel
was filled with C18 reverse phase or antibody-coated beads made of mixed bed
(beads of 40 um and 5 pm in diameter). The device integrated sequential injection,
preconcentration followed by Capillary Electrophoresis (CE) separation and interface
to mass spectroscopy analysis (see Figure 11.2). It led to the detection of fmol of digest
peptides and a throughput of 12 samples per hour (11).

Sato et al. presented a new method to create a physical barrier in a microchip. The
solid phase, made of polystyrene beads, was retained by a single microfabricated dam.
The microdevice was made of glass plates and involved different technologies for its
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electrophoretic separation, and electrospray interface (from Reference (11)). (a) View of the
device. (b) Sequential steps

fabrication such as soft lithography, fast atom beam fabrication, and lamination. It
used restrictions of the height of the channel from 100 to 10 um to immobilize the
beads (see Figure 11.3 left) on a well-defined region. The beads could be removed from
the microchannel by applying reverse flow, and the bed reactor could be easily
reformed in a reproducible manner. In their first experiment, the authors used 45 pm
diameter beads on which human secretory IgA (s-IgA) was adsorbed, packed them in
the microchannel, and passed solutions of anti-s-IgA labeled with colloidal gold
through the beads reactor. The on-chip detection was made by thermal lens micros-
copy. The results showed a reduced reaction time of the complete procedure from 24 h
in classical format (12) to less than 1 h. In a following study, these authors developed a
sandwich immunoassay using three antibodies (for capture and detection) for the
analysis of a colon cancer marker. They obtained reduced time analysis (45h
to 35min) and detection limits more than one order of magnitude lower than
conventional tests (13). Finally, they created bead-bed immunoassay systems for
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FIGURE 11.3 Scheme of the microdevice with the fabricated “dam” fixing the beads inside
the microchannel, overview (left (a)) and a cross section (left (b)). Overview of the glass
microchip for 4 simultaneous assays (right) (adapted from References (12,14))

simultaneous assays in high throughput reactions (see Figure 11.3 right). The glass
device was composed of four reaction and detection chambers with branching
channels, reducing the number of pumps needed in the process. It took only 50 min
to perform the complete analysis of four samples of interferon y, compared to the
35 min necessary for one sample (14). The main disadvantage of this approach, based
on microfabricated weir, is the size of the beads (higher than 40 pm in diameter), which
limits the surface to volume ratio.

Murakami et al. used antibody-coated beads of 90 pm in diameter, also immobi-
lized by a dam, to detect, by fluorescence measurements, an immunosuppressant,
FK506 labeled with HRP (Horse Radish peroxidase). A limited number of beads (1 to
10) were injected into the channel before sealing it to glass. With this microflow chip,
they obtained a sensitivity about 1000-fold higher than that obtained with classical
ELISA method. The major drawback of this pre-sealing immobilization method is that
the beads can’t be removed easily (15), leading to a single-use device.

An additional approach for creating retaining features was proposed by
Andersson et al. It involved the fabrication of pillars acting as filters to retain
the beads in a chamber. The device was made by deep reactive ion etching
and anodic bonding; techniques allowing for uniform and reproducible fabrication
process. Pictures of the reaction chamber are presented in Figure 11.4. This device
presents various advantages such as the easy removal of the beads (by applying
backpressure), the confined area of the packed beads, which facilitates on-chip
detection (optical detection), and finally, the rare and reversible clogging of the
filter. These authors tried to immobilize two types of beads, polystyrene beads
(5.50um) and magnetic ones (2.8 um), but the smaller beads easily passed
through the filters (16). The capacity to perform biological reaction in the chamber
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delimited by the pillars was demonstrated on single nucleotide polymorphism
analysis (17,18) while integrating passing valves in the microchip.

Ali et al. created a device in which individual agarose microbeads (300 pum in
diameter) were positioned into chemically etched microcavities patterned in a square
array inside hybrid microchip of PolyDiMethylSiloxane (PDMS) and Silicon (19).
Each cavity served as a miniaturized reaction vessel and analysis chamber (see
Figure 11.5). They coated their beads with specific antibodies and applied their
device to the detection of C-reactive protein by fluorescence measurement. They
obtained a detection limit of 1 ng/mL with a device made of a single chamber. The use
of a four-chamber design (in a single device) showed the same signal with an error of
less than 10% for the same solution (20).

One additional example of packing beads in microchannel with a specific geometry
was proposed by Ceriotti et al. They developed a miniaturized device where particles
were immobilized via a tapered channel for on-chip CEC application. They created a
tapered geometry in PDMS microchip to induce particles aggregation by a Keystone
effect. Beads were introduced in the column from the buffer waste reservoir (by

200um

FIGURE 11.5 Scanning electron photography of the pyramidal wells designed to confine the
beads (with permission from Reference (19))
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pressure) and drawn toward the intersection (see Figure 11.6). The first particles
aggregated and blocked the others, allowing the growth of the packed bed in the
opposite direction toward the waste. The packing beads were stabilized by a thermal
treatment at 115°C. The authors packed this way porous octadecylsilanized silica
microspheres of 3 im in diameter and separated methanol and benzaldehyde (neutral
compounds) in less than 15s (21). The reproducibility of a given column was quite
good (2%) but intercolumn variability was significant. However, this system presents
various drawbacks. The heating stabilization step hinders the use of precoated particles
and the column is not reusable, since the beads can’t be released from the channel.

Numerous methods, consisted in creating filters or grids inside the microchannel to
fix the beads, were developed. For example, Buranda et al. developed a miniaturized
assay for performing single (or multiple) analytes detection. They designed obstruc-
tion 20 um apart patterned as a filter to hold 30 um beads. This blocking layer was used
to hold subsequent layer of smaller beads (20 um streptavidin-coated glass beads)
(22). A third layer of 10-pum beads was used to minimize the dispersion of active beads
(6.2 um streptavidin-coated beads) into the foundation layer (23). The authors used
this device for biomolecular recognition, establishing a model system for determina-
tion of the FLAG epitope (commonly used epitope tag that relies on an octapeptide).
On-chip identification and quantification of analytes occurred via direct fluorescence
or fluorescence resonance energy transfer measurements. They showed that the
assay was able to detect subfemtomole quantities of protein. Their system presents
advantages of scale, direct measurement of bound analyte on beads (no need for an
elution step), and simultaneous detection of multiple analytes.

Moorthy et al. described a microfluidic device for assaying botulinum toxin by
sandwich ELISA from blood sample. Multiple functions such as dilution, mixing,
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separation, and detection (UV-Visible absorption) were performed in the device. A
filter incorporated between layers of the device enabled the trapping of antibody-
grafted agarose beads (24) for readout. Clinically relevant amounts of the toxin were
detected in a reduced time. In the same way, Wallman et al. created a grid inside a
microchannel to trap beads (50 pm in diameter) for solid phase microextraction
application prior to MS analysis (25).

Recently, Hu et al. presented a very simple device to perform solid phase extraction
of amino acids. This device was made of two layers of PDMS slabs that contained
channels with different depth (see Figure 11.7). Once the chamber had been filled, the
reservoirs (R1 and R2 on the figure) were glued to prevent the particles (fluorous silica
beads of 5 um in diameter) from escaping. Because of the different channel depths, the
beads couldn’t go through the channels B2 and B1 (only 4 um deep) while the liquid
mixtures were able to travel all around the microchannel network (channels B1, B2,
and C). This device was used to separate and extract fluorescently tagged amino acids.
The authors obtained an average extraction efficiency of 55% by off-chip MS
detection (26). The system presents a good reproducibility of the column, but is not
“recyclable” (once contaminated, the whole chip must be replaced).

11.3 SURFACE MODIFICATION OF THE MICROCHIP

The use of physical barriers such as frits, weirs, or grids to retain beads inside the
microchannels involves fabrication processes with multiple thicknesses, and com-
plicates the overall process. In this paragraph, we will focus on another method for
trapping particles, which consists in modifying the surface of the microchip.
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10 um

FIGURE 11.8 Immobilized streptavidin-coated beads. Photo of the stamp (left) and
arrangement of the beads after microcontact printing (right) (adapted from Reference (27))

The method developed by Andersson et al. consisted in modifying the surface of
one internal wall of the microchip using microcontact printing. First, it involved
printing a protein (for example biotin) on a wall (in practice, generally the “bottom”) of
the microchip. Then, when adding beads bearing the complementary protein (for
example, streptavidin), they self-assembled as a monolayer by interaction. This
assembly occurred before the sealing of the channel so that the method of sealing
should occur under low temperature, in order not to damage the coated beads. A picture
of the immobilization of streptavidin-coated beads (2.8 pm in diameter) is shown in
Figure 11.8. This method led to a surface coverage about 14 beads per um?, for these
beads. Based on this principle, it was possible to assemble other beads using other
kinds of interactions such as hydrophilic/hydrophobic interaction or antigen/antibody
interaction. The coverage of beads on the channel walls was better for the bottom wall
than for the top one, because of sedimentation. This method is particularly suitable to
immobilize beads according to predefined patterns. It was applied on various sub-
strates; silicon, quartz or plastic. It can be applied to several biological reactions such
as those needed for proteomics analysis. The immobilized beads can be easily
removed by sonication in water for 30s (27).

Alternatively, Malmstadt et al. developed a thermal method to attach particles on
the walls of a microchip. They used stimuli-responsive polymers to construct beads
that were able to be reversibly immobilized on the walls of a channel made of poly
(ethyleneterephtalate). For this purpose, latex beads (100 nm in diameter) were coated
with a temperature sensitive polymer poly(N-isopropylacrylamide) (PNIPAM), which
presented a hydrophilic-hydrophobic phase transition. The beads were injected into
the channel at room temperature and when the temperature was increased, they
aggregated and adhered to the walls of the channel, thanks to a phase transition making
them more hydrophobic. When the temperature was decreased below the lower critical
solution temperature of PNIPAM (26°C in aqueous conditions), the beads were
quickly resuspended, and could be eluted from the walls of the channel. The system
was applied to two different applications. First, the authors immobilized biotin-
labeled polymer-coated beads and analyzed solutions of streptavidin labeled with a
fluorophore (Alexa488) (28). Then, a model competitive assay based on the digoxin
antibody—antigen interaction was performed to evaluate the performances of the
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FIGURE 11.9 Schematic representation of the bead immunoassay based on temperature
sensitive polymer developed by Malmstadt et al. (a) The assembled bead construct. (b) Protocol
of the immunoassay. (1) Increasing of the polymer-coated beads at room temperature.
(2) Temperature increasing leading to the adhesion of the particles on the channel walls.
(3) Washing of the non adsorbed particles. (4) Injection of the target analyte. (5) Washing of the
non immobilized analytes. (6) Temperature decreasing leading to the removal of all the
materials (from Reference (29))

system (Figure 11.9) (29). Concentrations around 1 pM were detected with this
system. This sensitivity is not exceptional, but this capture method nevertheless
presents several advantages. The adhesion of the beads to the surface is reversible so
that the removal of the beads is easy. Thanks to microfabricated heaters, itis possible to
localize the beads in well-defined regions, and to determine the exact timing of the
immobilization during a multistep analysis.

Another example of channel coating was given by Murrihy et al. By physical
absorption, they immobilized cationic latex particles (75 nm in diameter) on the walls
of a microchannel to perform ion-exchange chromatography. They studied the
separation of ionic species and found increased retention factors while proceeding
in microchip compared to in-capillary reactions. Detection limits of 0.5 uM were
obtained (30). This method, however, presents a rather poor reproducibility. It is
not possible to control the absorption of particles and consequently two successive
fabrication processes lead to two different bead beds.

Ramsey et al. developed a chemical technique to immobilize beads onto channel
walls. It consisted in depositing plugs of porous methacrylate polymer inside the
microchannel. Monomer and initiator were injected in the microchannel, and poly-
merization was initiated in defined areas by UV illumination. The photopolymeriza-
tion process led to the formation of a chemical frit with a pore size of 5 pm, larger than
bead diameter (3 pm in this study) but the random nature of the pores prevented the
beads from passing through this plug. C,g-coated silica beads were used to determine
the concentration capacity of the column with different dyes and to separate a mixture
of neutral hydrophobic dyes as a model experiment (31). The authors obtained a
detection limit of 60 fM with their device integrating micro-SPE sampling, on-chip
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FIGURE 11.10 Procedure for the immobilization of beads on the surface of the microchips
developed by Zhang et al. (a) After the formation of a master with toner printed where the beads
should be immobilized, a suspension of particles is added to cover the toner. (b) The master is
heated in an oven. (¢) The master is taken out and the nonbound particles (those that are
deposited on the transparency nonprinted region) are washed away. (d) PDMS agent and its
reticulant are added to the master and cured. (e) Finally, the PDMS replica with the immobilized
beads is peeled off (from Reference (32))

elution, sample injection, and Micellar ElectroKinetic Chromatography (MEKC). On
the positive side, this method allows an accurate and easy positioning of the
microcolumn, thanks to photopolymerization. This polymerization, however, renders
the process irreversible.

Recently, Zhang et al. proposed a new method for retaining beads inside a channel
during the fabrication process. The particles (silica-based beads of 5 pm of diameter)
were first printed on a master and then transferred into microchannels of PDMS
microchips (see Figure 11.10 for the different steps). The master was not only amold to
fabricate the chips but also a stamp to transfer the beads. This group compared the
ability of ODS silica-modified and silica-modified PDMS chip for electrophoresis and
enzymatic digestion applications. For enzymatic application, they demonstrated the
feasibility of the system to immobilize Glucose Oxidase on the patterned beads and to
perform digestion. For electrochromatography application, they noticed improve-
ments in the separation of dopamine and epinephrine with the ODS silica-modified
PDMS chips versus the native PDMS chips. This method simplifies considerable
microfabrication, since it allows simultaneous formation of the chip and of the column.
It is not possible to replace the beads, but this simple process is well suited for the
fabrication of disposable chips, so this is probably a minor disadvantage (32). As
another limitation, however, it is applicable only to rather large beads.
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11.4 ELECTROKINETIC METHODS FOR BEADS IMMOBILIZATION

An interesting approach was presented by Lettieri et al. for the trapping and
manipulation of small beads using fluid flows only. These authors created complex
bidirectional flows, by a combination of opposing pressure-driven and electrooso-
motic flows in channels with a variable section. Electroosmosis is driven by the field
strength at the wall, whereas Poiseuille flow is driven by equilibrating pressure forces
(potential flow). In some regimes, this creates vortices (see Figure 11.11), in which
fluorescent polymer beads can be captured and preconcentrated to form clusters of
freely moving beads. The ability to perform biological assays in this device was
demonstrated. After the introduction of streptavidin-coated beads (2 pm in diameter),
the moving beads were continuously perfused with labeled biotin solutions and
detection limits of 4 uM in 200 s incubation time for B4F (biotin-4-fluorescein), and
50nM in 120s for FLB (biotin-fluorescein product less prone to quenching) were
obtained (33).

Auerswald et al. presented another method for dynamic trapping of beads inside a
microchannel, using positive dielectrophoresis (DEP). DEP is based on polarizability
and requires a strong inhomogeneous electric field. If the beads are more polarizable
than the surrounding liquid medium, the DEP force moves them toward areas with a
high electric field gradient. These authors proposed a simple chip layout with planar
electrodes, on which particles adhered after the DEP voltage had been applied.
Different fluorescent-coated beads (biotin, protein A, antimouse IgG) of various
diameters were investigated. They found, in their first results, a detection limit of
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FIGURE 11.11 Schematic view of the microfluidic device, involving fluid flow only,
proposed by Lettieri et al. The arrows represent the electroosmotic Flow (EOF) and the
pressure-driven flow (PF). The flow recirculates between the converging and diverging

channels. 0., and 04, are the converging and diverging channel opening angles (with
permission from Reference (33))
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1.6 pg/mL for mouse IgG (for nonoptimized conditions). They demonstrated the
proof of concept of a parallel assay achieving the detection of different components in
a multianalyte solution on the same chip (34). This method is fast, versatile, easy to
fabricate, but the device with the beads can be used only once. Also, DEP requires high
electric fields that can induce strong Joule heating and even bubble formation, in the
highly conductive buffers required for some biological assays.

