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Introduction

Abstract

To manipulate the size of noble metal particles on a nanometer scale are priority sub-
jects in the field of nanotechnology. So far various approaches have been developed
to synthesize noble metal nanoparticles in controlled sizes and dimensions. Among
them the colloidal systems become broadly used. These systems can be made up of
several very different reactants and solvents: a continuous medium water or alkane,
surfactant and precursor(s). In some systems the formation of (sub) nanoparticles
is based on the supersaturation of solution by reactants. The existence of the mi-
croenvironments gives them a particular ability to modulate the chemical reactivity
of the reactants due to their compartmentalization in different microenvironments.
The size and shape of noble metal nanoparticles follow the feed composition of re-
actants in the precursor solution, the reaction conditions and concentration and type
of reactants. Surface modification and functionalization is expected to increase the
stability of nanoparticles and organize them to the assembly of higher order array
conjugates. Various soft and hard templates can be applied to produce noble metal
nanoparticles in different shaped nanoreactors. Monodisperse gold nano crystals
can grow inside soft templates and the cavities of hard templates by the reduction of
metal ions trapped in the cavities. The interesting optical properties of noble metal
nanoparticles and their (bio)conjugates results from the strong absorption in the vis-
ible spectrum region, so called the surface plasmon absorption. Some noble metal
nanoparticles have been studied for their antimicrobial potential and have proven to
be antibacterial and antiviral agents.

port interactions and surface particle reactivity®®. Nanoparticles
exhibit novel material properties which largely differ from the

The gold nanoparticles have fascinated researchers
since historic times because of their unique colors, size and
shape dependent optical properties and environmental stabili-
ty. While the most ancient use of colloidal gold is believed to
have been in China and Egypt by alchemists, the brilliant colors
of nanosized colloidal particles of silver, gold and copper were
used in staining glasses as back as the 17" century. The use of
gold colloid in biological applications began in our centuries,
when the immunogold staining procedure, surface particle mod-
ifications and bio decoration of noble metal nanoparticles were
invented.

The preparation of (noble) metal nanoparticles has
received considerable attention in recent decades because
nanoparticles possess unconventional physical and chemical
propertiest'l. The unique physical properties of metal nanoparti-
cles or fluid have generated considerable interest for their use in
a wide range of diverse applications from templates for different
probes to in vivo optical and magnetic manipulation in biomedi-
cal systems!. In particular, due to their large surface-to-volume
ratio, the optical and magnetic properties of nanoparticles are
dominated by surface effects, particle-particle and particle-sup-

bulk materials due to these small sizes, including quantum size
effect on photochemistry, nonlinear optical properties of semi-
conductor or the emergence of metallic properties with the size
of the particles, the high penetration efficiency into the cells and
energy storing ability. Zero-(0D) and one-dimensional (1D) no-
ble metal nanoparticles have extensive applications, such as an-
tibacterial materials'¥, two-dimensional (2D) and three-dimen-
sional (3D) assemblies can act as antistatic materials, cryogenic
superconducting materials®®! and biosensor materials.

Many nanogold and nanosilver based environmental
technologies (e.g., sensors, sorbents, reactants, templates, bio-
probes,) are under very active research and development, and
are expected to emerge as the next generation environmental
technologies to improve or replace various conventional envi-
ronmental technologies!®. Some of the most promising near term
realizations of nanotechnology are at the interface of 0D, 1D or
2D particles and their conjugates and assemblies. Because many
biomolecules have specific binding properties in self-assembly
processes, the bio decorated nanoparticles and their self-assem-
blies are attractive materials for nanotechnology.

Organically functionalized or bio decorated metal
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nanoparticles are prepared by several approaches. Most exist-
ing approaches explore the strong affinity of thiols to gold and
silvert! and the use of disulfides® and thioethers?! as capping
and stabilizer agents as well. Polymers functionalized with mo-
lecular recognition groups!'?, thioacetate groups!'), amino and
carboxylate groups and tetradentate thioether ligands!'?! have
recently been used to mediate the formation of colloidal stable
0D or 1D nanoparticles or related assemblies of two or three-di-
mensional gold and silver nanoparticles assemblies.

UV-visible spectroscopy is a valuable tool for the
light absorbance and structural characterization of silver and
gold nanoparticles as well. It is well known that the optical ab-
sorption spectra of noble metal nanoparticles are dominated by
surface plasmon resonances (SPR), which is shifted to longer
wavelengths with increasing particle size, increased particle ag-
gregation, 1D particle formulation and 2D and 3D assemblies.
We could also mention that the surface plasmon resonance of
individual gold metal (especially gold and silver) nanoparticles
make them ideal candidates for molecular labeling and fluores-
cence probe formulation, where phenomena such as surface en-
hance Raman scattering (SERS) can be exploited.

Silver and gold have long been known for its antimicro-
bial properties. Noble metal nanoparticles are reported to show
antimicrobial, antibacterial and antiviral properties. Silver’s
mode of action is presumed to be dependent on Ag* ions, which
strongly inhibit bacterial growth through suppression of respi-
ratory enzymes and electron transport components and through
interference with DNA functions!'*.. It is interesting to note that
silver atoms and their aggregates (sub and nanoparticles) shows
the similar activities as their cations. This was highlighted in
medicine where the potential of metal nanoparticles has been ex-
plored for early detection, diagnosis, and treatment of diseases!'*..

Synthetic Approaches

Gold and Silver Nanoparticles

A number of techniques have been used for produc-
ing nanoparticles, including vapor phase techniques!'¥, sol-gel
methods!'?. sputtering!'”), coprecipitation'® etc. Two main meth-
ods can be employed for the preparation of noble metal nanopar-
ticles: coprecipitation (supersaturation) and chemical reduction.
In both cases, the presence of surfactant is required to govern
the growth process and the particle agglomeration. Typically, the
coprecipitation reactions involve the thermal decomposition of
organometallic precursors!'”.. The chemical reduction occurring
in colloidal assemblies is another approach for the formation of
size and shape controlled nanoparticles?”. A major benefit of
chemical methods is their relatively inexpensive investment of
capital equipment.

Gold nanomaterials have also been synthesized using a
variety of methods, including hard template, chemical and biore-
duction and synthesis in micellar solutions (soft templates)!>!22],
The successful utilization of silver or gold nanoparticles (AgNPs
or AuNPs) in biological assays relies on the availability of syn-
thetic methods generating nanoparticles with the desired charac-
teristics, namely high solubility in both oil and water, and ade-
quate morphology, size dispersion, and surface functionalities.
Most commonly, gold nanoparticles are synthesized by chemi-
cal or electrochemical reduction of a gold (III) precursor com-
pound in the presence of a capping agent, i.e. a compound able
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to bind to the nanoparticle surface blocking its growth beyond
the nanometer range and stabilizing the colloid in the particular
solvent used. Control over the shape and size of the AuNPs is
usually achieved through the careful selection of the experimen-
tal conditions, namely reducing agent, reaction time, tempera-
ture, and capping agent. A common approach is to use capping
agents with strong affinity for gold, e.g. thiol capping agents.
This allows the synthesis of AuNPs with good size dispersion
but usually only soluble in organic solvents!”! requiring an addi-
tional step of extraction of the particles into water. In addition,
exchange of strongly binding capping agents is usually cumber-
some, which makes this type of AuNP less versatile for biolog-
ical applications. Due to its simplicity and high yield, the most
commonly used method for preparation of spherical AuNPs for
biological assays is the citrate reduction method™®!. The use of
citrate as a weak capping agent is very convenient due to its easy
post-synthesis treatment, since it can be easily replaced by other
capping agents, e.g. thiol capping agents, bearing an appropriate
functionality for binding of the biological analyte of interest.

The co-precipitation (homogeneous and heterogeneous
nucleation) of prime nanoparticles is based on the supersatura-
tion of solution by reactants such as precursors (metal salts),
reducing agent, stabilizers, co-stabilizers and additives. The in-
creased solubility of component in the continuous phase can be
reached by the rising in temperature. The supersaturation state
can be then reached by the reduction in temperature. Genera-
tion of super saturation through in situ chemical reactions by
converting highly soluble chemicals into less soluble chemicals
is a good example of this approach. In a typical homogeneous
nucleation synthesis consisting of one step process in which pre-
cursor(s), stabilizer(s) and other additives are stirred in the oil
or water continuous phase and then treated by the heat!**l. The
heterogeneous nucleation of metal particles consists of several
steps process?. In a typical heterogeneous nucleation the first
step is the formation of the primary (seed) metal particles (or
using the solid surfaces) and then the growth of sub nanoparti-
cles is achieved by the addition of precursor(s), stabilizer(s) and
additives[Figure 1].
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Flgure 1. Proposed mechanism for the formation of noble metal nanoparticles
by the supersaturation/precipitation approach!?4.

Whether these colloids are stabilized or undergo ag-
gregation depends on the net potential of interparticle attrac-
tion and repulsion forces. The interparticle attraction force is
van der Waals force, which is responsible for the nanoparticle
aggregation. The two major repulsion forces that contribute to
noble metal nanoparticle stabilization are electrostatic and ste-
ric repulsion forces!?.. Electrostatic repulsion results from the
negatively or positively charged ionic groups at ionic stabilizers.
The charges, together with the counter ions in the medium, form
a repulsive electric double layer that stabilizes colloids against
van der Waals attraction®. A characteristic feature of the elec-
trostatic repulsion force is that it is highly sensitive to the bulk
ionic strength: the electrostatic repulsion force diminishes sig-
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nificantly at high salt concentration where electric double layer
is highly suppressed. Steric stabilization (and/or polymeric sta-
bilization)*! is another key contribution to the repulsion forc-
es in the current system. Amphiphilic block copolymers and/or
macromolecules grafted on colloid surfaces impart a polymeric
barrier that prevents colloids from coming close enough such
that vanderwaals attractive forces can dominate. Steric stabi-
lization is highly dependent on the thickness of polymer layer
and surface graft density. In general, thicker polymer layers and
higher graft densities lead to more effective steric stabilization
effect.

Hiramatsu and Osterloh have used a high temperature
solution phase synthesis as an inexpensive, versatile, and very
reproducible method for the large-scale synthesis of organo-
amine protected gold and silver nanoparticles in the 6-21 nm
(Au) and 8-32 nm (Ag) size ranges and with polydispersities as
low as 7%, In terms of achievable particles sizes, polydisper-
sites, and simplicity (only three reagents, tetrachloroauric acid,
oleylamine, and a solvent are required) the method is superior
to that of Jana et al®!. The particles are stable in dried form and
they can be easily modified with hydrophobic and hydrophilic
thiols to afford nanoparticles that are soluble in organic solvents
or in water. Organoamine protected gold and silver nanoparticles
of variable sizes form by refluxing a solution of tetrachloroauric
acid, silver acetate and oleylamine in toluene.

Of the chemical processes, reverse micelle (micro-
emulsion) synthesis has been recently demonstrated to be a via-
ble method for producing a wide array of metals and metal oxide
nanoparticles®! over a relatively narrow particle size distribu-
tion. Reverse micelle synthesis utilizes the natural phenomenon
involving the formation of spheroidal aggregates in a solution
when a surfactant is introduced to an organic solvent, formed
either in the presence or in the absence of water®”. Micelle for-
mation allows for a unique encapsulated volume of controlla-
ble size through which reactions and subsequent development
of metal and metallic compounds can be produced. Aggregates
containing w (= [water]/[surfactant]) of less than 15 can be
called as reverse micelles and have hydrodynamic diameters in
the range of 4-10 nmP", whereas w greater than 15 constitute
microemulsions, which have a hydrodynamic diameter range
between 5 and 50 nm. Once the right microemulsions are ob-
tained, the method of particle preparation consists in mixing of
two microemulsions carrying the appropriate reactants in order
to start the particle nucleation and obtain the desired nanoparti-

clesB?[Figure 2].
¥
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Figure 2. Proposed mechanism for the formation of metal particles by the mi-
croemulsion approach 3!,
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Controlled nucleation and separation of nucleation
from growth are the keys to synthesizing near monodisperse
gold nanoparticles in the 1-15 nm size range® **. This can be

Capek, I

al ommeea puniisnor

achieved either by providing a controlled number of preformed
gold nanoparticles as nucleation centers in a growth medium
where no secondary nucleation can occur the seeding growth
method®¥ or by varying the ratio of strong and weak reducing
agents?]. Key goals in the synthesis of metal nanostructures are
that the synthesis gives nanostructures of a specific size and size
distribution and that the synthesis is reproducible®®!. The sim-
plest approaches for isotropic and anisotropic nanoparticle syn-
thesis are various surfactant-based methodsP®. Surfactant-based
anisotropic micelle templates can be easily prepared’”. For
example, the ~ 6 nm spherical micelles formed by a dilute
(>1 mM) solution of cetyltrimethyl ammonium bromide sur-
factant converts to cylindrical micelles at higher concentrations
(>20 mM), more elongated rod like micelles in the presence of
organic solubilizates?®®!, and worm like micelle structures in the
presence of salicylatel®?. Surfactant molecules can be used as
“simple” capping and stabilizing agents as in the organometallic
precursor decomposition reactions.