11.5 MAGNETIC BEADS

The use of magnetic beads in bioassays is becoming increasingly popular due to the
simplification they bring, avoiding centrifugation steps. The manipulation of mag-
netic beads in lab-on-a-chip systems is also a rapidly growing activity since it is
possible to manipulate them at a distance, without disrupting biochemical reactions
(35,36), and without the Joule heating problems raised by, for example, DEP
manipulation.

The first attempts to use magnetic particles in miniaturized systems were proposed
simultaneously by Mayer et al. for DNA separation (37) and by Rashkovetsky et al. for
protein assays (38). This latter group immobilized magnetic beads (polystyrene
microspheres of 2.8 um in diameter) inside a commercial capillary electrophoretic
system using two permanent magnets placed in the cartridge in contact with the
capillary. They demonstrated the feasibility of the technique for enzymatic digestion.
For this purpose, biotinylated alkaline phosphatase (ALP) was bound to streptavidin-
modified magnetic beads and solutions of ALP substrate were injected in the modified
capillary (38). The product of the enzymatic degradation was detected at 405 nm. They
determined the Michaelis—Menten constants and the results were in good agreement
with the literature. Furthermore, they applied their system to analyze specific antigen
and detected fmol amount of material. This system was reversible, since the beads
could bereleased and flushed away when the magnets were removed. This method was
easy to use (no need for frit formation) but this strategy did not lead to further
applications, maybe due to difficulties in achieving reproducible bead beds by a
“blind” operation in a capillary electrophoresis machine.

Magnetic immobilization regained interest thanks to the outcome of microfabri-
cated systems. Hayes et al. developed a heterogeneous immunoassay in a micro-
channel using magnetic beads. The particles were packed in the microchannel by the
application of a strong magnetic field created by a single permanent magnet located
directly over the channel. The length of the bed was between 1 and 3 mm. Reagents
were passed through the bead reactor and the bed was imaged with an epifluorescence
microscope with laser-induced excitation. The bed of beads did not extend across the
channel because the magnetic beads aggregated near the single magnet, which enabled
fluorescence detection on the surface of the packed bed (Figure 11.12b) and the use of
high flow rates. The device was optimized with the analysis of model compounds,
fluorescein isothiocyanate (FITC)/anti-FITC (direct assay), and real samples such as
parathyroid hormone and interleukin-5 with sandwich assay (the principle of the
interaction is givenin Figure 11.12a). This group used streptavidin-modified magnetic
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FIGURE 11.12 (a) Schematic representation of microsystem flow-based immunoassay
based on paramagnetic particles coated with antibody, immobilized near a permanent magnet.
Solutions of antigen and secondary labeled antibody are injected and passed through the beads
bed. (b) The magnetic beads do not occupy the whole channel section. The flow rate is fixed so
that Dt<tv. (from Reference (39))

beads of 1-2 um in diameter, and demonstrated that the assay had physiologically
relevant sensitivity (ug/mL). Particles could be packed, dynamically positioned,
flushed, and repacked. Moreover, this system consumed low amount of reagents: 100
to 1000 times smaller than conventional assays (39).

Another use of magnetic beads was proposed by Choi et al. They presented an
integrated microfluidic electrochemical detection system for protein analysis, involv-
ing several assembled modules on a microfluidic control panel. This device, made by
glass etching and glass-to-glass direct bonding, contained different reservoirs and
channels for introducing different solutions. The biofilter and the electrochemical
sensor were integrated to the motherboard by fluoropolymer bonding technique (see
Figure 11.13). The magnetic element for immobilization of the beads was a planar
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FIGURE 11.13  Principle of the microchip assay developed by Choi etal. (a) Introduction of
the magnetic beads into the microchannel. (b) Immobilization of the beads on the surface of
the biofilter due to magnetic field. (¢) Introduction of the sample. (d) Interaction between the
bead and the target analyte. (e) Introduction of the secondary labeled antibody. (f) Electro-
chemical detection after the introduction of the substrate. (g) Washing (with permission from
Reference (40))

electromagnet located under the biofilter so that the beads were packed on the bottom
surface of the microchannel. All the channels were 400 pm wide and 100 um deep.
With this microdevice, magnetic beads (2.8 pm in diameter) coated with primary
antibody were immobilized on the surface of the biofilter. Then, solutions of antigen,
secondary antibody labeled with alkaline phosphatase (ALP), and finally, ALP-
substrate were introduced and incubated (see Figure 11.13). After electrochemical
detection, all the materials (beads and reagents) were flown away. The immunoassay
was applied to mouse IgG. Sample consumption was 10 pL, the total assay time was
less than 20 min, including all steps. Its working concentration range was below
100 ng/mL (40).

To overcome the challenging microfabrication of integrated electromagnets, the
same group developed another magnetic assay based on an easier microfabrica-
tion strategy, with fully on-chip sampling and detection by chronoamperometry
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measurement. They performed ELISA and achieved sampling and detection of
50ng/mL of mouse IgG in 10 min (41).

Our group developed a new approach based on the self-organization of magnetic
beads under a magnetic field. The PDMS device integrated strong magnets, with
specific orientation, to create a magnetic field parallel to the flow, with a strong
gradient pointing through the center of the channel (Figure 11.14a)). When expose to a
uniform external field, the magnetic beads self-organize into a supraparticle structure
consisting of a columnar clustering in the direction of the field (Figure 11.14b,c) (42).
These columns are organized in “labyrinth-like” structures if the concentration of the
suspension is high enough. The distance between the columns is maintained by
dipole—dipole repulsion, maintaining in the bulk of the plug, channels collinear to the
flow, with a thickness of a few micrometers. As compared to previous immobilization
methods involving fields perpendicular to channel’s axis, this strategy yields a lower
pressure drop, a better resistance to flow, and a more uniform permeation. The pores
between the magnetic beads columns play the role of coated capillaries in a multiopen
tubular chromatographic-like system. This concept had been applied to enzymatic
digestion with trypsin or proteinase K immobilization on beads (43,44). The results
showed a 100 and 50, for trypsin and PK digestion, respectively, fold increase in
digestion rate on-chip as compared to digestion in solution. This system allows easy
replacement of the bead matrix by the application of a strong flow, a very good
reproducibility in terms of beads packing and digestion efficiency. The tryptic
digestion chip was recently combined with Electrospray Mass Spectroscopy, allowing
for online peptide mapping (45). Online digestion by PK beads allowed a differentia-
tion between normal and pathogeneous (PK resistant) prion proteins, opening the route
to chip-based prion diagnosis (44).

Kimetal. developed another strategy for biomolecular detection based on magnetic
forces in a microfluidic channel. Small superparamagnetic particles (50 nm) and
fluorescent polymer beads (1 um) were coated with polyclonal antibodies. When the
antigen was introduced in the mixture, a sandwich between the two types of beads was
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FIGURE 11.14 New immobilization approach developed by Viovy’s group. (a) Simulation
of the magnetic field created by the two permanent magnets. (b) View of the plug of magnetic
beads immobilized between the two magnets in the microchannel. (¢) Organization of the
columns parallel to the flow (A and B) at the beginning of the plug clustering. Formation of the
plug (C and D)
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FIGURE 11.15 Principle of the detection system by Kim et al. The complex formed by
interaction between microbead with superparamagnetic particle (@) is deflected by the
magnetic field while the microbead (o) keep their initial way (from Reference (46))

formed. Upon application of a magnetic field, polymer beads interacting with
superparamagnetic particle were deflected and detected by fluorescence, whereas
naked beads were not, allowing for a separation (Figure 11.15). These authors
demonstrated the ability of this system to perform sandwich immunoassay and dual
analyte detection with rabbit and mouse IgG as model analytes and detected IgG at
nanomolar concentration (46).

Recently, Pamme et al. developed a method for simultaneous bioassays based on
plugs of magnetic particles. In a microchannel, they immobilized different plugs of
beads with different biological functions. Permanent magnets, positioned around the
channel, created a localized magnetic field to immobilize the beads (from 1 to 8§ pmin
diameter). With this technique, up to three plugs were immobilized in a 5 cm long
channel. An example of dual bioassay was performed with the immobilization of both
streptavidin- and glycine-coated beads (2.8 um in diameter) and elution of fluorescent
biotin solutions. The streptavidin plug became fluorescent due to the interaction
between biotin and streptavidin on the beads (47). The main advantage of this system
relies on its very simple way of fabrication. As discussed above, however, this kind of
beads immobilization (by a field perpendicular to the channel) may lead, sometimes,
to limited capture efficiencies.

Herrman et al. described an original microfluidic design to perform parallel
ELISA in stop-flow conditions. The device consisted in eight independent channels
composed of an inlet, a reaction chamber and a smaller channel for detection (Figure
11.16), enabling simultaneous assays. The external magnet, located near the
microchip, was displaced manually in order to move the beads and consequently
induce a mixing of the fluid around them. Streptavidin-coated magnetic beads
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FIGURE 11.16 Picture of the PDMS chip developed by Herrman et al. (a) Independent
channel. (b) Reaction chamber in which magnetic particles are introduced. (¢) Small channels
for the detection. (d) Gathering of the independent channels. (e) Merging into a unique outlet
(from Reference (48))

(1 pm in diameter) were used for detection by epifluorescence and quantification of
antistreptavidin antibodies. The authors found low picomolar sensitivity and a
coefficient of variation for both the intra- and interassay of 15% (48). In this study,
the beads acted not only as a solid support for the biological reaction but also as one
mean to create an internal mixing of the solution.

11.6 CONCLUSION

In spite of their recent outcome, microfluidic systems have stimulated numerous
applications, in which micro- and nanoparticles play amajor role. Indeed, latexes seem
particularly interesting partners of lab-on-chips. One of their major advantages is that
they can be prepared in batch in large quantities. By introducing into a microchannel
microparticles previously functionalized, one avoids the need to achieve this func-
tionalization on each chip, a process that can be tedious in the lab, and often precludes
industrial applications for cost reasons.

As a price to pay, one has to load and immobilize the particles in the chip in a
reproducible manner. The most traditional way of packing particles in macroscopic
systems, that is, pressure-driven packing of columns onto frits, proved rather
disappointing in microsystems. First, the surface-size ratio is detrimental for this
particular process, because interactions with the walls tend to increase defects, and
because most chip systems do not withstand the high pressures necessary for
achieving good packing. This difficult transposition of methods from the macro-
scopic world has stimulated a vivid invention activity, and we hope we provided a
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reasonable, although far from complete, account of this in the previous sections.
Microfluidic analysis systems will have a deep influence in the bioanalytical
sciences in the next years, and we anticipate that thanks to this technology,
analytical apparatuses, and laboratories 10 years from now will be dramatically
different from what they are today. We also anticipate that micro- and nanoparticles
will be major components of this technological revolution, and that the development
of microanalysis will stimulate further developments in the field of micro- and
nanoparticles. Because of the very small volume of microcolumns in microfluidic
devices, they generally use a number of particles per analysis smaller than that for
traditional bead assays by one to three orders of magnitude. This can not only
dramatically reduce the cost of existing analysis but also help to extend the field of
application of very elaborate micro- and nanoparticles that were not usable
industrially because of their high production cost.
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12.1 INTRODUCTION

The parallel detection of different antibodies in complex biological samples has a wide
range of potential applications in the diagnosis of allergies, autoimmune and infec-
tious diseases as well as in epitope mapping studies and the development of vaccines
(1-4). Actually, the detection of antibodies is usually performed by using ELISA-
based assays. However, the need for a highly parallel format allowing the study of large
collections of antigens and biological samples has stimulated the development of
peptide or protein microarrays, which are increasingly used in this area (5). Many
groups have now reported that peptide or protein microarrays are useful devices for the
detection of antibodies (6—13) and can be used for the serodetection of infections

Colloidal Nanoparticles in Biotechnology, Edited by Abdelhamid Elaissari
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(14-16). This review is focused on our contribution to the preparation of peptide
microarrays for the detection of antibodies.

A peptide microarray is composed of a planar substrate on which a collection of
polypeptides are immobilized individually in the form of microspots. The diameter of
the spotsis usually comprised between 50 and 250 pm depending on the characteristics
of the arrayer. The position of each peptide probe is precisely known. The peptides can
be synthesized directly on the chip surface or spotted after isolation or synthesis. The
microarray can be incubated with a purified target (protein, enzyme, phages, DNA,
etc.) or a biological sample (cells, serum, etc.). Each arrayed probe is able to capture
specifically a soluble target. Different methods are used to detect the capture events.
Among them, fluorescence is probably the most frequently used detection technique
(17-19).

The major advantage of microfabricated analytical devices over conventional
techniques is the highly parallel, addressable, miniaturized array format that allows
simultaneous detection of different targets in solution, virtual automation, and
functional integration for high throughput screening. Another great advantage of
miniaturization is that microspot assay sensitivities can be higher than those obtain-
able by conventional methods, especially if close packing of sensor molecules within
the microspot can be achieved (20,21).

The substrate and the coupling chemistry used to attach the peptide probe to play a
crucial role in the performance of the microarray (22). Usually, microarrays are
prepared on microscope glass slides. This substrate is cheap, has a low intrinsic
fluorescence and can be easily functionalized by silanization. Different methods are
available for attaching polypeptides to microscope glass slides (23). A covalent bond
can be formed site-specifically between the substrate and the polypeptide using native
ligation (24-26) oxime (27) semicarbazone (14,28,29) Staudinger (30), or thiol
chemistry (27). Random attachment of the polypeptide chain to the surface using the
reactivity of o or e-amino groups was also examined (31). Noncovalent immobilization
involved Ni(II) coordination chemistry (32) or the biotin/avidin interaction (26,33,34).
Another interesting method is to immobilize polypeptides by physisorption (14,15).
The last strategy is of great interest owing to its simplicity and because the proteins do
not need to be chemically modified before the printing procedure and are not modified
after immobilization. The field has been recently reviewed by Yeo et al. (24).

This review is focused on the site-specific immobilization of peptides through
a-oxo semicarbazone ligation (Scheme 12.1).

Hydrazone site-specific ligation is probably the oldest ligation reaction known to
peptide chemists. This bond, which can be formed chemoselectively using very mild
aqueous experimental conditions, was often used for the preparation of conjugates or
for the convergent synthesis of large molecular objects. However, due to the sensitivity
of the hydrazone bond to hydrolysis, the conjugates were usually stabilized by
reduction with a borohydride (35). Application of this ligation chemistry to micro-
arrays would thus require a chemical step after the printing of the probe. We have thus
focused our work on semicarbazone ligation as an alternative to hydrazone ligation.
As for hydrazones, the stability of semicarbazones toward hydrolysis is greatly
influenced by the structure of the aldehyde partner. In 2001, Podyminogin et al. have
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described the preparation of semicarbazide-functionalized glass slides and their use
for the site-specific attachment of benzaldehyde deoxyoligonucleotides (36). Forty
percent of hydrolysis of this semicarbazone bond was observed at pH 7.5 (65°C) after
24 h. We have decided to explore instead the interest of the a-oxo aldehyde (COCHO)
moiety in this field, since this group is resistant to oxidation, compatible with
polypeptides and reacts chemoselectively in aqueous solution with hydrazine, hy-
droxylamine or f-aminothiol derivatives (37). Moreover, the COCHO group can be
easily introduced into peptides using various solution (38) or solid-phase methods
(37,39-43).