The gold colloid was prepared at room temperature
using a didodecyldimethylammonium bromide (DDAB)/wa-
ter/toluene inverse micelle system!*’l. Through controlling the
amount of surfactant, water, reducing agent, gold salt, the rate of
reaction and the reaction temperature, inverse micelle synthesis
usually produces nanoparticles with the average particle size de-
pending somewhat on the size of the micelles. The prepared gold
nanoparticles have a wide size distribution, from tiny particles
as small as Inm to very large particles with the size of 80 nm.
The large size distribution was apparently caused by the homo-
geneous growth of the nanoparticles due to the low DDAB con-
centration. After stirring of prepared colloid with dodecanethiol,
the color of the colloid turned from dark red to slightly purple.
Dodecanethiol has a strong affinity to the gold surface!*!! which
results in a change of the interaction strength between the parti-
cles. The purple color was caused by the aggregation of the gold
particles*?l. The color of the colloid changed back to red within
a minute during the refluxing which indicated a non-aggregat-
ed state of the particles in the colloid. The ligand modification
and reflux digestion caused a dramatic improvement of particle
size distribution. The amount of dodecanethiol also affected the
final size of the system. If an extra dodecanethiol was added
to colloid, a much larger particle size was observed after 3h of
digestion, with average size of 8.7 nm. Therefore a large amount
of extra dodecanethiol molecule is needed for this complete di-
gestion to occur. The amount of water existent in the reaction
precursor also influenced the final particle size after digestion.
As the amount of water in the DDAB/water/toluene system was
increased by several times, the prepared sample is also very
polydisperse with a significant amount of very smaller particles
with diameter 3—4 nm. One possible explanation is the increased
water concentration allows more nucleation sites in the system.
By sharing materials between these nucleation sites, the overall
particle size after digestion decreases. Long time digestion (up
to 12h), however, did not seem to further narrow the particle size
distribution.

Djalali et al. have reported a novel method to produce
gold nanoparticles in soft templates (doughnut-shaped nanore-
actors), peptide nano-doughnuts**!. The nano-doughnuts were
self-assembled from peptides and organic gold salts. Various
shapes of peptide/protein assemblies have been produced in
biomaterials!*. Monodisperse gold nanocrystals (AuNCs) grew
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inside the cavities of peptide nano-doughnuts by the reduction
of Au ions trapped in the cavities and the resulting AuNCs
were extracted by destroying the nano-doughnuts via long UV
irradiation[Figure 3]™!. Because the peptide nano-doughnuts
already contained gol ions inside the cavities, Au nanocrystal
synthesis was completed in a simpler process as compared to
that of micelle nanoreactors. Those features may allow peptide
nano-doughnuts to be applied in the fields of nanomaterial syn-
theses, controlled release systems, and drug delivery. When the
peptide monomers were self-assembled in the growth solution
without the organic gold salts, peptide nanotubes were formed
instead of the peptide nano-doughnuts!*?. Those nanotubes were
assembled via intermolecular hydrogen bonds between amide
and carboxylic acid groups. Therefore, the addition of the or-
ganic gold salts to the peptide monomer assembly likely has
a significant influence on those chemical interactions to alter
the assembled structure. Because the nano-doughnuts were not
observed when an inorganic gold salt, HAuCl,, was incubated
in the peptide solution instead of AuPMe,Cl, the ligand of this
organic gold salt may play an important role in the assembly
of the nano-doughnuts. The IR investigation suggests that the
organic gold salts are incorporated in the peptide self-assem-
blies and contribute to the nano-doughnut formation. The amide
peak shifts were observed in amide-containing self assembled
monolayers, after gold salts were bound to their amide groups*”.
When the peptide nano-doughnuts were weakly reduced by UV
irradiation in 20min, gold nanocrystals were observed inside the
doughnut cavities. The particles in the center of the doughnut
cavities are identified as gold nanocrystals from the SFM phase
images, the TEM images, and the electron diffractions. In fact,
the incorporation of the gold nanocrystal increases the mechan-
ical strength of the peptide nano-doughnut. After those samples
were dried on mica surfaces, the peptide nano-doughnuts with-
out gold nanocrystals collapsed and displayed a deformed ring
shape, whereas the peptide nano-doughnuts with gold nanocrys-
tals inside the cavities showed a monodisperse and isotropic ring
shape.

peptide

L
o, & b,
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peptide nanodoughnut Au nanocrystal

Figure 3. Scheme for the peptide nanodoughnut formation!*l.

A solid phase place exchange reaction can be also used
to synthesize gold nanoparticles with monofunctional group at-
tached to the surface™®. This approach is based on a “catch and
release” mechanism. Bifunctional thiol ligands with a carboxyl-
ic end group were first immobilized on a solid support such as
a polymer resin with a controlled density. The density was low
enough that neighboring thiol ligands were far apart from each
other. When the modified polymer support was incubated in a
butane thiol protected gold nanoparticle solution, a one-to-one
place exchange reaction took place between the polymer-bound
thiol ligands and the nanoparticles. After cleaving off from the
solid support, nanoparticles with a single carboxylic group were
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obtained as the major product. Jacobson et al. published an al-
most identical approach toward the synthesis of gold nanopar-
ticles with a single amino acid moiety®!. These nanoparticles
with a single functional group attached can be treated as giant
“molecules” and linked together into very sophisticated struc-
tures through traditional chemical reactions, just like the total
synthesis of complicated natural product from small molecular
units.

Silver nitrate aqueous solution was directly used to pre-
pare silver nanoparticles in sodium bis(2-ethylhexyl) sulfosuc-
cinate(AOT)—dodecane—water—silver nitrate-hydrazine hydrate
microemulsions”. The silver nanoparticles were obtained from
the reduction of silver nitrate by hydrazine hydrate. It is found
that the particle mean diameter decreases significantly with in-
creasing silver nitrate concentration when silver nitrate concen-
tration is less than or equal to 0.2M. However, it increases when
silver nitrate concentration is greater than 0.2M, that is, with
increasing AgNO, concentration the growth rate of the silver
particles is more rapid, and the particle size decreases until an
optimum amount. After the optimum amount, the particle size
increases again. When silver nitrate concentration is greater than
or equal to 0.4M, the silver colloid is unstable and easy to floc-
culate. TEM data indicate that there are fewer but larger silver
nanoparticles generated in the microemulsion formed by 0.1M
silver nitrate (d=3.93nm). By contraries, there are more but
smaller nanoparticles performed in the microemulsion formed
by 0.2M silver nitrate (d=2.6nm), which means that the higher
the silver nitrate concentration, the faster the growth of nanopar-
ticles. Thus, the tiny particles are easy to aggregate into larger
particles at the high silver nitrate concentration due to the weak-
ened adsorption of AOT molecules on the particles’ surface. Be-
sides TEM micrograph, these conclusions have also been con-
firmed by the UV—vis spectral®!l. The primary study shows that
the absorption intensity increases with increasing AgNO, con-
centration, which reflects the formation of more silver nanopar-
ticles. At low concentration of AgNO,, the maximum absorption
wavelength gives rise to a blue shift, meaning a decrease of the
particles size. At high concentration of AgNO,, the maximum
absorption gives rise to a red shift, meaning the particles size
increased® and the large silver aggregates formed. TEM mi-
crograph and size distribution histogram of silver colloidal (di-
ameter) particles obtained at various w (= [water]/[surfactant])
values:

d(nm)/ w: 1.52/2.5, 3.39/7.5, 4.98/15.0

It was reported that the particles are spherical in shape
and there is narrower in the size distribution at lower water con-
tent than that obtained at higher w values. Hence, a decrease in
the micellar size, i.e., a decrease in the molar ratio of water to
AOT, induces formation of smaller and more monodisperse sil-
ver nanoparticles. Because at low water content the water solu-
bilized in the polar core is bound by the surfactant molecules,
which increases the boundary strength and decreases the inter
micellar rate among the reverse micelles. Hence, a decrease in
the water content induces formation of monodisperse silver par-
ticles with smaller diameter size. Increasing the water content,
the bound water turns into bulk water, which is benefit for the
water pools to exchange their contents by a collision process
and make the chemical reaction or coprecipitation between com-
pounds solubilized in two different reverse micelles more easily.
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Thus, reactants can be rapidly transferred from one water core
to another. As a result, the rate of nucleation and the particle
growth begin to be controlled by the collision, fusion and split of
the droplets. Due to the nature of bulk water drastically different
from bound water, the resultant particle size is relatively bigger
and the size distribution is commonly wider.

Other Nanoparticles

The first report on the synthesis of platinum nanoparti-
cles of different shapes (tetrahedral, cubic, and truncated octahe-
dral)¥ appeared in 1996. Recently, there has been a lot of inter-
est in the synthesis of platinum nanoparticles of different shapes
such as tetrahedral®®®, cubicl®*34, nanowirel), tetrapodsP®, etc.
A modified version of the hydrogen reduction method using the
polyvinylpyrollidone (PVP, M = 360000) and the potassium
hexachloroplatinate precursor salt has also been developed to
prepare tetrahedral platinum nanoparticles”. Cubic platinum
nanoparticles capped with oxalate have also been prepared us-
ing the hydrogen reduction method®™¥. Modifications of the dis-
cussed hydrogen reduction methods® have been used to prepare
PVP capped tetrahedral platinum nanoparticles®®. In addition,
modification of the hydrogen reduction method™! has been used
to produce polyacrylate capped cubic platinum nanoparticlest*..
Platinum nanowires, tetrapods, and “sea urchins” have been
synthesized using different modifications of the ethylene glycol
reduction method and PVP as the capping agent?°,

The tetrahedral platinum nanoparticles are synthesized
by making modifications to the hydrogen reduction method™”
and are capped using the polyvinylpyrollidone polymer(®®.
The cubic platinum nanoparticles are also synthesized by mak-
ing modifications to the hydrogen reduction method™ and are
capped using the polyacrylate capping agent®®!. The spherical
platinum nanoparticles are synthesized using the ethanol reduc-
tion method® and are capped using PVP. The dominantly tet-
rahedral nanoparticles have an average size of cap 4.8 nm, the
dominantly cubic nanoparticles have an average size of 7.1 nm,
and the dominantly spherical nanoparticles have an average size
of 4.9 nm[- 63,

The effect of emulsifier type and temperature on the
kinetics of the formation of platinum nanoparticles in water(w)/
heptane(o) microemulsions by chemical reactions of PtCl>
were examined with time resolved UV-V is absorption spectros-
copy!®. The surfactant used were poly(ethylene glycol) mono-
dodecyl ethers (C,E, (Brij 30), C E,, C E,), AOT, mixtures of
the alcohol ethoxylates and AOT and the reducing agent NaBH,.
Since reduction of PtCl* by diffusion of BH, through the oil
continuous domain is rather unlikely, the fusion of droplets is a
prerequisite for the reaction to proceed and may be the rate-de-
termining step in the reduction of PtCl > to metallic platinum.
Alternatively, the difference in rate of particle formation may be
due to a difference in the microenvironment within the fused wa-
ter droplets of the microemulsion that form after mixing of the
two reactant systems. The rate of droplet fusion is likely to be
governed by the type of emulsifier that forms the palisade layer
at the oil-water interface. However, it is not self-evident which
of the two types of emulsifiers, AOT or an alcohol ethoxylate,
would give the highest rate of fusion. The anionic emulsifier
AOT is much less soluble in the continuous hydrocarbon domain
than the nonionic emulsifiers used. The high solubility of the
alcohol ethoxylate in the continuous domain will lead to a flux
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of emulsifier molecules back and forth between the bulk hydro-
carbon domain and the droplets interface. This process will work
against tight and ordered packing of alcohol ethoxylate and can
consequently be expected to favor droplet fusion. In contrast,
the water droplets stabilized by AOT can be regarded as hard
spheres, which may lead to more elastic collisions and slower
rate of fusion of droplets!®. The platinum particles were found
to be less than 5 nm in average diameter, which was consistent
with the microemulsion droplet size.