Thus, in a first approach, we have studied the stability of the o-oxo semicarbazone
bond toward hydrolysis in solution using model peptides. The high stability of this
bond stimulated the study of this ligation method in the context of silica particles.
The reactivity and selectivity of a-oxo aldehyde (COCHO) or semicarbazide-func-
tionalized silica microparticles was studied. The results showed the superiority of
semicarbazide substrates for the site-specific immobilization of peptides. Thus,
semicarbazide-functionalized microscope glass slides were prepared, characterized
and used for the preparation of peptide microarrays by printing COCHO-peptides. For
another application, we also describe the synthesis and characterization of semicar-
bazide nanoparticles. These nanoparticles were used for the chemical micropatterning
of polycarbonate or titanium oxide substrates and the site-specific attachment of
COCHO-peptides to the surface through the nanoparticle silica layer. The peptide
micropatterns on polycarbonate were used for the specific and sensitive capture of
antibodies in serum using fluorescence detection.

12.2 SEMICARBAZIDE/a-OXO ALDEHYDE SITE-SPECIFIC LIGATION
CHEMISTRY FOR MAKING PEPTIDE MICROARRAYS

12.2.1 Stability of the a-Oxo-Semicarbazone Bond

Among all the criteria considered for the selection of an immobilization chemistry for
microarray fabrication, the stability of the bond linking the probe to the surface is
perhaps the most important. The linkage has to survive to the different incubations and
washings. We have examined by reverse-phase-high performance liquid chromatog-
raphy (RP-HPLC) the stability of the a-oxo semicarbazone bond to hydrolysis using
peptide 1 (Fig. 12.1). Trace A and C correspond to the purified glyoxylpeptide 2 and
semicarbazone 1, respectively. Trace B, which corresponds to the coinjection of
both compounds, shows that the starting glyoxylpeptide 2 was separated readily by
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FIGURE 12.1 RP-HPLC study of the stability of semicarbazone 1 at pH 7.5 and 65°C during
24 h. Experimental conditions are identical to those described by Podyminogin et al. (36)

RP-HPLC from semicarbazone 1. o-Oxo semicarbazone 1 was dissolved in pH 7.5
HEPES buffer using the experimental conditions described by Podyminogin et al. (36)
and incubated up to 24 h at 65°C. Interestingly, neither decomposition nor hydrolysis
occurred after 24 h of incubation (Fig. 12.1E) whereas Podyminogin reported about
40% of hydrolysis for a semicarbazone formed by reaction of benzyl semicarbazide
with benzaldehyde-ODNs. The same resistance to hydrolysis was observed at pH 7.1 or
8.0 (data not shown), highlighting the good stability of the a-oxo semicarbazone bond.

12.2.2 Synthesis of COCHO or Semicarbazide Silica Microparticles.
Reactivity Study

Immobilization of peptides through site-specific a-oxo hydrazone or semicarbazone
chemistry has been scarcely studied in the context of bioorganic-inorganic materials
synthesis. For this reason, we have undertaken the synthesis of COCHO or semi-
carbazide silica microparticles as model substrates for reactivity studies. A critical
point was to select the functional group present on the substrate. The ease of formation
of a functional group and its reactivity on a solid substrate can differ significantly from
solution experiments (44). Should the a-oxo aldehyde group be on the substrate or on
the peptide?

12.2.2.1 Synthesis of COCHO-Silica Microparticles A few methods have
been proposed for the modification of surfaces by o-oxo aldehyde moieties (27,45-48)
Indeed, the presence of this functionality on the surface of silica was found to be
attractive due to its hydrophilicity and stability towards oxidation compared to
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aliphatic or aromatic aldehydes. These properties are mainly due to the formation of a
hydrate in aqueous media (49). "H NMR study of an aqueous solution of glyoxylic acid
revealed the absence of aldehydic proton and the presence of a singlet at 5.4 ppm
corresponding to the gem-diol moiety of glyoxylic acid hydrate. Interestingly, '*C
NMR spectra also revealed the presence of oligomers. For comparison, many papers
have reported the synthesis of COCHO peptides, and to our knowledge no
oligomerization was observed either in solution or in the lyophilized state. In the
solid state, the high concentration of COCHO groups on the substrate might favor the
formation of oligomers, whose reactivity might be different from that of the monomer.
The complex chemistry of glyoxylic acid derivatives and the difficulty to deduce the
usefulness of this group on a solid substrate from data obtained in solution stimulated
the study presented in this section.

The introduction of the o-oxo aldehyde group on the surface of microscope glass
slides has been performed by coupling a protected serine to amino-functionalized
surfaces. The COCHO group was generated after deprotection and periodic oxidation
of the B-aminoalcohol moiety (27). In an alternative approach reported by the same
group, coupling of glyoxylic acid dimethoxyacetal was followed by deprotection
using strong acid (23). Recently, we have described an alternative approach based
upon the sol-gel chemistry of triethoxysilylpropylgluconamide (GAPS), whose polyol
chain was converted into the o-oxo aldehyde group by treatment with periodate in
aqueous acetic acid (50). These materials showed a good reactivity with low molecular
weight hydroxylamine or hydrazine derivatives but were unable to react with
a-hydrazinoacetyl peptides probably due to poor accessibility. In search for a
functionalization method that could be applied to the site-specific immobilization
of polypeptides, we envisaged the grafting of GAPS by silanization of the surface of
silica particles (Scheme 12.2). Silica particles for flash chromatography X (Macherey
Nagel, particle size 43-60 um, BET surface: 450 m*/g) were reacted with GAPS. Two
types of materials were synthesized with 50 pmol (X1-50) or 500 pmol (X1-500) of
GAPS per gram of silica.

IR spectroscopy showed absorptions characteristic of the gluconamide chain, in
particular v C=0O gave a band at 1648/cm as in the hybrid organic-inorganic material
prepared by sol-gel chemistry. Microanalysis allowed us to quantify the grafting of
GAPS at the surface (solid-state NMR was not sensitive enough for this purpose).

co_ B&) . on o o
EtO—Si—(CH,);—N N N
foz (CH,); S S PhMe, EtOH, reflux 073'_(CH2)?NW
GAPS EtO X1-50 o) OH OH
X1-500
Nalo, o_ OH
—_— Qi _
H,0, AcOH O/SI (CH2)3”‘K\OH
EtO o)
X0-50
X0-500

SCHEME 12.2 Synthesis of COCHO functionalized silicas using GAPS reagent and
oxidative cleavage with periodate.
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Loadings of 60 pmol/g and 257 pmol/g were obtained respectively. Treatment of
silicas X1-50 or X1-500 with an excess of periodate in 10% aqueous acetic acid led to
the oxidative cleavage of the polyol chain and to the glyoxylyl supported silicas (XO0).
IR analysis showed a shift for v C=0 at higher wavelength (1682/cm) after oxidation
which confirmed the cleavage of the polyol chain and the successful formation of the
COCHO group.

12.2.2.2 Synthesis of Semicarbazide Functionalized Silicas Silicas
modified by hydrazine derivatives have been described by few authors. These
materials were prepared using multistep procedures and involved the reaction of
dihydrazides with supported electrophiles, such as aliphatic aldehydes or epoxides
(51-53). Surprisingly, semicarbazide silica supports have been scarcely studied
(14,29,36,51-54). The preparation of semicarbazide silicas required the synthesis
of compound 4 according to Scheme 12.3. Reagent 4 was synthesized by reacting
commercially available triethoxysilylpropylisocyanate 3 with FmocNHNH, (96%
yield) (55).

B0 FmocNHNH,  EtO ¥ /Fmoc
EtO—Si~(CH,)>—N=C=0 EtO—Si- “ﬂ/
yd 2’3 i
EtO MeCN Eto” )
3 4

SCHEME 12.3 Synthesis of silane 4.

Then, solid supports XS, could be prepared in two steps by reacting silane 4 with
silica particles X. 50 pmol/g of 1 (XS-50) or 500 pmol/g of 1 (XS-500) were used with
silica X. All the prepared semicarbazide silicas presented characteristic absorptions
for carbonyl groups at about 1730 (v C=0) and 1654 (v C=0)/cm. One of the interest
of the Fmoc protecting group is the possibility to determine the loading of the solid
supports by treatment with piperidine followed by spectrophotometric UV analysis of
the dibenzofulvene-piperidine adduct (Scheme 12.4). Loadings of 36 umol/g and
320 umol/g, were obtained for solid supports XS-50, XS-500, respectively.

EtO _Fmoc
EtO\Sl—(CH DN~ !,

/Fmoc
EtO PhMe, reflux O Si—(CH,)
4 XFmoc- 50 0
XFmoc-500
Piperidine O\ H
DMF O Si— (CHZ)S NjT NH
EtO o}
XS-50
XS-500

SCHEME 12.4 Synthesis of semicarbazide silicas XS.

12.2.2.3 Ligation Experiments The glyoxylyl peptide 5 was used to estimate
the level of physisorption on COCHO silicas and the yield of site-specific ligation on
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SCHEME 12.5 Reaction of peptides 5 and 6 with semicarbazide (XS) or a-oxo aldehyde
(X0) silicas in sodium acetate buffer (pH 5.5).

semicarbazide silicas. Analogously, o-hydrazinoacetyl peptide 6 was utilized to
estimate the level of physisorption on semicarbazide silicas and the yield of site-
specific ligation with COCHO silicas (Scheme 12.5). Awiser choice would be to use a
peptide derivatized by a semicarbazide group. However, unpublished data from our
laboratories demonstrated the difficulty of preparing these modified peptides, mostly
due to the hydrolysis of the semicarbazide group in aqueous solution at acidic pH, that
is, the experimental conditions routinely used for the RP-HPLC analysis and
purification of peptides. The chemistry of a-hydrazinoacetyl group and its utility
in ligation reactions with COCHO peptides has been demonstrated (43,56-58). Thus,
peptide 6 was considered as a good alternative to probe the reactivity of COCHO solid
supports.

Ligations and control experiments were performed in pH 5.5 sodium acetate buffer
atafixed peptide concentration of about 1 mM. All the experiments were carried out by
using 36 or 50 pmol of peptide per gram of silicas X0 or XS. Thus, the stoichiometry of
functionalized silica ranged from 1 to about 10 equiv depending on the loading of the
silica particles. After the incubations, the solid supports were washed with an acetate
buffer containing 0.5% of Tween® 20 and with water to remove the excess peptide. The
ligation yield was determined after spectrophotometric quantification of the diben-
zofulvene-piperidine adduct formed by treating the particles with 20% piperidine in
DMEF. The results are presented in Fig. 12.2. The yields are expressed relative to the
peptide quantity engaged in the experiments.

The yields of immobilization of peptides 5 and 6 on glyoxylyl silica X0-50 are
comparable (about 20%), thus indicating that little or no site-specific ligation occurred
on this solid support. Alternately, support COCHO-silica X0-500 led to about 60% of
immobilization with hydrazinoacetyl peptide 6, whereas the Fmoc loading obtained in
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FIGURE 12.2 Immobilization yield of peptides 5 and 6 on semicarbazide (XS) or
a-oxoaldehyde (X0) silicas

the control experiment with peptide 5 was below 10%, showing that site-specific
ligation occurred between hydrazinoacetyl peptide 6 and COCHO-silica X0-500.
Thus, silica X0-500 appears as an interesting solid support for the preparation of
hybrid materials owing to its ease of preparation starting from GAPS, which is a cheap
commercially available reagent. The approaches presented here are interesting
alternatives to the methods described in the literature (27,50).

If we now consider the semicarbazide substrates, reaction of glyoxylyl peptide 5
with a stoichiometric amount of solid support XS-50 led to a high yield (97%) of
immobilization, with only 15% of physisorption in the control experiment with
hydrazinoacetyl peptide 6. Utilization of higher loadings (support XS-500) led to
similar results in term of ligation yield (84-90%) and physisorption (5-15%).

The behavior of the functionalized particles described in this study differ
significantly from the sol-gel materials described recently (50). Indeed, hybrid
organic-inorganic semicarbazide or glyoxylyl sol-gel matrices were unable to react
with the corresponding functionalized peptides. Reaction with small chemical
reagents was observed showing that the absence of reaction with peptides was
mainly due to the inability of the polypeptide chain to diffuse into the sol-gel
matrix.

The good reactivity of semicarbazide silicas toward COCHO-peptides, the low
level of physisorption observed with these solid substrates and the stability and ease of
synthesis of COCHO-peptides compared to semicarbazide peptides led us to select
semicarbazide substrates and COCHO peptides for the preparation of peptide
microarrays as described in Scheme 12.6.

12.2.3 Preparation and Characterization of Semicarbazide Microscope
Glass Slides

Two methods were explored to install the semicarbazide layer on microscope glass
slides. The first one is based upon the utilization of silane Fmoc-NHNHCONH
(CH,);Si(OEt); 4 and is similar to the method used above to derivatize silica
microparticles. This mode of functionalization led to poor results with microscope
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SCHEME 12.6 «-oxo semicarbazone site-specific ligation of glyoxylyl peptides onto
semicarbazide functionalized glass slides.

glass slides and was abandoned. The second method involves the silanization of the
microscope glass slides with 3-aminopropyltrimethoxysilane to form an amine layer
and the subsequent conversion of amino groups into semicarbazide groups as
described in Scheme 12.7. The amino group B was converted into isocyanate group
Cusing triphosgene. Reaction of the isocyanate with FmocNHNHj, led to intermediate
D, which upon treatment with piperidine led to the formation of semicarbazide group
E. The use of hydrazine instead of FmocNHNH, led to poor results.

The optimization of semicarbazide glass slides and the quality control of the
different batches required a robust method for the qualitative evaluation of the surface
density and homogeneity of semicarbazide groups. This characterization was per-
formed using tetramethylrhodamine-labeled peptides 7 and 8 and fluorescence
detection. (Figure 12.3) The quality control is based on the immersion of 2 slides
in a solution of glyoxylyl peptide 7, whereas two other slides are treated with the
control peptide amide 8. The slides are washed to remove adsorbed peptide and
analyzed using the 532 nm channel of a standard microarray fluorescence scanner. The
mean fluorescence intensity of the slides and its standard deviation is determined using

(ﬁ
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OH NH
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C

A 2) H,N(CH,),Si(OMe), B

o] 0

JJ\ NHFmoc )J\ NH
HNT SN HNT N7

H Piperidine H
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D E
SCHEME 12.7 Preparation of semicarbazide microscope glass slides.
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FIGURE 12.3 Quality control using glyoxylyl-peptide 7 and peptide amide 8. On the left-
hand side, false color scale images at 532 nm (Affymetrix 418 scanner, L35, PMTS50) of
semicarbazide glass slides reacted with peptides 7 or 8. On the right-hand side, results after

quantification. The fluorescence is expressed in arbitrary units (A.U.). The data were analyzed
using ScanAlyze Software (Stanford University)

a grid of 320 virtual spots distributed upon the entire surface. If the glass surface is
densely covered by accessible semicarbazide groups, the difference in fluorescence
intensity between the two slides must be high. The mean fluorescence intensity and its
standard deviation are a good measure of the glass slide quality.

Typical results are presented in Fig. 12.3. The fluorescence intensity obtained with
COCHO peptide 7 is about 10 times higher than the fluorescence obtained with control
peptide 8. No significant difference was observed between the two peptides with
underivatized microscope glass slides. Taken together, these results demonstrate the
site-specific immobilization of COCHO-peptide 7 on the semicarbazide substrate. A
study dealing with the immobilization of COCHO peptides labeled with a cobalt
carbonyl probe at the surface of oxidized silicon wafers functionalized with the
semicarbazide group was published recently. ATR-FTIR spectroscopic studies dem-
onstrated that the peptide derivatized by the COCHO function was immobilized with a
yield of 82%, whereas the control peptide was immobilized with a yield of 5% (53).
Thus, roughly the same ratios of chemisorption/physisorption were obtained with
peptides reacted with different semicarbazide surfaces and derivatized by tetra-
methylrhodamine or cobalt-carbonyl labels.

This method of characterization was also used to document the chemical stability
of the semicarbazide slides upon aging. Slides of the same batch were analyzed just
after preparation or following 3 months of storage at room temperature in a closed
chamber. The data presented in Fig. 12.3 show that the fluorescence intensity of the
slides did not change over a 3 months period for both labeled peptides (p <0.05).
The coefficient of variation of the fluorescence intensity was also unaffected in
this experiment (4—-8% for peptide 7 and 4-7% for peptide 8). Thus, the chemical
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properties of the semicarbazide slides are conserved at least 3 months even if some air
pollution could be detected after 30 days of storage by contact angle measurements
(see later).