It is also conceivable that the difference in kinetics be-
tween the AOT and the nonionic based microemulsion s is relat-
ed to differences in the emulsifier’s ability to act as ligand in the
platinum complex. Shelimov et ati! suggested several differ-
ent mechanism for the interaction between PtCl *~ and alumina,
e.g., electrostatic adsorption of the hexachloroplatinic complex
at the alumina surface and ligand substitution reactions, where
alumina surface groups replace some the initial ligands in the
chloroplatinic complex. In the latter case, both OH-bridging li-
gands and Cl-bridging ligands are suggested. One can envisage
ways in which the emulsifier head groups, both polyoxyethylene
chains of nonionic surfactants and the sulfonate group of AOT,
can interact with the platinum in the hexachloroplatinic com-
plex. The interaction will differ depending on the type of surfac-
tant, and the difference in binding between Pt and the ligands in
the complex may influence the kinetics of the reaction inside the
droplets.

Colloidal Pt was also synthesized by reducing H,PtCI
with hydrazine in w/o microemulsions consisting of C ,E, (Brij
30), n-heptane and water!®”). The authors reported the optical
properties of nanosized (=4 nm) Pt particles and related their
optical properties to the kinetics of the reaction carried out in
their preparation. The absorption spectrum of H,PtCl, in the mi-
croemulsion shows two different bands, one centered at 220 nm
and the other at 260 nm. When the microemulsion with the re-
ducing agent is added to the microemulsion containing H,PtCI,,
these bands disappear, and a new peak centered at 236 nm, the
only peak in the absorption spectra appears. These results can
be explained by assuming that two different steps are involved
during the formation and stabilization of the particles. In the first
step, the particles are formed inside the aqueous droplets and
the adsorption band (220 nm) lies very near to the theoretical
band position in water (215 nm)!®l. In the second step, some
kind of interaction between the particles and the reactants causes
the displacement of the observed band to 236 nm. The band that
appears in the optical spectra of Pt in microemulsion, when the
salt reduction has been completed, is caused by the electronic
surface excitation due to the electric field of the incoming light.
Microemulsions containing only Pt salt were exposed to day-
light for several days, and only after more then one month small
changes in the spectra were measurable. But when microemul-
sions are exposed to daylight and kept at the same time in a
thermostatic bath at 50°C, the process is strongly accelerated,
and a typical brown color appears after only few minutes. Bar-
nickel et all®! have reported that the terminal hydroxyl groups
of the C E, surfactant are capable of reducing Ag" ions upon
radiation. To check this hypothesis, Rivadulla et al’®" tried to
obtain Pt by keeping samples at different temperatures with/
without exposure to light irradiation but changing the system
to AOT/n-hexane/water, because in this surfactant there are no
terminal hydroxyl groups. Very small changes were observed

18 J Nanotech Mater Sci | volume 2: issue 1



Plasmonic Nanoparticles and their Conjugates

at room temperature. At 50°C the reaction produces a typical
brown color which appears after few minutes. The reactions are
catalyzed by exposure to daylight, but the reaction is strongly
dependent on the temperature due to the chemical reduction by
the surfactant molecules. After 48h at 50°C the microemulsion
shows a spectrum identical with that observed by Pt particles
obtained by hydrazine reduction, confirming the formation of
colloidal Pt particles without reductant addition. As the heads of
the ionic surfactant AOT are composed of sulfonate groups, the
reduction can be explained by assuming that the electronic pairs
of the oxygen in the sulfonate group donate the electrons, caus-
ing reduction during irradiation, such as the oxygen of the hy-
droxyl groups of the C,,E, molecules. Colloidal Pt was obtained
without hydrazine by heating and daylight exposure. Further-
more, the impurities in AOT can also take part in the reduction
mechanism[”. The optical properties of the metallic particles are
identical with properties of the corresponding particles prepared
with hydrazine.

Zhang and Chan have reported the synthesis of bimetal-
lic Pt-Ru nanoparticles using a reverse microemulsion of water/
Triton X-100/propanol-2/cyclohexanel’!). Platinum-ruthenium
nanoparticles were formed upon contact between the precursor
containing droplets and the hydrazine containing droplets. Two
plateaus of particle sizes 2.5 and 4.5 nm (determined by TEM)
appear at low and high metal salt concentrations:

d(nm)/([Ru]+[Pt])mM:2.5/6,2.6/10,2.6/20,4/40,4.5/60,4.6/100

The particle size was around 2.5 nm and unaffected
by the Pt-Ru concentration when it was below 20 mM. When
the Pt-Ru concentration was above 20 mM, the size of Pt-Ru
nanoparticles increased with the metal salt concentration until
60 mM, beyond which the average nanoparticle size remained at
4.5 nm. This size dependence on concentration of precursor was
similar to that reported” for nickel nanoparticles prepared from
NiCl, and hydrazine with a cationic surfactant.

The hydrodynamic diameter (d dmplet) of the hydrazine
microemulsion droplets was 1.62 nm, whereas that of Pt-Ru
complex varies from 26 at 2 mM Pt-Ru to 83 nm at 100 mM Pt-
Ru:

d,. .. (nm)/([Ru] + [Pt]) mM: 26/2, 28/6, 26/10, 29/20, 41/40,
roplet
56/60, 83/100

A minimum size of 2.5 nm was required to overcome
the surface energy during nucleation of a Pt-Ru nanoparticle.
For precursor concentrations below 20 mM, several Pt-Ru drop-
lets are required to form a nucleus, and collisions with a stoi-
chiometric number of hydrazine droplets are also required. Be-
yond 20 mM, a single precursor droplet contains Pt-Ru beyond
the nucleation limit, and growth can occur upon the entrance
of hydrazine droplets. It should be emphasized that the proba-
bility of collision among Pt-Ru-containing droplets is very low
because at 40 mM, they are outnumbered by the hydrazine drop-
lets by a factor of >104. It is also known that mobility of a larger
colloid decreases with size. The control of size distribution can
be achieved by using low metal concentration or decreasing the
size of the microemulsion droplets containing the metal complex
by improving surfactant and microemulsion parameters.

Palladium nanoparticles were obtained from a novel
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type reverse microemulsion of Bis (N-octylethylenediamine)
palladium (II) chloride, water and chloroform ([Pd(oct-en),]Cl,
/water/ chloroform) using NaBH, as a reducing agent!™. Rel-
atively uniform-sized particles were obtained from 0.025 or
0.05 mol kg [Pd(oct-en),]CL, in chloroform solution at [water]/
[[Pd(oct-en),]CL] (w) = 7.6. Under this condition, twice moles
of free oct-en ligands for the Pd complex were added to stabi-
lize the reverse micelles. At w>20, the water/[Pd(oct-en),|CL/
chloroform microemulsions without cosurfactant were obtained.
At w=50 the TEM picture showed an onset of the bicontinuous
structure. At w < 10, the structure of the aggregates is surely
a droplet-type reverse micelle. In the system A (w=7.6, [oct-
en]=0.2 mol kg, [Pd(oct-en),]CL,]=0.05mol kg), the palladium
particles are relatively uniform-sized and the sizes are smaller
(dp = 4.2 nm). In the system B (w=50, [Pd(oct-en),]CL] = 0.5
mol kg'), the spherical domains of the w/o microemulsion s
are still present even when the structures of larger domains are
close to the bicontinuous phase at w=50 and at a larger palladium
concentration. The size and its deviation are somewhat larger
compared to those at w=7.6, where the water pool is a droplet
type. It is coincided with a result that the metal particles become
smaller at a lower original metal concentration’*. In the pres-
ence of methanol the shape of the palladium particles is signifi-
cantly deformed from the spheres. The water/Pd(oct-en),|CL/
chloroform system has two characteristic features. Firstly, the
highly condensed palladium nanoparticles were obtained by us-
ing the novel type double-chain palladium complex. This result
is attributed to the high concentrations of the palladium (II) ions
in the water domains of the present aggregation systems. Sec-
ondly, the structures of the aggregates of the original palladium
complex surfactants were directly reflected in the shapes of the
palladium nanoparticles because of the palladium being located
in the head group of the original metal complex surfactant. In the
alkylethylenediamine system, the palladium complex surfactant
acts as both a metal ion provider and a metal particle stabilizer: it
is arare case. As the alkylethylenediamine has a capacity to form
metal complexes with various transition metals, this method will
be universally applicable to obtain metal nanoparticles in high
yield.

Ripening Processes

The polydisperse reaction dispersions can be accompa-
nied by the degradation of nanoparticles. Under such conditions
the large particles growth on the expense of the small ones. This
growth phase is called Ostwald ripening!>7¢. In this process the
high surface energy of the small particles promotes their dissolu-
tion and the dissolved material is then re-deposited on the large
particles. The decreased fraction of smaller particles can lead
to the increase of particle uniformity. The “Ostwald ripening”
process involves “the growth of larger particles (crystals) from
those of smaller size which have a higher solubility than the larg-
er ones”""l. In their preparative solution, for example, a group
of free standing crystallites with unequal sizes in non-equilib-
rium form will further differentiate and redistribute themselves
through the above solid-solution-solid process to achieve a more
uniform size distribution[Figure 4].
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Figure 4. Oswald ripening process!’”.
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The narrow size distribution of the particles is achieved
by the remarkable procedure of “digestive ripening”’®). This sim-
ple procedure is based on the reflux of a polydisperse nanoscale
colloid for a certain amount of time, resulting in a dramatic im-
provement of the size distribution of the particles. The forma-
tion of gold monodisperse nanoparticles nano crystals through
a novel digestive ripening process and a temperature dependent
size segregation process was reported by Lin et al®”, The au-
thors* demonstrated a simple and straightforward approach to
obtain narrow size distribution gold nanoparticles from a very
polydisperse colloid by ligating the nanoparticles with dodec-
anethiol followed by a digestive ripening process. Temperature
induced size segregation can be used to further select the desired
particle size.

Stoeva et al. have applied the digestive ripening pro-
cess for the formation of a monodisperse colloid from the
polydisperse gold-toluene-thiol colloid and discussed the mech-
anism of particle variations!”’.. The procedure involves heating
under reflux of a gold-toluene-thiol colloid. A polydisperse col-
loid containing particles with sizes ranging from 1 to 40 nm is
transformed into an almost monodisperse colloid with particle
sizes of about 4-4.5 nm. The UV/vis absorption spectrum of the
colloid after cooling to room temperature shows an appearance
of a definite plasmon absorption maximum at 513 nm, which is
in agreement with the size and monodispersity of the obtained
particles. The UV/vis absorption spectrum of colloid 2 is in
agreement with the sizes of the particles observed in TEM. It
is characterized by a broad plasmon absorption band with no
definite maximum®!,

Heating of gold-toluene-thiol colloid under reflux re-
sults in a dramatic narrowing of the particle size distribution®!!,
TEM studies of a hot colloidal solution show formation of spher-
ically shaped particles with sizes of about 4 nm. They have a
tendency to organize into 2D layers. Some of the particles from
the hot colloid organize in nice 3D structures. The remarkable
effect of the digestive ripening procedure is the great improve-
ment of the size distribution. The amazing result is that the parti-
cles predominantly organize on the TEM grid in large 3D struc-
tures in only about 15 min after the digestive ripening process
is finished. A small number of areas of 2D arrangement are also
observed. Even larger 3D structures (>3 pm) are observed after 1
day. The results suggest that the activation energy for 2D organi-
zation is lower compared to that of 3D organization. Of course,
one of the most interesting features of the synthetic sequence
reported herein is the digestive ripening step, and the mechanism
for this remarkable process is not entirely clear. Only a few use-
ful facts are known. First of all, nanoparticles are the necessary
starting material; that is, normal gold powder is not susceptible
to digestive ripening, showing again that nanosized particles are
intrinsically more chemically reactive than bulk samples 2,
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The ligand exchange reaction is an extremely versatile
tool for the preparation of functionalized metal nanoparticles(®3).
This method is fast and simple to use; it allows one to intro-
duce functional groups that are incompatible with other methods
for nanoparticle synthesis. A report by the R. W. Murray group
suggests a new role of reaction conditions in mediating the ex-
change reaction®, It was demonstrated that triphenylphosphine
(TPP)-stabilized gold nanoparticles!®! undergo ligand exchange
reactions with a few w-functionalized thiols to produce func-
tionalized nanoparticles that preserve the core dimensions of the
precursor particles but exhibit highly increased stability against
heat, aggregation, and decomposition!®!.