From experiments using COCHO-ODNs radiolabeled with **P at the 3'-terminus
and phosphorimaging, we were able to determine a semicarbazide density of 300 fmol/
spot (28). The quantity of immobilized ODN obtained in this experiment is compara-
ble to those obtained by Podyminogin et al. using benzaldehyde ODNs and corre-
sponds to a density of ~1.10° molecules/um?® at 100 uM (36). This density is
comparable to the density of ODN arrays prepared by in situ synthesis (59).

We have described a chemical method allowing a quality control of the semi-
carbazide surface reactivity based on the reaction of a semicarbazide substrate with
peptide 7 or 8. An interesting aspect of this method is the possibility to characterize the
homogeneity of the surface viewed through the reactivity of solvent accessible
semicarbazide groups. A complementary method allowing the rapid, simple, and
cheap characterization of surfaces is to perform contact angle measurements with
liquids whose surface tension is well known.

a-bromonaphtalene, dimethylsulfoxide, and ethyleneglycol were found to spread
on semicarbazide slides. Diiodomethane, water, and formamide were found to be
useful remove liquids. Contact angle measurements performed just after the prepara-
tion of the surfaces can be considered as reference data for a quality control. These
contact angles are collected in Table 12.1. The use of the Young’s equation permitted
the determination of the Lifshitz-van der Waals (LW) and Lewis acid and base surface
tension parameters according to the Van Oss theory (Table 12.1) (60). In addition, we
have calculated the free energy of interfacial interaction of the surface in water (AGgys)
and the free energy of binding of water to the surface (AG,), which are good
indications of the hydrophilicity of a surface (61). The data for microscope glass slides
silanized with 3-aminopropyltrimethoxysilane, which is a substrate often used for
polypeptide microarray preparation were included for comparison.

The Lifshitz-van der Waals surface tensions of the surfaces were close to 44 mJ/mz,
atypical Y=V value for a large number of substances. Both surfaces displayed a positive
free energy of interfacial interaction between the surfaces in water AGy. The free
energy of binding of water to the surface AG,,, was found to be inferior to — 113 mJ/m?,

TABLE 12.1 Contact Angle Measurements on Semicarbazide or Amine Glass Slides.

Contact angle (SD) Y
degrees mJ/m>*
w dim fad tot LW Acid Base mJ/m*> mlJ/m?
Semicarbazide 36.3 (0.5) 30.9 (0.2) 15.6 (0.9) 56.4 439 12 339 46  —1315
Amine 33.1 (0.5) 31.5(0.6) 21.5(0.7) 54.0 438 0.7 39.8 13.7 —133.7

“The surface tension parameters of diiodomethane (dim), water (w), and formamide (fad) were taken from
literature (20).

®Free energy of interfacial interaction of the surface in water.

“Free energy of binding of water to the surface.
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a value below which a substance is usually considered as hydrophilic. Taken together,
the data demonstrate that semicarbazide microscope glass slide is a hydrophilic
substrate.

Another interesting application of contact angle measurements is to follow the
evolution of the surface upon aging. The silane layer covering the glass slide surface
can be the subject of changes due to chemical transformation of surface functional
groups (e.g., air oxidation) or to the deposition of air contaminants. For example, air
pollution of amine surfaces has been well studied (62). We have studied the evolution
of the contact angles of the three reference liquids diiodomethane, water, and
formamide on both amine (up to 15 days) and semicarbazide microscope glass slides
(up to 2 months). In accordance with literature, contact angle measurements on amine
surfaces obtained by silanization with 3-aminopropyltrimethoxysilane demonstrated
a rapid pollution of the surface by air impurities (Fig. 12.4). The major change was
observed during the first 8 days of aging.

For semicarbazide glass slides, a significant change in the contact angles was
observed after 30 days of aging for diiodomethane and 60 days for water, thus
suggesting that the semicarbazide glass slides are more stable toward air pollution
than amine glass slides. Interestingly, pollution of the semicarbazide surface by air
contaminants did not alter the reactivity of the layer as shown previously in a 3 month
chemical stability study.

Finally, we have determined the thickness of the semicarbazide layer. After
removing a defined region of the glass surface by reactive ion etching so as to get
the original silicon oxide substrate, the height of the step at the frontier between the
silicon oxide and semicarbazide surface was determined by AFM. The thickness of the
layer was ranging from 1.8 to 2.2 nm, a value superior to the length of one silane unit
(about 1 nm in an extended conformation).

Advancing contact angles

Effect of ageing
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FIGURE 124 Stability studies on semicarbazide or amine glass slides using contact angle

measurements with formamide, water, or diiodomethane at 20°C. The interquartile range is
indicated at the top of the bar (median)
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12.2.4 Peptide Microarrays, Model Study Using Biotinylated Peptide

The quality of the immobilization procedure was also examined using the well known
biotin—streptavidin interaction. Peptides 9 and 10 were printed at different concen-
trations (1073—1076 M) in a pH 5.5 0.1M sodium acetate buffer and the slides were
incubated with tetramethylrhodamine-labeled goat antibiotin antibody in the presence
of a competitor for nonspecific adsorption (5% BSA). As shown in Fig. 12.5, the signal
displayed by the glyoxylyl-peptide 9 at 10~* M was again about 10 times higher than
those given by control peptide 10 lacking the glyoxylyl group for reacting with the
substrate. This experiment demonstrates that the presence of a glyoxylyl group is
important to avoid the loss of probe during the different incubation or washing steps.
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FIGURE 12.5 Printing of peptides 9 and 10 on semicarbazide slides and incubation of the
arrays with tetramethylrhodamine-labeled goat anti-biotin antibodies (10~> mg/mL). Incuba-
tions were performed in the presence of 5% (w/v) BSA. Affymetrix 418 scanner, 532 nm, L35,
PMTS50. The fluorescence is expressed in arbitrary units (a.u.). The data were analyzed using
ScanAlyze Software (Stanford University)
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FIGURE 12.6 HCYV peptides 11-12 used for the serodetection of antibodies from refere-
nced sera

12.2.5 Peptide Microarrays for the Capture of Antibodies
from Referenced Sera

The interest of the peptide microarray method presented here for the simultaneous
capture of antibodies is illustrated with peptide antigens derived from HCV pathogen
(HCV core p21 15-45 antigen for peptide 11, HCV NS4 1925-1947 antigen for peptide
12). The structure of peptides 11-12 is presented in Fig. 12.6. Detection of antibodies
from serum was performed as illustrated in Fig. 12.7. The microarray was incubated
with diluted human serum and then tetramethylrhodamine-labeled secondary anti-
bodies. Detection was performed at 532 nm using a standard microarray scanner.
Sera were collected from the clinical laboratory of the Centre Hospitalier Régional
(Lille, France). The reactivity of HCV referenced sera was determined with the
AxSYM®HCV version 3.0 Abbott ELISA kit (30 HC V-negative and 40 HCV-positive
individuals). For some sera an additional RIBA® HCV 3.0 SIA test (Ortho-Clinical
Diagnostics) or a DECISCAN® HCV PLUS test (BIORAD) was performed.
Group 1 of Table 12.2 is composed of false-positive sera by ELISA. These sera are
negative using the Western blot test. Interestingly, the sera of group 1 were also found
negative for the HCV antigens in the microarray format. Western blot core, NS3 and

/K

Human serum (1/50)
_—
1h,37°C

Fluorescence
detection
532 nm

Rho-Aphum

FIGURE 12.7 Detection of antibodies from referenced human serum using peptide micro-
arrays. The microarray was incubated with diluted human serum and then with tetramethyl-
rhodamine-labeled secondary antibodies. Detection was performed at 532 nm using a standard
microarray scanner
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TABLE 12.2 Sensitivity and Specificity Results Obtained with 40 HCV ELISA“
Positive Sera. Microarray Experiment Using Peptides 11 and 12.

Western-blot? Microarray

Group Serum number  Core NS3 NS4 NS5 Peptide 11~ Peptide 12

1 1 — — — — 0
2 — — — — 0 0
3 — — — — 0 0
4 — — — — 0 0
5 — — — — 0 0
6 — — — — 0 0
7 — — — — 0 0
8 — — — — 0 0
2 9 +++ 4+ ++ 15214 4658
10 +++ 4+ ++ 22542 10684
11 +-++ ++ ++ 29854 13654
12 +-+ +++ +++ 25145 9854
13 +++ +++ +++ 29854 13654
14 +-++ ++ +++ 34125 14985
15 +++ 4+ + 30489 4695
16 +++  +++ ++ 21897 4685
17 +-++ ++ ++ 31245 10238
18 +++ +++ +++ 20547 9584
19 +++ A+ 31284 11278
20 +-++ +++ ++ 23654 10319
21 +++ +++ +++ 19874 15497
22 +++  +++ -+ 25421 9703
23 ++ + + 13524 3958
24 ++ + ++ 17954 10854
3 25 — +++ 4+ 0 7985
26 — ++ + 0 4625
27 — +++ +++ 0 8547
28 — ++ — 0 0
29 — ++ + 0 3958
30 ++ ++ — 15874 0
31 +++  + — 21547 0
32 — + — 05+ O 0
4 33 — 0.5+ — 054+ O 0
34 0.5+ — — 2958 0
35 0.5+ + 0.5+ 213 428
36 — — 0.5+ 05+ 0 115
37 +++ ++ 0.5+ 19854 1654
38 +++ ++ 0.5+ 14528 384
39 +4++ +++ 05+ 13879 258
40 +++  +++ 05+ 16547 215
Cut-off® 0 0

“AxSYM® HCV version 3.0 Abbott ELISA.
“Western blot assay: RIBA® HCV 3.0 SIA test or DECISCAN® HCV PLUS test.

“For the 30 HCV ELISA negative sera, the spots were indistinguishable from the background; leading to a
zero output value after quantification. The cut-off value of positivity was set to zero.
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NS4 positive sera are collected in group 2. In this case, both peptide antigens displayed
high fluorescence signals. Group 3 includes the sera that displayed one or two western
blot negative reactivities. The same sensitivity and specificity was observed with the
arrayed antigens. Group 4 collects the sera that displayed at least one western blot 0.5+
intensity for core, NS3 or NS4 antigens. These sera were particularly useful since they
permitted the evaluation of the performance of peptide-protein microarrays in a
context, where the limit of sensitivity of the western blot was reached for at least one
antigen. Interestingly, antibodies that led to a western blot 0.5+ intensity were easily
and specifically detected using the peptide microarray, illustrating the ability of the
miniaturized device to detect specifically low levels of antibodies in human sera. In
principle, other peptide antigens can be added to improve the sensitivity of the
detection and to characterize more precisely the binding properties of anti-HCV
antibodies.

12.2.6 Conclusion

We have demonstrated that semicarbazide-COCHO site-specific ligation chemistry
is an interesting tool for attaching peptides to microscope glass slides, for antigen-
antibody recognition. In the last two parts of this article, we will describe the
preparation of semicarbazide nanoparticles and their use for micropatterning poly-
carbonate or TiO, substrates.

12.3 MICROPATTERNING OF POLYCARBONATE

12.3.1 Introduction

Polycarbonate (PC) is a useful substrate for the preparation of microfluidic devices
(63,64). Recently, its utility for bioanalysis has attracted much attention owing to the
possibility of using compact discs as platforms for the high throughput analysis of
biomolecular interactions (63,65-67). Unlike SiO, or gold substrates on which
miniaturized devices are usually fabricated and for which various functionalization
methods are available, methods for the chemical modification of the surface of PC are
scarce. Indeed, PC is degraded by aqueous bases, swelled or solubilized by various
organic solvents and cannot be exposed to temperatures exceeding 115°C. Thus, the
design of mild functionalization methods for PC is of great interest and should widen
its use for biosensor fabrication.

The method used for chemical micropatterning of polycarbonate is based on the
printing of functionalized silica nanoparticles as described in Fig. 12.8. For this, silica
nanoparticles functionalized with semicarbazide groups were printed on PC using a
noncontact piezoelectric microarrayer to give micropatterns. The semicarbazide
groups present on the micropatterns were site-specifically reacted with unprotected
peptides derivatized by an a-oxo aldehyde group, featuring peptides linked to the
micropatterns through a semicarbazone bond (28,29,53). The surface between the
spots was left unchanged. Importantly, the use of nanoparticles of different diameters
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(from 27 to 304 nm) permitted the study of the influence of surface curvature on signal
strength and capture specificity.

The chemical reactivity of the nanoparticles adsorbed on PC was examined by
reaction with glyoxylyl peptides 7 and 8 labeled with tetramethylrhodamine, followed
by fluorescence detection as already discussed in Fig. 12.3. The capture properties of
immobilized peptide probes were studied using influenza hemagglutinin (HA) or
FLAG tag peptides and their corresponding murine antibodies. The principle of the
detection is illustrated in Fig. 12.7. In the present case, a second incubation with
secondary anti-murine antibodies labeled with tetramethylrhodamine was performed
for fluorescence detection instead of secondary anti-human antibodies.

P|~ll-l
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noncontact printing

DMF/water : 4/1 by vel

Polycarbonate

Qs -peplide
O N peptide ]v\
e

H N
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CO-CHO-peptide
*

acetate buffer pH 5.5
1h,37°C

FIGURE 12.8 Chemical micropatterning of PC for the site-specific immobilization of
peptides. The semicarbazide nanoparticles (27-304 nm, 1% w/v) in suspension in 20% aqueous
DMEF were printed on the PC slides (75 x 25 x 1 mm) using a noncontact microarrayer (3 drops,
~1 nL overall). Incubation of the micropatterns with glyoxylyl-peptide (0.1 mM in 0.1 M pH
5.5 sodium acetate buffer with 0.1% w/v BSA) led to the site-specific anchoring of the peptide to
the micropattern

12.3.2 Synthesis of Silica Nanoparticles

Silica nanoparticles of different diameter (82, 151, 192, 256, 304 nm) were prepared
by hydrolysis and polymerization of tetraethylsilicate in the presence of ammonia and
ethanol (68). Silica nanoparticles of 27 nm are commercially available (Ludox
AS-40).

Silica nanoparticles were silanized in N, N-dimethylformamide (DMF) with silane
4 (see Scheme 12.4) to give semicarbazide silica nanoparticles. The method used to
derivatize the nanoparticles is similar to the method used above for microparticles. The
experimental procedure is however vastly different because unlike microparticles,
nanoparticles are prone to aggregation in organic solvents. To avoid the aggregation of
silica nanoparticles during their transfer into organic solvent, traces of sodium and
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chloride ions must be carefully removed. Ludox AS-40 nanoparticles contain such
impurities. Thus, the commercially available suspension of Ludox nanoparticles in
water was diluted with deionized water and treated with cation- and anion-exchange
resins, respectively. The suspension was diluted with ethanol and DMF, and then water
and ethanol were remaind by distillation (69). The ion-exchange procedure was not
necessary for the nanoparticles prepared by hydrolysis of tetraethylsilicate because
contamination by sodium or chloride ions in this case was negligible. Silane 4 used for
the grafting of semicarbazide groups on the surface of silica nanoparticles is protected
by a Fmoc group. Silanization was performed in the presence of piperidine, which
permitted the in situ removal of the Fmoc protection but also the catalysis of siloxane
bond formation. The semicarbazide nanoparticles were extensively washed with DMF
and stored at 4°C as 1% (w/v) suspensions in DMF. The suspensions were stable for
months.

The nanoparticles were characterized by 13C and %°Si NMR, FTIR, microanalysis,
scanning or transmission electron microscope (SEM, TEM). 2Sj solid-state NMR
spectroscopy gives useful information on the silanization step since the chemical shift
of 2°Si is highly sensitive to the number and nature of groups attached to it (70).
CPMAS %°Si NMR spectrum of 27 nm semicarbazide nanoparticles is presented in

() Q3: (SI0),§-OH ﬁ‘i OIS (p)
T3: (Si0),SiCH,
T2: (SI0),SI(OHICH, \ N
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FIGURE 12.9 Characterization of 27 nm semicarbazide nanoparticles prepared starting from
Ludox AS-40 nanoparticles, (a) >°Si CP-MAS NMR spectrum of the solid 27 nm semicarbazide
nanoparticles were recorded on a Bruker spectrometer at 79.49 MHz using 5 ps single pulses
(60° flip angle) with 10 s repetition rate and 15 ms contact time employing magic angle spinning
at 3.5kHz; 10,000 scans were accumulated. AlI**Si chemical shifts were referenced to
tetramethylsilane (TMS). (b) 3C CP-MAS NMR spectrum were recorded on a Bruker
spectrometer at 100.62 MHz using 10 ps single pulses (7/6) with 5 s repetition rate and 3 ms
contact time employing magic angle spinning at 3.5 kHz; 50,000 scans were accumulated.
(c) TEM image
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Fig. 12.9a. Signals at —101 and —110ppm correspond to Q3 (surface silanol
(§10)3SiOH) and Q4 (SiO); silicon species that are usually observed for bare silica.
Novel signals due to the reaction with silane 4 are visible at 58.6 and 64.5 ppm that are
due to the silicon atom of silane 4 implicated in 2 ((Si0),SiCH,- T2) or 3 ((SiO);.
SiCH,, T3) siloxane bonds with the surface. The presence of T2-T3 species, the
absence of T1 (SiO)Si(OH),CH,- and Q2 (SiO),Si(OH), species and finally the
variation in signal intensity for species Q3 and Q4 relative to bare silica demonstrate
the efficient grafting of silane 4 on the surface of silica nanoparticles.

The CPMAS '*C spectrum of 27 nm semicarbazide nanoparticles is presented in
Fig. 12.9b. Three resonances situated at 9.7, 22.7, and 42.9 ppm correspond to the
propyl chain of silane 4. The resonance at 162.1 ppm is attributed to the carbonyl group
of the semicarbazide function. Signals corresponding to ethoxy groups or Fmoc
groups were not detected.

12.3.3 Micropatterning

12.3.3.1 Reactivity of the Micropatterns Sheets of molded polycarbonate
were cut with a high pressure water jet to the dimension of microscope glass slides
(75 x 25 x 1 mm), allowing the use of standard microarray equipment for the printing,
incubation, and detection steps. The PC slides were washed with deionized water and
absolute ethanol before printing. Semicarbazide nanoparticles at a concentration of
1% in 20% aqueous DMF were printed on PC slides using a noncontact piezoelectric
arrayer (3 drops, ~1nL overall).

The reactivity of the adsorbed nanoparticles was examined using peptides Rho-
Lys-Arg-NH(CH,);NHCOCHO 7 and Rho-Lys-Arg-NH, 8. For this, the printed
PC slides were incubated under cover-glass with peptides 7 or 8 dissolved at
0.1mM in 0.1 M pH 5.5 acetate buffer for 1h at 37°C, washed with 0.01 M
phosphate buffered saline pH 7.2 containing 0.05% of tween® 20 to remove the
excess peptide and then analyzed with a standard fluorescence microarray scanner
at 532 nm (Fig. 12.10).

The highest signals were obtained for 82 and 27 nm nanoparticles probably due to a
higher specific surface area. The signal obtained with control peptide 8 was always low
compared to COCHO peptide 7. The ratio between the signals obtained with peptide 7
and 8, indicated at the top of the bars in Fig. 12.1, was 19.3 and 12.8 for 82 and 27 nm
nanoparticles, respectively. The printing of underivatized 27 nm silica nanoparticles 7
led to aratio of 0.5 (data not shown). For comparison, a ratio of about 10 was obtained
for a similar experiment performed using microscope glass slides derivatized by
semicarbazide groups (see Fig. 12.3) (28). These data demonstrate that semicarbazide
nanoparticles adsorb onto PC and that their ability to react chemoselectively with a
glyoxylyl-peptide is preserved.

12.3.3.2 Capture of Antibodies An obvious application of the method
described here for micropatterning PC could be the preparation of PC devices
able to capture antibodies in biological fluids. Thus, we have examined the capacity
of the peptides immobilized on PC through the nanoparticle layer to interact
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FIGURE 12.10 Reactivity of semicarbazide nanoparticles (§) from 27 to 304 nm) printed on
PC (1% w/v in 20% aqueous DMF, 3 drops, 1 nL). The PC slides were incubated with glyoxylyl
peptides 7 or peptide amide 8 (0.1 mM in 0.1 M pH 5.5 sodium acetate buffer, 120 pL. under
cover-glass), washed and fluorescence (arbitrary units, a.u.) was determined with a confocal
microarray fluorescence scanner at 532 nm (16-bit images). The data correspond to the median
and interquartile range for 3 slides. The ratio between the signals obtained with peptides 7 and 8
is indicated on top of the bars

specifically with antibodies in solution. HA (71) and FLAG (72) tag peptides and
commercially available anti-HA and anti-FLAG monoclonal antibodies were
chosen for this study. The different semicarbazide nanoparticles were printed on
PC slides as described before and the surfaces were covered for 1h at 37°C with
120 pL of the COCHO-HA 13 or COCHO-FLAG 14 peptides dissolved at0.1 mM in
pH 5.5 sodium acetate buffer containing 0.1% BSA. BSA was used to avoid the
adsorption of the peptides on the PC surface. The surfaces were washed to remove
the excess of peptide and incubated for 1h at 37°C with murine anti-HA, murine
anti-FLAG, or murine IgGs antibodies used as negative control. Captured antibodies
were detected by incubating the substrates with goat antibodies against murine IgGs
labeled with tetramethylrhodamine. The PC slides were analyzed at 532 nm using a
standard confocal microarray scanner.

Fig. 12.11 shows an image of the micropatterns obtained for 27 (A) and 82 (B) nm
nanoparticles after incubating the substrates with anti-HA or anti-FLAG antibodies
at a concentration of 10 pg/mL, or the buffer. The other micropatterns are not shown
for clarity. The corresponding fluorescence values are presented in Fig. 12.12. High
signal intensities (>10.000 a.u.) were obtained for HA or FLAG peptides in the
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COCHO-HA peptide 13 :
COCHO-GYPYDVPDYAGYPYDVPDYAGYPYDVPDY AS-NH,
COCHO-FLAG peptide 14:
COCHO-SDYKDHDGDYKDHDIDYKDDDDKGGS-NH,
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FIGURE 12.11 Semicarbazide nanoparticles were printed in quadruplicate on PC slides and
each experiment was performed in triplicate. HA or FLAG peptides were ligated to the
semicarbazide micropatterns (0.1 mM in 0.1 M pH 5.5 sodium acetate buffer, 1h at 37°C,
120 uL) and then incubated with anti-HA, anti-FLAG or murine antibodies for 1h at 37°C
(120 pL). Secondary antibodies against murine IgGs labeled with tetramethylrhodamine were
diluted 1/100 in PBS containing 0.05% of tween® 20 and 2% BSA (1 h at 37°C, 120 pL). The
surfaces were analyzed at 532 nm using a standard fluorescence microarray scanner. The figure
shows typical 16-bit images (false-color scale), line A: 27 nm nanoparticles, line B: 82 nm nano-
particles. Antibody concentration: 10 pg/mL. The other micropatterns are not shown for clarity

presence of anti-HA or anti-FLAG antibodies respectively. The signal associated
with semicarbazide nanoparticles alone (buffer, Fig. 12.11) corresponded to the
background for all the tested antibodies, showing that antibodies did not physisorb
on the nanoparticles. Anti-HA antibody cross-reacted slightly with the FLAG
peptide, probably because, unlike the anti-FLAG antibody, it was not affinity-
purified. The cross reactivity between FLAG peptide and anti-HA antibodies was
also observed on amine-modified microscope glass slides, a surface which is often
used for the preparation of peptide microarrays (data not shown). Fluorescence
displayed by HA micropatterns in the presence of anti-FLAG antibodies or of HA
and FLAG micropatterns in the presence of murine IgGs corresponded to the
background of the substrate, demonstrating the high specificity of the capture of
anti-HA or FLAG antibodies by immobilized peptides. The arrow in Fig. 12.12
illustrates the influence of the diameter of the nanoparticles on the level of cross-
reactivity of anti-HA antibody with FLAG peptide. Interestingly, the signal dis-
played by FLAG micropatterns incubated with anti-HA antibodies decreased when
decreasing the diameter of the nanoparticles (FLAG, gray bars, Fig. 12.12), whereas
the signal of the same micropatterns incubated with anti-FLAG antibodies tends to
increase (FLAG, black bars, Fig. 12.12).
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FIGURE 12.12 Fluorescence intensities corresponding to the experiment presented in
Fig.12.11. The data were obtained by incubating the surfaces with anti-HA antibody (gray
bars), anti-FLAG antibody (black bars), or murine IgGs (white bars) and correspond to the
median and interquartile range (arbitrary units). The arrow illustrates the influence of the
diameter of the nanoparticles on the level of cross-reactivity of anti-HA antibody with FLAG
peptide

Obviously, the best selectivity was observed for the smallest particles. This effect
is clearly visible in Fig. 12.11 that compares 27 and 82 nm nanoparticles (column
FLAG peptide, row anti-HA antibody). The effect of the curvature of surfaces on the
conformation of proteins and/or biomolecular interactions occurring at the solid—
liquid interface is the subject of intense research. For example, the effect of the size
of silica nanoparticles on the structure and function of adsorbed lysozyme (mainly
through electrostatic forces) was studied by Vertegel et al. (73). These authors
showed that less significant perturbation of lysozyme’s secondary structure was
observed when the protein was adsorbed onto smaller nanoparticles. Similarly,
Roach et al. have studied the effect of surface curvature on the conformation of
adsorbed BSA or fibrinogen (74). Particles with high surface curvature (small
particles) were found to stabilize the native like conformation of BSA. Fibrinogen,
in sharp contrast to BSA and lysozyme, becomes more denatured upon binding to
smaller particles. Very recently, Mandal et al. have described the effect of the
surface curvature on the secondary structure of Leucine-rich peptide adsorbed on
gold nanoparticles (75). Van Oss et al. have also discussed in detail the role of
surface curvature on interfacial interactions between proteins and surfaces (76). In
particular, aspecific interactions are favored when the interacting surfaces present a
large radius of curvature. Clearly, such phenomena may play a crucial role in the
trend observed in this work. Interestingly, micropatterning of PC could be success-
fully realized with nanoparticles of different size from 27 to 304 nm. It is thus
possible to choose the optimal diameter relative to the immobilized species and the
biomolecular interaction studied.
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FIGURE 12.13 Incubation of FLAG micropatterns (see Figure 12.11 for experimental
details) with different concentrations of anti-FLAG antibody (0-50 pg/mL). The data corre-
spond to the median and interquartile range (arbitrary units)
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Fig. 12.13 corresponds to the incubation of the FLAG-27 nm micropatterns
incubated with different concentrations of anti-Flag antibody from 0 to 50 pg/mL.
The signal displayed by FLAG micropattern for an antibody concentration of 0.05 pg/
mL was significantly different from the background. The microspot fluorescence was
found to decrease at high antibody concentration (50 pg/mL). This phenomenon can
be attributed to the self-quenching of the rhodamine induced by the high concentration
of anti-FLAG antibody on the micropattern. This self-quenching effect, which was
already observed using peptide microarrays prepared on amine-modified microscope
glass slides, is not due to the nanoparticles or to the PC substrate (77).

12.4 MICROPATTERNING OF TITANIUM OXIDE

The usefulness of semicarbazide nanoparticles for the micropatterning of polycar-
bonate surfaces led us to consider the application of this functionalization method to
other substrates, in particular metallic ones.

We have focused our work on titanium, which is nowadays the metal of choice for
biomedical applications, but also a material used for the preparation of biosensors
(64,78). Thus, the development of a novel TiO, functionalization method should be of
greatinterest for different applications. Various reagents are now available for titanium
and titanium alloys surface modification, such as organosilanes (79) or phosphonic
acids (80). The field has been recently reviewed (64). Self-assembled monolayers can
then be utilized to graft polypeptides onto the titanium surface but usually the grafting
method utilizes functional groups already present in polypeptides, such as thiols (81),
amino- or carboxylate moieties, that may potentially result in the formation of several
bonds between the polypeptide and the surface and thus impair its accessibility. We
have examined the possibility to functionalize the titanium surface using the same
strategy as for polycarbonate. The reactivity of adsorbed 27 nm semicarbazide
nanoparticles was examined using peptides 7 and 8 and fluorescence detection.
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12.4.1 Adsorption of 27 nm Semicarbazide Nanoparticles

The preparation of the substrates was performed starting from commercially available
mirror-polished titanium discs (15 mm in diameter). Prior to functionalization, the
discs were cleaned by immersion in 30% nitric acid, thus ensuring a uniform
passivation TiO, layer over the whole surface, which participates to the biocompati-
bility of Ti and protects the surface from further oxidation (82).

The functionalization of the Ti surfaces was achieved by deposition of a layer of
27 nm semicarbazide silica nanoparticles. For this, the discs were carefully washed,
dried, and then spin-coated with a 1% w/v suspension of semicarbazide nanoparticles
in DMF. Spin-coating is a very fast and efficacious technique that allows relatively
small surfaces (up to about 15 cm?) to receive a uniform coating within less than a
minute. The fluid deposited on the sample is spread by centrifugal force, and although
DMF is not a volatile solvent, 45 s of spin coating are enough to produce uniformly
coated, dry titanium surfaces. For each sample, a very low amount of colloidal
suspension is required (75 pL).

12.4.2 Characterization

As it can be seen on the SEM micrographs (Fig. 12.14), the spin-coating procedure
applied to a 0.1% (w/v) colloidal suspension produces surfaces with an incomplete
layer of particles (Fig. 12.14a). However, when a 1% suspension is used, the surface
obtained presents a uniform coverage (Fig. 12.14b).

Fig. 12.15 shows reflection infrared spectra of bare titanium and titanium coated
with semicarbazide nanoparticles. Bare titanium shows no adsorption bands, apart
from noise in the 2000/cm region. Coated titanium however, shows adsorption
bands of semicarbazide nanoparticles. The very large asymmetric band at 1140/cm
(asymmetric Si-O-Si stretching), as well as bands at 943.3/cm (vSi-OH—H,0) and
803/cm (v4Si-O-Si) are all attributed to silica. Smaller absorption bands at 1550/cm
(amide II band), 1653/cm (amide I band), and 2930/cm (propyl) are all attributed to
the semicarbazide moiety. The spectrum for the modified titanium is in all parts
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FIGURE 12.14 SEM micrographs of a Ti disc coated with a suspension of nanoparticles in
DME.(a)The disc was coated with a 0.1% (w/v) suspension of semicarbazide nanoparticles.
(b) The disc was coated with a 1% (w/v) suspension of semicarbazide nanoparticles
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FIGURE 12.15 Reflection infrared spectra of bare Ti and Ti coated with a 1% suspension of
semicarbazide nanoparticles

similar to the one for semicarbazide nanoparticles in dry KBr pellets (data not
shown).