Colloidal noble metal nanoparticles have received
much attention as supporting scaffolds, decorated with func-
tional units that allow their use in sensors and devices®”). The
strong interaction between n-alkylthiols and the gold surface
provides the most popular method for the attachment of molec-
ular groups®®. Such bonding is convenient to engineer, but is
reversible at moderate temperatures and kinetically unstable
with respect to movement of thiols on the surfacel®®!. Thus,
groups that are deposited onto a metallic surface cannot be
precisely fixed with respect to one another, although average
spacing can be arranged by diluting the monolayer of function-
alized alkylthiols with analogues lacking the functional group®.
Precise, angstrom level control of reactivity in nanotechnology
requires nanoscale building blocks of known structure at atomic
resolution.

The passivation of gold particles with acetone leads
to the gold-acetone (colloid 1) which has a brown color, par-
ticles well-dispersed in solvent and particles ranging from 10
to 50 nm in pure acetone solvent®!l. The addition of toluene
changes the color of the gold-acetone-toluene-thiol colloid to a
dark brown color (colloid 2). TEM studies of this colloid show
particles ranging from 5 to 40 nm with no definite geometrical
shapes!™. Both stabilization (steric and electrostatic) processes
take place during the warm up step, which has to be carried out
slowly in order to ensure good stabilization. Gold-toluene-thi-
ol colloid (colloid 2) was obtained by vacuum evaporation of
all the acetone from colloid 1. Drastic change of the size and
shape of the particles is characteristic at this stage. Nearly spher-
ical particles with sizes in the range of 1-6 nm are dominant.
There are also a small number of larger particles (10-40 nm)
like those in the initial acetone containing colloid (colloid 1).
One possible explanation for the change of size and shape of the
gold particles induced by the removal of acetone is due to the
change in interaction particle solvent. In colloid 1 the amount
of acetone is in great excess. In great excess of acetone the gold
particles are strongly solvated by acetone and the attachment of
dodecanethiol (RSH) molecules on the particles surface is sup-
pressed. Acetone, with its nonbonding electron pairs, can serve
as a reasonably good ligand for gold but can only compete with
RSH at high acetone concentrations. Therefore, as acetone is re-
moved, the thiol competes better and better. This effect would be
enhanced by the fact that the long-chained thiol is less soluble
in acetone than in toluene. Acetone acts as a preliminary stabi-
lizing agent, which is substituted by dodecanethiol molecules
when acetone is evaporated. This ensures good dispersity of the
thiol-ligated gold particles in the toluene medium. In addition,
toluene is anticipated to achieve much better wetting of the thiol
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molecules on the gold particles surface compared to the more
polar solvent acetone. In favor of this are results obtained for
the wetting of undecanethiol self-assembled monolayers on gold
surface by water and hexadecane!®. It was found that hexadec-
ane as a nonpolar solvent wetted the thiol molecules on the gold
surface much better compared to water®. It is reasonable to ex-
pect a similar wetting trend for acetone, hexane, toluene, etc. due
to their different polarities.

Although gold nanoparticles can be prepared from var-
ious materials by several methods!®!], the coupling and function-
alization with biological components has only been carried out
with a limited number of chemical methods. To apply gold col-
loids in newly developed biomodifying medical assay systems,
a simple and facile means of anchoring different ligand biomol-
ecules onto particle surfaces are strongly required as well as
the stability in the physiological condition should be improved.
Particularly, color changes induced by the association of nano-
meter sized gold particles provide a basis of a simple yet highly
selective method for detecting specific biological reactions be-
tween anchored ligand molecules and receptor molecules in the
milieu. Colloidal noble metal nanoparticles, in particular, have
found application in a variety of assay formats in which analyte
binding is coupled to particle adsorption. With decreasing gold
colloidal particle size, however, colloidal stability decreases
significantly due to increased particle surface energy. Such gold
nanoparticles aggregate in high ionic strength milieu as well as
adsorb biomolecules, resulting in reduced sensitivity and selec-
tivity when used as colloidal sensor systems in biological fluids.
Functionalization of gold nanoparticles involves the use of func-
tional ligands in which a moiety is used for anchorage to the
particle while the other is directed to the outer-surface for spe-
cific interaction with biomolecules. For example, thiol-modified
oligonucleotides have been used to functionalize AuNPs for spe-
cific detection of nucleic acid sequences in biological samples.
Functionalization of AuNPs with biomolecules other than nucle-
ic acids has also been used in order to develop methodologies
suitable for clinical diagnostics. These include: 1) antibodies for
signal enhancement in immunoassays®?; 2) carbohydrate func-
tionalization to study specific molecular interactions®®; and 3)
surface functionalization with ligands that can be tailored for
specific protein binding® or direct binding of peptides and pro-
teins to the Au-nanoparticle surface®.

Thiol-Stabilised Gold Nanoparticles

The first report of thiol-stabilised gold nanoparticles
appeared in 1993. In this study by Giersig and Mulvaney,
gold particles prepared as hydrosols were capped with alkane
thiols to render them soluble in a non-polar solvent. They were
found to form two-dimensional hexagonal super lattices in a ful-
ly reversible deposition process. In addition to this remarkable
finding it was reported that the inter particle spacing was to some
extent adjustable with molecular precision by the choice of al-
kane thiol ligands of different chain length. Detailed studies of
particle shape®” revealed that the truncated cuboctahedron is the
predominant structural motif, but other geometries such as deca-
hedra, dodecahedra and icosahedra are typically also present in
the same preparation. However, not all types of thiol ligands lead
to the same extraordinarily high degree of stability that can be
achieved by the use of alkane thiols with a hydrocarbon chain
length of C, to C,,. The other simple method was reported to in-
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duce super lattice formation directly in a slightly polydispersed
gold colloid by modifying the nanocrystal surface with certain
ligands®®!,