12.4.3 Reactivity and Chemoselectivity

Titanium discs were printed with an array of spots of increasing concentrations in
semicarbazide nanoparticles. In order to assess the presence of accessible semicarba-
zide functions on the surface, we incubated the spin-coated titanium discs with peptides
7 or 8. Results obtained from fluorescent detection are presented in Fig. 12.16. Across
all printing concentrations (0.1-1% w/v), the signal obtained from glyoxylyl-peptide 7

OPeptide 7 COCHO
10000
mPeptide 8 CONHZ-P T
1/[a.u.]
5000

- n | | e

0.1 0.2 0.5 0.7 1
Nanoparticles concentration, % w/v

FIGURE 12.16 Reactivity of 27 nm semicarbazide nanoparticles printed on Ti discs. The
nanoparticles were printed as suspensions in DMF/H,0 mixture 1/1 v/v. At 0.1 and 0.2% w/v,
the fluorescence displayed by the spots after incubation with peptide 8 was below the
background of the substrate. The data corresponds to the median and interquartile range of
three experiments
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is several fold greater than the signal from peptide 8, as indicated by the ratios above the
bars. This demonstrates that semicarbazide nanoparticles immobilized on titanium
retain their reactivity and are able to react chemoselectively with aldehyde-containing
polypeptides. The density of polypeptide on the surface can be controled by controling
the density of nanoparticles on the titanium surface. This immobilization method opens
the way to the easy modification of titanium surfaces by glyoxylyl-peptides produced
by chemical synthesis or by complex polypeptides, such as oxidized glycoproteins
using a simple experimental procedure (83). This work, which shows that titanium
substrates can be easily modified by polypeptides, should favor the use of the material
for medical and biosensor applications.

12.5 GENERAL CONCLUSION

This review focuses on the application of semicarbazide/a-oxo aldehyde ligation
chemistry to the field of bioorganic-inorganic material synthesis and microarray field.
We have demonstrated using silica microparticles that site-specific immobilization of
peptides is best carried out by derivatizing the solid substrate with semicarbazide
groups and the peptide by the a-oxo aldehyde group. Application of this ligation
chemistry to microscope glass slides permitted the preparation of peptide microarrays.
Model studies with HCV-derived peptide antigens and a collection of referenced sera
demonstrated the specificity and sensitivity of the antibodies capture from serum. We
have also presented the synthesis of semicarbazide nanoparticles. The nanoparticles
can be used for micropatterning polycarbonate substrates. The reactivity of the
nanoparticles is retained after printing. We have studied the capture of antibodies
by peptide micropatterns and shown that the diameter of the nanoparticles has an
important impact on the selectivity of the capture. The best results in term of selectivity
were obtained for the smallest particles.
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13.1 INTRODUCTION

Solid-phase assays play a crucial role today in biological studies. These assays are
based on the immobilization of molecular probes on a surface that are able to bind
specific soluble receptors. The detection of the captured molecules is a key step in
these experiments and is usually performed using optical (1-3), piezoelectric (4) or
electrochemical (5) methods. However, electrical detection is emerging as a promising
alternative due to its simplicity and the possibility of designing portable devices.
Some biosensors have been described that convert the information contained in the
affinity between two molecular species into a measurable electrical signal. The
pioneering work published by Velev in 1999 is based on the conductance change
induced by silver deposition between microelectrodes catalyzed by gold nanoparticles
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(GNPs) (6). In this work, latex beads coated with protein A (pA) were immobilized
between microelectrodes. The microelectrodes were incubated with IgGs labeled with
GNPs leading to the capture of gold nanoparticles between the electrodes through
protein A-IgG biomolecular interaction. Precipitation of metallic silver on the GNPs
resulted in a conductance change of several orders of magnitude. This concept was
extended to DNA probes for the detection of soluble DNA species (7). In 2002, Park
etal. (8) demonstrated the binding of oligonucleotide functionalized GNPs in a 20 um
gap between two metallic electrodes. Asin the work of Velev et al., a direct current was
not detected due to the large spacing between the electrodes. A significant conduc-
tance change could be observed only after precipitation of silver enhancer that resulted
in the filling of the gap by metal particles.

Besides the use of a very limited number of electrodes, these pioneering studies
have revealed the large variation in conductivity after the silver precipitation step, thus
impeding the analysis of probe molecules having different capture properties. This
result was expected because (i) the conduction path between two electrodes can take
any arbitrary shape, depending on the exact location of GNPs and how silver
deposition occurs on these GNPs, resulting in a wide statistical distribution of the
measured resistance; (ii) the resistance of the contact between the electrodes and the
silver aggregate is expected to vary significantly, due to the variation in the mode of
contact between the silver aggregate and the microelectrode surface, and also due to
the presence of organic matter on gold arising from contaminants, chemical reagents
and/or biological sample. To circumvent the large variation in conductivity due to
silver precipitation, we have examined an alternative output for the device. For this, a
device containing 300 pairs of microelectrode was fabricated and two probe mole-
cules, pA and goat antimouse Ig(H+L) (goat-Ab), were printed within each microgap
using a noncontact printer. The device was used to detect IgGs from human serum
using secondary antibodies labeled with GNPs and silver precipitation. The output of
the biosensor was defined as the percentage of short-circuited microelectrodes for a
given probe, independently of the observed conductance changes. We show that
probes of different affinities can be distinguished easily and that the signal is correlated
with the GNP density between the electrodes. The effect of the microgap spacing
(5, 10, 15 or 20 um) on the sensitivity of the chip was examined. This novel approach is
presented in the first part of the article.

The second part of the article is focused on the use of nanoelectrodes for the
detection of IgGs. Indeed, the development of efficient techniques allowing the
fabrication of nanoelectrodes separated by few tens of nanometers has recently
stimulated the development of biosensors based on a direct change in conductance
induced by the insertion of GNPs inside a nanogap. In this case, a silver precipitation
step is not needed as for microelectrodes. Tsai et al. (9,10) presented an electrical
detection method that permitted the detection of target oligonucleotides by
using 300 nm spaced electrodes and GNPs for signal amplification. In 2004, Haguet
et al. (11) reported the detection of biotin/streptavidin or biotin/antibiotin antibody
interactions by combining a nanometer-sized gap (typically 100 nm) with purified
receptor molecules labeled with GNPs. However, the application of the device for the
detection of antibodies in serum, which requires two incubation steps with the
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biological sample and the GNP-labeled secondary antibody respectively, was not
described. The exact mechanism of the detection and, in particular, the role of GNPs
too were not elucidated. Another point of interest was to define the output of the device,
pertinent for a biological detection. Should we consider the conductivity change, the
number of conducting electrodes, or both? To address these aspects, nanometer-sized
gaps, ranging from 30-90 nm between two planar gold electrodes, were fabricated and
functionalized to allow the immobilization of pA and goat-Ab. The devices, each one
containing 90 nanogaps, were incubated with human serum and GNP-labeled
secondary antibodies. Here, the detection of IgGs is based on changes in the
intensity-voltage/(V) curves induced by the insertion of GNP-labeled secondary
antibodies directed against human antibodies. A statistical analysis of the I(V) curves
is presented to unambiguously distinguish current changes from noise background.
The importance of GNPs on the detection efficiency was examined, as well as the use
of an original quality factor correlated to the nanosensor efficiency. The resulting /(V)
curves allow for the proposal of a mechanism to describe the observed current changes
following the insertion of GNPs into the nanogap.

13.2 EXPERIMENTAL

13.2.1 General

Protein A, phosphate buffered-saline (PBS), Tween® 20, bovine serum albumine
(BSA) and 3-aminopropyltrimethoxysilane (APS) were purchased from Sigma-
Aldrich, goat antihuman Ig(H+L) antibodies linked to 25+ 3 nm diameter gold
nanoparticles from Electron Microscopy Science, and goat antimouse Ig(H+L)
human adsorbed antibodies from Southern Biotechnology Associates.

Serum was collected from the clinical laboratory of the Center Hospitalier Régional
(Lille, France). Water was deionized using a Milli-Q purification system (Millipore).
We used Si (100) substrates (Siltronix ) with a 200 nm thermal oxide (SiO,) for electrical
detection and microscope glass slides (ESCO Precleaned Microslide Frosted) for
fluorescence study. MF319 developer and S1818 photoresist were provided by Shipley
Chemicals. Methylisobutylketone (MIBK) developer, methacrylic acid (MAA), and
polymethyl methacrylate (PMMA) resists were obtained from MicroChem.

Incubations were performed using a CMT™ hybridization chamber (Corning).
Silver enhancement was performed using the Silver Blue kit acquired from Advanced
Array Technology; this commercial kit contains a blocking solution (block sol) and a
silver enhancer solution (silver staining sol).

Glass slides fluorescence of the signals was acquired with an Affymetrix 418 Array
Scanner at a resolution of 10 um per pixel using the 532 nm channel (Cy3 channel).
The average fluorescence intensity for each spot was analyzed and quantified using
ScanAlyze software (v 2.32, Eisen, Standford University). The background fluores-
cence, determined as the mean fluorescence around each spot, was subtracted from the
main fluorescence values.

AFM characterization was carried out using a Dimension 3100 Scanning Probe
Microscope (Veeco Instruments, Santa Barbara, California).
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Electrical measurements were performed before and after silver enhancement in a
nitrogen low pressure chamber (0.2 mbar, H,O and O, <0.1 ppm) at room temperature
with a picoamperemeter HP4140B coupled to a mobile micromanipulator probe
station. Voltages were applied between each pair of microelectrodes by placing
manually two metal probe tips on contact pads leading to the sensor.

13.2.2 Electrodes Fabrication

Silicon samples were first cleaned with a freshly prepared piranha solution (H,SO,4/
H,0, 1/1 by vol), then rinsed with water and isopropanol (IPA) with ultrasonic
agitation followed by a plasma O, treatment (50 s, 100W, 0.1 T). Those supports were
then subjected to particular treatments depending on the gap size required.

13.2.2.1 Microelectrodes Seveny-five microelectrodes separated by 5, 10, 15,
or 20+0.1um were prepared on a single 0.9 x 1.9cm? silicon wafer (300
microelectrodes overall) by UV lithography and lift-off of a Snm Ti/60nm Au
bilayer stack deposited by evaporation (12). Patterned pads of 20 um* were used at
each electrode extremity as contacts with the picoamperemeter for the electrical
measurements.

The patterns from a positive mask—prepared using the software WaveMaker,
Barnard Microsystems Limited—were photographically transferred onto a 1.4 um
thick spin-coated layer of photoresist S1818. Development was carried out by
immersion in MF319. The next step was to deposit titanium of 5nm thick by a
thermal deposition process followed by a deposition of 60 nm gold thin film. Liftoff
was performed using ultrasonic agitation in an acetone bath for 40 min.

13.2.2.2 Nanoelectrodes A resist bilayer of EL (MAA)/PMMA was used to
ensure a proper liftoff. A 500—-A thick bottom layer of EL 4% (MAA 8.5) was spin
coated on a (1 x 1)-cm? substrate, followed by a 275-A thick top layer of PMMA 3%
(495 K). Both layers were baked at 170°C. E-beam exposure was performed at an
accelerating voltage of 50kV and energy dose of 220 pC/cm?®. Development was
carried outina 1:2 (by volume) mixture of MIBK and IPA. A 5—nm thick titanium layer
followed by 15-nm thick gold layer were deposited. Lift off was performed using
ultrasonic agitation in an acetone bath during 6 h. Connection pads and connecting
structures were photographically patterned with a 1.4-um thick spin-coated layer of
photoresist (S1818) and liftoff of a 10nm Ti/40nm Au bilayer deposited by
evaporation. Development was carried out in MF319.

13.2.3 Substrate Functionalization

Silicon samples carrying micro- and nanoelectrodes were cleaned by plasma O,
treatment. Meanwhile glass slides were treated with a freshly prepared piranha
solution. Both substrates were then washed with water (3 x 3 min) and MetOH
(3 min), and then treated with 3% APS in MetOH/water, 95/5 by volume (30 min,
under sonication). Substrates were finally washed with MetOH, water (two times),
MetOH and annealed for 15 min at 110°C.
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13.2.4 Immobilization of Probes

PA (2.4 X 1072 mM), goat—Ab (1.7 x 1074 mM), and PBS were printed over the
micro- or -nanoelectrodes using a piezo-driven noncontact printer (Packard Biochip
Arrayer, volume 1 nL) after appropriate dilution in PBS. The diameter of the spots was
typically 370 um. Samples were then incubated in a humid chamber overnight (60%
relative humidity).

13.2.5 Incubation with Human Serum

The samples were washed successively with PBS containing 0.05% of Tween® 20
(by volume), water, and ethanol (EtOH). Substrates were then incubated for 1 h at
37°C in human serum diluted to 5% (by volume) with a PBS Tween®0.05% BSA 2%
buffer.

13.2.6 Incubation with the Secondary Antibodies

After new washings with PBS Tween® 20 0.05%, water, and EtOH, samples were
incubated for 1h at 37°C with goat antihuman secondary antibodies labeled with
25nm gold nanoparticles that were concentrated 10-fold (final concentration
~3.3 x 10" GNP/mL) by centrifugation or tetramethylrhodamine diluted to 5% with
PBS Tween® 20 0.05% BSA 2% for the fluorescence study.

13.2.7 Precipitation of Silver for Microgaps and Electrical
Measurements

Samples were washed successively with PBS Tween® 20 0.05%, water, and EtOH;
rinsed for 5 min in commercial block sol; and incubated at room temperature with
silver staining sol, rinsed with water and MetOH, and finally dried. Exposure time
varied from 1-20 min silver enhancement. Electrical measurements were performed
before and after silver enhancement. The applied voltage ranged from —1 —+1 V with
500 mV steps.

13.2.8 Amplification of the Antibody-Antigen Reaction
for Nanogaps

After incubating with GNP-labeled secondary antibodies, samples were washed
successively with PBS Tween® 20 0.05%, water, and EtOH, and then dried under
N,. SEM (Zeiss 820) analysis was carried out and combined with electrical measure-
ments. The applied voltage ranged from —5 — 45V with 500 mV steps.

13.2.9 Statistical Data Analysis

A regression analysis of the /(V) data was carried out using a third-order polynomial
equation of the type y =a+ bx + cx* + dx>. Considering 21 I(V) data points, the
null hypothesis (I(V) data are not correlated) could be rejected at the 1% significance
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level when the multiple correlation coefficient r* exceeded 0.48. r* was calculated
using the F-test for the comparison of variance (17 and 3 degrees of freedom for the
residuals and for the regression, respectively) (13).

13.3 RESULTS AND DISCUSSION FOR THE MICROGAP BASED
BIOSENSOR

In most of the studies dealing with the electrical detection of immunoglobulins G
(IgGs), the detection was realized using purified proteins. Detection of IgGs in a
biological sample such as serum using micro-or nanoelectrodes was never examined to
the best of our knowledge. Serum is of great biological, medicinal and economic
importance (14). In particular, the detection of antibodies in serum is used for the
diagnostic of infections by several pathogens such as HIV, HCV, and HBV. The use of
miniaturized devices for specifically detecting IgGs in serum is not obvious due to its
complexity. It is estimated that up to 10,000 proteins may be present in serum, which
has IgGs with normal levels between 8 and 17 mg/mL in adult blood (15). Thus, model
studies with purified soluble targets are for great interest but the usefulness of a device
cannot be evaluated as long as the detection has not been realized using serum or a
sample of relevant complexity. For this reason, the micro and nanodevices described in
this article were optimized, characterized, and evaluated using human serum to be
directly applicable to real detection experiments.

The fabrication of the micro- or nanodevices for IgG detection required the
immobilization of probe molecules inside the micro-or nanoelectrodes. Protein A (pA)
and goat antimouse Ig(H+L) antibodies (goat-Ab) were used as probes in this study.
Staphylococcal pA, a 42kDa cell wall protein from Staphylococcus aureus, binds
strongly to IgGs from several mammalian species, and in particular, human IgG viathe Fc
fragment (16). Alternately, goatantimouse Ig(H+L) was found tocrossreact withhuman
IgG and could be used as a probe of low affinity compared to pA. At last, phosphate
buffered saline (PBS) was used as negative control. The monomeric IgGs’s hydrody-
namic radius is, at pH 7.6, about 5.5 nm (17,18) and the dimensions of a single complex
pA-IgG were estimated by AFM observations to measure typically 10.5 nm height and
14.2 nmwidth (19). The sizes of human IgG and goat-Ab are similar. Thus, the size of the
probes, of the human IgG/probe complexes, and the diameter of Ab"-GNPs (25 nm) are
below the size of the nanogaps (30-90 nm) prepared in the second part of the article.

Immobilization of the pA and goat-Ab is required to chemically derivatize the
surface. Amine-modified surfaces are known to adsorb proteins and are, therefore,
widely utilized for the preparation of protein microarrays (20-22). Due to its
simplicity, this immobilization method was employed in this work. A silicon surface
was silanized with 3-aminopropyltrimethoxysilane in a MeOH/water mixture. By this
procedure, the thickness of the silane layer ranges from 1.8-2.2 nm, as determined by
atomic force microscopy (23). The printing on electrodes was performed using a
noncontact piezoelectric arrayer. A camera aligned with the piezoelectric tips
permitted a precise positioning of the dispensed probes on the gaps that were situated
at equal distance between the gold contacts used for the electrical measurements.
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FIGURE 13.1 Schematic representation of the electrical detection of IgGs.

13.3.1 Principle of the Sensor

The principle of the biosensor is described in Figure 13.1 Seventy-five microelec-
trodes separated by 5, 10, 15, or 20 = 0.1 um were prepared on a single 0.9 x 1.9 cm?
silicon wafer (300 microelectrodes overall) by UV lithography and lift-off of a5 nm Ti/
60 nm Au bilayer stack deposited by evaporation (12). Patterned pads of 20 um? were
used at each electrode extremity as contacts with the pico-amperemeter for the
electrical measurements. One hundred and twenty microelectrodes of different
spacing were used for pA and goat-Ab against 60 for PBS.

The chips were then incubated first with diluted human serum and subsequently
with antihuman antibodies (Ab™) labeled with 25 nm GNPs. Precipitation of colloidal
silver was performed, using a solution of silver nitrate and hydroquinone under cover
glass (24). Current-voltage I(V) measurements were done before and after the silver
nitrate/hydroquinone treatment. Electrodes that displayed a typical ohmic current
between +1V and low resistance (R~1073—1079 Q) were considered as short
circuited. The output of the biosensor was defined as the percentage of short-circuited
electrodes independently of the conductivity.

13.3.2 Characterization of the Probe Reactivity

Atomic force microscopy (AFM) permitted to characterize the GNP distribution and
density on the spotted area after incubation with diluted human serum and Ab'-
GNPs. Fig. 13.2 shows typical AFM images for (a) pA, (b) goat-Ab, and (c) PBS
printed areas. A dense GNP covering was obtained for pA (120 & 10 GNP/um?) a
sixfold lower (20 + 5 GNP/um?) density for goat-Ab. In contrast, no nanoparticles
could be detected for PBS. Furthermore, no nanoparticles could be detected for all
the printed areas when diluted human serum was replaced by PBS (data not shown).
These data demonstrate the specificity of the capture of human IgGs by pA or goat-
Ab. Protein A is known to have a high affinity for human IgGs but only a low affinity
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FIGURE 13.2 Characterization of probe reactivity. AFM images of the spotted areas
between the microgaps after incubation with diluted human serum and Ab"-GNPs. (a) pA,
(b) goat-Ab, and (c) PBS.

for goat antihuman antibodies which are used as secondary antibodies in this
experiment (25).

A similar experiment was conducted on amine-modified microscope glass slides to
assess the pA, goat-Ab and PBS reactivity using fluorescence detection with a standard
microarray fluorescence scanner (Fig. 13.3). In this experiment, incubation with
diluted human serum was followed by incubation with antihuman Ab" labeled with
tetramethylrhodamine, as reported in Reference 23. The microarrays were then
scanned at 532 nm. Figure 13.3 shows a typical image of the microarray. The signal
intensity obtained for pA was fourbold higher than the signal obtained for goat-Ab,
while PBS was close to the background of the microarray. These results are consistent
with the GNP densities observed using Ab"-GNPs and AFM analysis.
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FIGURE 13.3 Printing of pA(n = 15), goat-Ab (n = 15) and PBS (n =5) on amine functio-
nalized microscope glass slides was used for studying probe reactivity using fluorescence
detection. The microarrays (triplicate) were incubated with diluted human serum (1/20th) and
tetramethylrhodamine-labeled antihuman IgG antibody, respectively. Detection was performed
at 532nm at L35, PMT50 scanner sensitivity using, an Affymetrix 418 Array Scanner. The
figure shows a 16-bit image of the resulting microarray (false-color scale) and the fluorescence
intensities expressed in arbitrary units. The number in parentheses corresponds to the first and
third quartiles
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PA 1 mg/mL
Int = 39,800 (43,700;37,350

PBS
Int = 400 (650;200)

Fluorescence detecti
at 532 nm

goat-Ab 2.5 mg/ml

Int = 10,500 (11,500,9500) 0
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13.3.3 Optimization of the Silver Nitrate/Hydroquinone Treatment Time

The silver enhancement treatment results in a large amount of silver deposition on the
printed areas due to the catalytic reduction of the silver ions by the GNPs. Depending
on the reaction conditions, and especially for long reaction time, deposition of metallic
silver on the surface can also occur in the absence of GNPs (26). It was important to
adjust the reaction time before undertaking any detection process because both too
short and too long development might bring excessive background noise or lack of
detection sensitivity.

Optimization of the duration of the silver nitrate/hydroquinone treatment was
performed by measuring the /(V) curves in real time from a single pair of electrodes
with 5 um gap printed with pA 1 mg/ml. To this goal, silver enhancement was performed
inalow pressure chamber by incubating the commercial solution under cover glass. I(V)
curves were measured through the contact pads linked to the pico-amperemeter.
Measurements were performed between +1 Vand —1V because a too high range of
voltage may damage the electrodes through a phenomenon of electromigration of gold
atoms, causing a breakage of the electrodes. In our case, this phenomenon appeared
since £3V and caused parasite short circuits visible by SEM. Consequently, the £1 V
range turned out to be a good compromise to avoid the degradation of the structures and
the easy observation of ohmic short circuits after silver enhancement.

Current less than 100 fA was obtained for treatment time below 7 min (Fig. 13.4 a).
The corresponding (V) curves (Fig. 13.4b, line ¢;) corresponded to the background.
Current rapidly increased between 7—15 min (line #,: 10 min. to reach a plateau beyond
15min (line #3: 20 min). However, for reaction time beyond 15 min, nonspecific
precipitation of silver onto the entire surface of the chip was observed. The duration of
the silver treatment was thus set to 15 min for the rest of the study.

13.3.4 Electrical Measurements

Optimal experimental conditions determined previously were used after incubation of
a chip (pA 1 mg/mL, goat-Ab 2.5 mg/mL, and PBS printed on 5, 10 15, and 20 um
electrodes with diluted human serum (1/20th) and Ab'- GNPs. Fig. 13.5 shows the
optical images of 5 um electrodes for (a) pA, (b) goat-Ab, and (c) PBS. The spot shape
is clearly visible for pA and goat-Ab (Fig. 13.5a and b) due to the silver deposition
leading to an important number of short-circuited electrodes. In contrast, no precipi-
tate is observed for PBS (Fig. 13.5¢).

Such observations are confirmed through the percentages of short-circuited
electrodes outlined in Table 13.1. The silver connection made between the electrodes
exhibited a typical ohmic current, as shown in Fig. 13.4b, with low resistance (~10 >~
1077 Q). The GNP densities determined by AFM (Fig. 13.2), as well as fluorescence
intensities obtained on microscope glass slides (see Fig. 13.2) are also included for
comparison. The percentage of short-circuited 5-im electrodes was 97,27, and 0% for
PA, goat-Ab and PBS, respectively. A similar trend was observed for the other
electrodes but less short circuits were observed due to the inability of metallic silver to
bridge an increasing gap.
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FIGURE 13.4 Effect of the silver enhancement time upon current using 5-pm-separated
electrodes. (a) Current measured in real time and plotted on a log scale at U = 1 Vas a function
of the duration of the silver treatment. 1, ,, and #3 correspond to 5, 10, and 20 min reaction
times, respectively. (b) I(V) measurement between =1V at #1, #,, or #3

These experiments demonstrate that the gap width has a crucial impact on the
percentage of short-circuited electrodes. Gold electrode dimensions are not expected to
have any significantinfluence here because the gap dimensions are too large to influence
the diffusion of the reagents. However, the width and height of the electrodes probably

FIGURE 13.5 Optical images of the 5 um electrodes after incubation with diluted human
serum, Ab"-GNPs and silver nitrate/hydroquinone. (a) pA, 1 mg/mL, (b) goat-Ab, 2.5 mg/mL,
and (c) PBS
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TABLE 13.1 Electrical Detection Results Obtained from the Three Different Probes
(pA, Goat-Ab, and PBS) and the Four Fabricated Microgaps (5, 10, 15, and 20 im).
Fluorescence Intensities Expressed in Arbitrary Units were Obtained by Printing the
Different Probes on Amine-Modified Microscope Glass Slides and by Using Ab™
Labeled with Tetramethylrhodamine (see Fig. 13.3 for details).

Ratio of short GNP density, Fluorescence
Probe Gap, um circuits, % part/pum> intensity, a.u.
PA, 1 mg/mL 5 97 120+ 10 39,900 (43,700; 37,350)“
10 83
15 57
20 17
goat-Ab, 2.5 mg/mL 5 27 20£5 10,500 (11,500; 9500)“
10 10
15 7
20 0
PBS 5 0 0 440 (650; 200)“
10 0
15 0
20 0

“As the gain is calculated from statistical approach (median calculated value), the numbers in parentheses
correspond to the first and third quartiles.

modify the connection path and so the conductance measured. Such consideration
reinforces the interest of using a readout independent from the conductance.

The following experiments aimed to study the effect of pA concentration on the
percentage of short-circuited electrodes. To this goal, serial dilutions of pA (from 1—
10~® mg/mL) were printed on 10 um electrodes (15 replicates per concentration).
Capture of human antibodies and detection were performed as previously described.
The GNP densities on the spotted areas were determined by AFM analysis before the
silver nitrate/hydroquinone treatment. The printing was also performed in parallel on
amine-modified microscope glass slides for fluorescence detection, as shown in
Fig. 13.3. The resulting data are collected in Table 13.2. Decreasing pA concentration
led to adecrease of GNP density, of the percentage of short-circuited electrodes, and of
the fluorescence intensities, confirming that different GNP densities can be distin-
guished by considering the percentage of short-circuited electrodes as the output of the
device. Notice that fluorescence intensities displayed in Tables 13.1 and 13.2 are not
comparable, given that experiments were performed upon distinct biochips with
different fluorescence scanner parameters.

13.3.5 Discussion

Recently, the silver enhancement method was used for the detection of proteins (27) or
DNA (26) on microarrays using optical detection. It was found that the gray level of the
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TABLE 13.2  Effect of pA Concentration (from 1-10~% mg/mL) on the Percentage of
Short-Circuited Electrodes. pA was Spotted on Electrodes with 10 um Gap (n = 15 for
each concentration). The GNP Density Prior to the Silver Nitrate/Hydroquinone
Treatment was Determined by AFM. Fluorescence Intensities Expressed in Arbitrary
Units were Obtained by Using Amine-Modified Microscope Glass Slides and Ab™
Labeled with Tetramethylrhodamine (see Fig. 13.3 for details).

PA concentration, Ratio of short GNP density, Fluorescence
mg/mL circuits, % part/pm? intensity (a.u.) £SD
1 100 120£10 42,500 £ 3,000
1072 80 25+5 38,500 £ 1,690
1074 47 5+2 34,000 £ 1,400
107° 7 242 25,000 + 3,400
107" 0 0 7,700 2,620

spots was correlated with the logarithm of the sample concentration (27). Combi-
nation of the silver enhancement method and electrical detection between micro-
electrodes has also been reported (6-8,28). The transduction signal (current/
resistance in function of the applied voltage) was dependent on the probe concen-
tration until it reached a plateau due to the filling of the gap by metallic silver.
However, none of these studies examined (i) the electrical response to different
probes, i.e., the capacity of the method to distinguish different capture efficiencies
toward one particular target, (ii) the detection of a target in a complex biological
sample, or (iii) the reproducibility of the detection method by using a large set of
microelectrodes.

The capture efficiencies of pA and goat-Ab used in this work were characterized by
AFM using Ab"-GNPs and also by fluorescence using Ab' labeled with tetramethylr-
hodamine. The GNP density obtained for pA was sixfold higher than that observed for
goat-Ab (Table 13.1). Similarly, the fluorescence intensity obtained for pA was
fourfold higher than that observed for goat-Ab. By combining the use of Ab"-GNPs
and precipitation of silver, we obtained a large current increments ranging from 10’—
10" (resistance in the range 10> to10 7 Q) for both pA and goat—Ab, but not for PBS.
Resistance measurement of the gaps alone did not enable to discriminate the different
capture efficiencies of pA and goat-Ab and could not be used as a useful readout for the
biosensor. This result was expected because the conduction path between the two
electrodes can take any arbitrary shape, depending on the exact location of GNPs and
how silver deposition occurs on these GNPs, resulting in a wide statistical distribution
of the measured resistance. Alternately, discrimination between pA and goat-Ab could
be achieved by considering the percentage of short-circuited microelectrodes inde-
pendently of the current. The percentages of short-circuits observed for pA and goat-
Ab were clearly different (83% and 10%, respectively with 10 um electrodes) in
agreement with the GNP densities determined by AFM or the fluorescence data. In the
same way, the percentage of short circuits varied as a function of pA concentration
(Table 13.2).
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All the experiments were performed using a complex biological fluid and thus can
be applied to real detection experiments. The biosensor described here is easy to
construct and is opened for parallelization. This can be achieved by combining dense
arrays of microelectrodes on a single chip, which can be easily prepared at low cost
using circuit fabrication processes on silicon and standard noncontact printers to
individually address the probes of interest. Identification of the optimal number of
microelectrodes per probe will be the subject of future studies, as well as the
determination of the detection limit of IgGs.

13.3.6 Conclusion

In this work, microelectrodes were fabricated on silicon wafers and presented different
probes (pA, goat-Ab) to human serum. The specific capture of IgGs from serum was
electrically detected by combining Ab"-GNPs and silver precipitation. Through the
number of short-circuited electrodes as the readout of the biosensor, different capture
efficiencies could be easily distinguished; whereas the conductivity of the microgaps
was highly variable and difficult to interpret. The number of electrodes displayed by
the chip for a given probe determines the different values for the signal output. This
new readout procedure circumvents the large variability of the conductivities observed
for silver deposits and should stimulate the development of portable biosensors based
on this electrical detection method.

13.4 RESULTS AND DISCUSSION FOR NANOGAP BASED
BIOSENSOR

13.4.1 Principle of the Biosensor

Figure 13.6 shows the scheme of a typical chip on a silicon substrate with a 200 nm
thermal oxide and the SEM image of a pair of bare nanoelectrodes with a length of
Sum and a thickness of 20nm (15 nm Au on 5nm Ti), prepared by electron-beam
lithography. The controlled gap width is ranging from 30-90 nm, a size compatible
with the trapping of GNPs (@ 25 nm).

The principle of the detection is illustrated in Fig. 13.7. The probe is bound to a
silicon substrate by adsorption in the periphery of the nanogap and into the nanogap as
well. Incubation of the device with diluted human serum leads to the capture of
antibodies by the probe. Finally, incubation with secondary antihuman antibodies
labeled with 25 nm gold nanoparticles (Ab"-GNPs) results in the insertion of GNPs
into the nanogap. Current-voltage /(V) measurements were performed at 0.2 mbar
before and after incubation with Ab"-GNPs. To correlate I(V) curves with the GNP
density on the surface and between the electrodes, the device was also observed by
scanning electron microscopy (SEM). We hypothesized that the insertion of 25 nm
nanoparticles into the 30-90 nm nanogap would result in conductivity changes due to
the small distances between the nanoparticles and the walls of the nanogap, and further
leading to the possibility of tunneling effects.
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13.4.2 Results and Discussion

In 2004, Haguet et al. (11) reported the detection of biotin/streptavidin or biotin/
antibiotin antibody interactions by combining a nanometer-sized gap (typically
100 nm) with purified receptor molecules labeled with GNPs. However, the applica-
tion of the device for the detection of antibodies in serum, which requires two
incubation steps with the biological sample and the GNP-labeled secondary antibody
respectively, was not described. The topography of the surface is known to have a large
effect on the conformation of proteins and on the adsorption or the diffusion
phenomena at the solid-liquid interface (29-31). Thus, the capacity of the different
species (protein used as probe, primary antibody, and GNP-labeled secondary
antibody) to insert into the nanogap and to retain their binding properties had to be
examined. Moreover, it was unclear if the additional protein layer inside the nanogap
between the probe and the GNPs could perturbate the detection, considering that the
size of the captured primary antibodies and those of the nanoelectrodes is comparable.
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FIGURE 13.7 Schematic illustration of the electrical detection of IgGs
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(a) PA (b) goat-Ab
FIGURE 13.8 SEM image of the GNP layer around and between the nanoelectrodes after
incubation of human serum and Ab™ - GNPs with (a) pA and (b) goat-Ab as probe. GNP density
around the nanogap was approximately 200 and 20 GNP/um? for pA and goat-Ab, respectively.
An average number of 60 and 15 GNP were trapped in the nanogaps

Considering one chip carrying 100 pair of nanoelectrodes, 60 chips were spotted
with pA, 30 with goat-Ab, and 10 with PBS. Incubation of the nanoelectrodes with
diluted human serum and GNP-Ab", respectively, were followed by electrical
measurements and then SEM observations. Fig. 13.8 corresponds to (a) pA or (b)
goat-Ab nanoelectrodes, respectively. The images clearly show that the GNPs are
located both outside and between the nanoelectrodes. The GNP density in the area
surrounding the nanoelectrodes is 200 and 20 particles/um? for pA and goat-Ab,
respectively. Moreover, ~60 GNPs fill the nanogaps for pA (against ~ 15 for goat-Ab).
In contrast, no nanoparticles were detected for the PBS printed alone (data not shown).
SEM observations demonstrate the presence of GNPs between the electrodes, and
consequently both the presence of the probes inside the nanogap and their accessibility
to the primary and secondary antibodies. The insertion of the different species into the
nanogap (probes, primary antibodies, and GNP-labeled secondary antibodies) is
facilitated by the nanogap geometry. We hypothesized that the variable distance
between the electrodes ranging from 30-90 nm would allow the insertion of species of
variable size. Another important issue is the filling of the nanogap by the buffers used
during the printing, incubation, and washing steps. Brinkmann et al. have developed
recently a basic analytical model for the invasion of a liquid in a chemically
heterogeneous channel (32). The essential parameters in the model are the nanogap
geometry and the chemical properties of the surface leading to specific solid-liquid
surface tensions. By using this model and the contact angles of the buffers on the
corresponding planar surfaces, we could predict the filling of the nanogap by the
different liquid used in the study.

The electrical characterization of the chip was performed on the bare surface, after
APS grafting, printing of the different probes, and after incubations with the human
serum and the Ab"-GNPs. The current measured through bare electrodes between
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FIGURE 13.9 Typical current-voltage curves on bare electrodes and after detection of IgGs
with pA and goat-Ab. The dashed curve is a typical curve obtained with the bare electrodes, or
after spotting of the probes and incubation with the human serum. In contrast, the plain curve is
obtained after spotting of pA and goat-Ab, incubation with the human serum, and finally
incubation with Ab"-GNPs

+5 Visbelow 10~ '* A and exhibits arandom shape (dashed line, Fig. 13.9), associated
with noise background. Subsequent incubation with the serum and the Ab"-GNPs was
generally followed for pA and goat-Ab probes by an increase in current ranging from
107""-1077 A. The plain line shows a typical nonlinear I(V) curve attributed to the
presence of GNPs into the nanogaps, with a threshold voltage of the order of +2 V.
Tunnel multijunctions are formed between particles and the metallic surface of the
electrodes, probably induced by electronic transport in metal disordered nanocristal
arrays, as discussed later.

Nevertheless, a specific data treatment is required to distinguish unambiguously the
current rise from the noise background in a set of 100 pairs of nanoelectrodes. To this
goal, we used a statistical analysis to filter the data according to the I(V) curve shapes
and current changes. We performed a nonlinear regression analysis of the /(V) data
using a third-order polynomial expression, characterized by the so-called multiple
correlation coefficient 72, Using 21 I(V) data (17 degrees of freedom), / and V are
correlated for ” values greater than a cutoff value r> = 0.48 ata 1% significance level.
Above this value, a given I(V) curve fits the polynomial model and is linked
(correlated) to a tunnel effect into the nanogap.

In this context, the first parameter that can be considered is the proportion of
nanogaps for which I and V are correlated after incubation with Ab"-GNPs (see
Table 13.3). The second parameter of interest is the current gain observed at5 V for the
correlated nanogaps (ratio between the current at 5 Vafter incubation with Ab" - GNPs
and the current measured for bare electrodes). Finally, a quality factor combining both
data and corresponding to the product of the percent of correlated nanogaps and the
average current gain at V=5V was included in Table 13.3. Such factor has been made
up to ponder the relative importance of both parameters.
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TABLE 13.3 Electrical Characteristics of the System after Incubation with Ab™-
GNPs as a Function of the Immobilized Probe (pA, Goat-Ab, and PBS). The Percentage
of Correlated Gaps, the Current Gain Relative to Bare Electrodes, and the Quality
Factor are Indicated. The Number of GNP per Nanogap is Also Presented as a
Reminder (see Fig. 13.8) to Show the Link between the Increase in Current and the
Presence of GNPs.

Correlated Quality
Step Probe GNP/gap gaps, % Current gain factor
After Ab'-GNPs  pA 60 68 7534 (461; 41678)" 5123
incubation
goat-Ab 15 12 89 (72; 356)¢ 11
PBS 0 0 / 0’

“As the gain is calculated from statistical approach (median calculated value), the numbers in parentheses
correspond to the first and third quartiles.

PWhen the gaps are not correlated, the quality factor is set to zero.

No correlation was observed for the bare electrodes (Fig. 13.10a). The corre-
sponding multiple correlation coefficients > were all below the cutoff (mean 72
value 0.19 £0.13, Fig. 13.10b). Similarly, no significant increase in current was
observed after spotting of probes and incubation of the human serum compared to
bare electrodes. The corresponding current is ranging from 10~ '* to less than 102
A and the resulting 7% (0.20 =0.14 and 0.19 + 0.14, respectively) is still below the
cutoff.

In contrast, Fig. 13.10c indicates that large changes in conductance were observed
after incubation with the Ab™-GNPs, with pA, or goat-Ab as probe. Another striking
feature is the change in related r* values upon incubation with Ab"-GNPs
(Fig. 13.10d). The control experiment performing the whole process except serum
incubation, did not exhibit increase in current nor in > above the cutoff (data not
shown), highlighting the essential role of the serum in the detection process.

At this stage, 38 of the 56 gaps (68%) were found to be correlated for pA and
exhibited intensities ranging from4.4 x 10~ '2-1.7 x 10~ " A (current gain from ~17—
1.3 x 10° A). For the noncorrelated nanogaps (32%), current was lower than 2 x 1071
A. Only 3 of the 25 gaps (12%) were found to be correlated for goat-Ab with an
associated current of a few pA. Finally, no nanogaps were correlated for PBS.

These data led to a quality factor of 5123 for pA, 11 for goat-Ab and O for PBS
(Table 13.1). The quality factor is greatly dependent upon the GNP density on the
surface as determined by SEM analysis and reflects the specific capture of human
antibodies from serum. Using a complex biological fluid, we thus show that electrical
detection based on the use of nanogaps and Ab"-GNPs enable us to distinguish
between different probes. Future studies will focus on demonstrating the reliability of
the method. Ideally, the signal should scale with the concentration of IgGs in the
sample. Consequently, the detection limit must be determined to assess the future use
of our system.
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FIGURE 13.10 Application of the statistical analysis on the electrical characteristics of the
device. Intensity of the detected current at V=15V (a) and correlation factor (b) for 92 nanogaps
on bare electrodes (blue label), after spotting of probes (red label) and after incubation with the
human serum (gray label). The same data are presented in (¢) and (d) after incubation with the
Ab™ - GNPs (black label). The cutoff is shown as an horizontal line and the correlated nanogaps
(above the cutoff) are circled. Current values per probe—pA, PBS and goat-Ab—in (c) are
arbitrary, ranked by increasing order
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13.4.3 Analysis of the Transport Mechanism

As no significant change of the device conductance was found until the chip was
exposed to the Ab"-GNPs, we reasonably conclude that the use of GNPs enhances the
electrical signal. SEM images prove the presence of GNPs in the gap, correlated with
typical I(V) curves. Therefore, we tried to analyze the /(V) curves assuming that there
was a narrow link between the number of nanoparticle and the measured current.
Collective transport in arrays of small metallic dots has been theoretically treated by
Middleton et al. (33), in the case of regular one- and two-dimensional arrays of small
metal dots separated by tunnel barriers. They deine a threshold voltage Vr given by

V= N(q/Co) (13.1)

where ¢ is the electron charge, Cy is the capacitance associated with one nanoparticle,
N is the number of particles, and is a factor depending on the capacitive coupling
between neighbouring particles. V decreases as coupling increases and is lower than
0.5 in the case of very low coupling between the dots. For V < Vi, the array current is
zero and for V > Vi, the array conducts with a current / varying with a power-law form
associated with Coulomb blockade of transport (34) given by

Lo (V/Ve— 1) (13.2)

with {=1.5 or 3 in dimensions d =1, 2, respectively.

Recently, Parthasarathy et al. (35) have observed such behavior on electronic
transport in 1-dodecanethiol GNPs arrays, with typical size of 500nm X 2 pum,
corresponding to a number of particles of approximately 16,000 and a V value close
to9 V.Inour case, Vrisnear 2 Vand ¢ of the order of 1.2. The capacitance Cyassociated
with a metallic nanoparticle of radius r is

Co = 4meegor (13.3)

with g, the vacuum dielectric constant and ¢ the relative dielectric constant associated
with the surrounding medium. In our case, r=12.5 nm.

The critical parameter is ¢, ranging from a few units (e.g., two for dodecanethiol) to
10 for proteins (36). In the particular case of water, this value varies from Equation
(13.2), if the dynamic dielectric constant is considered, up to 80 for the static ones. As
the electrons always move, the dynamic one has to be taken into account. Taking an
arbitrary value of ¢ from 2—10, we find an estimated value for Cyranging from typically
3—15 aF that leads to a product aN varying from 35-190, deduced from Equation
(13.1). The number of particles located in a nanogap is of the order of 60—100 and
indicates that o varies from typically 0.35-0.5 (0.5 is the maximum value associated
with low coupling between the nanoparticles (33).

Although it was difficult to apply the theory developed for a large array of
nanoparticles to our case where we observe only fraction of arrays lying in the nanogap,
we can deduce that (i) the current shape originates from a Coulomb blockade associated
with the nanoparticles and (ii) the observed threshold voltage is compatible with the
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number of observed particles in the case of low interparticles coupling. The low value of
¢indicates a weak coupling between the nanoparticles (37), in agreement with the high o
value.

Alternatively, several parameters other than the GNPs could be involved in the
conductivity nanogap variation. An electron transfer may occur across multiple
peptide chains from the antibodies covering the GNPs (38). In addition, the detected
current could be due to the presence of charged proteins and buffer including several
ionic species. Indeed, a local electrochemical process on the electrodes may generate
an ionic current through the adsorbed water layer on top of the silicon oxide.
Nevertheless, even if a careful analysis of the I(V) curves is difficult to perform using
transport model in arrays nanoparticles, our results demonstrate the key role played by
the nanoparticles in the electrical detection through a multitunneling process.

13.4.4 Conclusion

We have demonstrated that a nanobiosensor based on the use of nanogaps and Ab"-
GNPs enables the selective electrical detection of human IgGs from a complex body
fluid. The recognition of IgGs with probes (pA and goat-Ab) immobilized into the
nanogap resulted in a significant increase in the measured current through electrodes
likely due to the additional layer of conductive GNPs. Nonlinear regression analysis of
the /(V) data permitted us to distinguish signals correlated to a current increase from
the noise background. The fraction of nanogaps displaying correlated data and an
increase in conductance at 5V enabled a quality factor to be calculated for the
detection, which was linked to the GNP density around and inside the nanogap and thus
to the specificity and affinity of the arrayed probes for human IgGs. The results of this
study open the possibility to use the device for detecting protein-protein interactions in
biological samples.

13.5 GENERAL CONCLUSION

The work presented in this article is focused on the combined use of micro- or
nanoelectrodes and gold-labeled reagents for the electrical detection of antibodies
from serum. In the first part of the article, the electrical detection of IgGs using
microelectrodes required the precipitation of silver on the gold nanoparticles. As
expected, a large variation in conductance was observed and enabled to distinguish
probes of different capture efficiencies. The use of a device carrying a large number of
microelectrodes permitted to consider the utility of the percent of short-circuited
electrodes as an output parameter. We show that this parameter is indeed correlated
with the density of gold nanoparticles between the microelectrodes and allows to sort
out probes having different reactivities. This novel output does not depend on
conductivity changes, which are highly variable and difficult to control experimen-
tally. The second approach aims at demonstrating that the detection of IgGs from
serum is feasible using nanoelectrodes and gold-labeled secondary antibodies. In this
case, precipitation of silver is not required and leads to the overall simplification of the
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detection procedure. Taken together, these results open novel possibilities for detect-
ing IgGs from serum electrically, and thus for the design of portable devices of medical
interest.
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FIGURE 6.1 Typical absorption
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for full caption.)
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FIGURE 8.6 (a) Two adjacent
colloidal crystals formed in the
same microchannel using 250 and
300nm  diameter  polystyrene
beads. (b) SEM image of the bound-
ary between two adjacent colloidal
crystals. (¢) Three adjacent colloi-
dal crystals formed in the same
microchannel using 250-, 300-, and
198-nm  diameter  polystyrene
beads. Reprinted with permission
from (60) Copyright (2004) Amer-
ican Chemical Society
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FIGURE 12.3 Quality control using glyoxylyl-peptide 7 and peptide amide 8. On the left-
hand side, false color scale images at 532nm (Affymetrix 418 scanner, L35, PMTS50) of
semicarbazide glass slides reacted with peptides 7 or 8. On the right-hand side, results after
quantification. The fluorescence is expressed in arbitrary units (A.U.). The data were analyzed
using ScanAlyze Software (Stanford University)
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FIGURE 12.10 Reactivity of semicarbazide nanoparticles (§) from 27 to 304 nm) printed on
PC (1% w/v in 20% aqueous DMF, 3 drops, 1nL).(See text for full Caption)

COCHO-HA peptide 13 :
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COCHO-FLAG peptide 14:
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FIGURE 12.11 Semicarbazide nanoparticles were printed in quadruplicate on PC slides and
each experiment was performed in triplicate.(See text for full Caption)



FIGURE 13.2 Characterization of probe reactivity. AFM images of the spotted areas
between the microgaps after incubation with diluted human serum and Ab™-GNPs. (a) pA,
(b) goat-Ab, and (c) PBS
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FIGURE 13.3 Printing of pA(n = 15), goat-Ab (n = 15) and PBS (n =5) on amine functio-
nalized microscope glass slides was used for studying probe reactivity using fluorescence
detection. The microarrays (triplicate) were incubated with diluted human serum (1/20th) and
tetramethylrhodamine-labeled antihuman IgG antibody, respectively. Detection was performed
at 532nm at L35, PMTS50 scanner sensitivity using an Affymetrix 418 Array Scanner. The
figure shows a 16-bit image of the resulting microarray (false-color scale) and the fluorescence
intensities expressed in arbitrary units. The number in parentheses corresponds to the first and
third quartiles