A range of different monolayer patterns were observed
when the gold colloid was treated at higher temperature in order
to decrease the level of pure toluene in the continual solvent phase
(the residue thiol volume fraction in these colloids was less than
5 x 104, With pure toluene solvent, the liquid film may thin
enough before the nucleation limit is reached so that dewetting
from the substrate occurs before super lattice formation. When
the particle concentration was increased, the pattern morpholo-
gy changed from small isolated domain structures to percolating
domains and eventually to compact domains. These different
structures are frequently seen in the literature as welll'®, Dewet-
ting causes holes to open up in the liquid layer and particles to
move outward, away from the holes, as the liquid evaporates.
On the other hand, convective flow inside wetting droplets has
the tendency to drive the particles in the opposite direction!!%!,
Only when the interactions between particles and the substrate
and between particles are strong enough will the nano crystals
(nanoparticles) be pinned to the substrate. The domains thus
formed depend on the nano crystal concentration. Isolated do-
mains of nano crystals form at low particle concentration when
the pinning effect is weak and dewetting holes percolate across
the substrate. As the particle concentration increases, the pinning
effect becomes stronger because of the increase frequency of
particle interactions. Dewetting holes then become more isolat-
ed and percolating particle domains form. At an even higher par-
ticle concentration, the sizes of the dewetting holes decrease sig-
nificantly and a more compact monolayer is formed. In addition
to the effect of dewetting, a AFM study!'%?! has shown that the
inter particle interaction might become strong enough to cause
spinodal phase separation during the liquid drying process. This
effect would also cause particles to form percolating domains.
Despite the strong pinning effect and the entropy-driven order-
ing tendency in the case of high particle concentrations, local
disorder and voids are still inevitable in a compacted monolayer.
Further increasing the particle concentration does not improve
the monolayer ordering significantly before bilayer formation
starts to appear. To maintain a wetting layer on the surface so
that nano crystals can have a chance to self-assemble into large
periodical structures, the evaporation rate of the solvent must be
slowed.

Dodecanethiol ligand was used to modify the surface of
the gold nano crystals. The change of electron density on the par-
ticle surface and the change of adjacent environment by the li-
gand increase the attractive interaction between nano crystals’,
After they were reflux heated in the presence of dodecanethiol,
all the samples kept at temperatures higher than 80°C showed no
sign of super lattice or other types of aggregate formation, be-
cause the increase of the free energy due to the ordering (entropy
loss) is much larger than the lowering of the free energy from
bringing particles into close contact. On the other hand, samples
kept at temperatures lower than a certain critical temperature
became supersaturated and nucleated into aggregates that have
super lattice structures. The critical temperature depended on
the concentration of the colloid. The nano crystal super lattice
(NCS) structures gradually aggregated together to form fractal
like aggregates and settled down to the bottom of the vial (at
60°C and gold nano crystal concentration of 0.24x10M). The

J Nanotech Mater Sci | volume 2: issue 1


http://www.ommegaonline.com

Plasmonic Nanoparticles and their Conjugates

top layer of the samples that contained NCS appeared red after
being left undisturbed for a couple of days. TEM showed that this
top layer contained mainly single nano crystals. The formation
of gold NCSs from colloidal nucleation resembles the formation
of molecular crystals from a saturated solution. The nucleation
process of NCS depends on both the concentration and the tem-
perature of the single nano crystal colloid. Samples synthesized
with different gold concentrations were compared at different
temperatures. Colloids containing NCS appear to be purple
and colloids without NCS formation are red. A phase boundary
between single nano crystal colloids and NCS colloids clearly
exists. Super lattices formed at 60°C were roughly 3 times the
size of the super lattices formed at 23°C. The difference in super
lattice size was attributed to the formation of a different amount
of nucleation sites when the reflux heated samples were cooled
to the two temperatures. For 0.24x10°M colloids, 60°C is only
slightly below the phase boundary; therefore, colloids quenched
to this temperature had fewer nucleation sites and each nucle-
ation site subsequently grew into a large size of super lattice. In
comparison, colloids quickly quenched to 23°C resulted in large
number of nucleation sites and the simultaneous growing of all
these sites result in smaller size of super lattices!sl.

The formation of micron size particles in an ordered
array has been known for a long time %, It relies on the balance
between the long range van der Waals interaction, sometimes
called the Hamaker interaction, and the repulsive electrostatic
and steric interactions!'™. These interactions are described in
detail by the DLVO theory!?>!%], which predicts a second min-
imum, usually beyond 3 nm from the primary energy barrier.
The micron size colloidal particles can be relatively stable when
they reside in this second minimum well'*’), The formation of
nanocrystal super lattices from the colloid, on the other hand,
requires a much more delicate balance between the attractive
force and the repulsive interaction. This is due to the fact that
nano crystals have a much smaller second minimum in the po-
tential curve as compared with micron size particles!'%. For the
same reason, these super lattices can be easily dissolved upon
heating the colloid. At room temperature, the colloids containing
NCSs appeared purple, with a broad absorption band extended
to the long wavelength of the visible region. As the sample was
heated, it crossed the phase boundary and the color of the colloid
gradually changed to red, with the absorption spectra eventually
changed to the single nanocrystal surface plasmon absorption at
around 530 nm.

Thiol-stabilized gold nanoparticles have not only been
used as building blocks for larger structures comprising hun-
dreds or thousands of particles but are also of interest as individ-
ual large molecules, i.e. so called monolayer protected clusters
(MPCs)®. They represent nanoscopic metal surfaces and can
be regarded as three-dimensional analogues of two-dimension-
al macroscopic surfaces. The preferred structures of larger gold
clusters comprised of 100 to 1000 atoms (1.4—3.0 nm equivalent
diameter) have been determined theoretically via exhaustive
search and energy minimization methods and experimentally by
synchrotron x-ray diffraction analysis of purified powder sam-
ples of small gold nano crystals passivated by alkylthiol (ate)
self-assembled monolayers?’l.

A great deal of relevant information is available on
the packing and energetics of the alkylthiol (ate) monolayers
on gold, particularly from the simulations!'”), and generally
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because these are the nanocrystal analogs of the exceedingly
popular noble-metal thiolate self-assembled monolayer (SAM)
surface systems*'l. The properties of such Au (SR)  assem-
blies, and for planar surfaces, include that the surfactant head
groups form a compactly packed mantle surrounding the core,
with ratios of S to surface Au atoms in the range of 1:2 to 1:3,
depending on the exposed facet, but somewhat higher in 1.5-2.5
nm diameter nanocrystals; and that the adsorption (desorption)
energy!!'” see alsol''"! of ~1.3 eV per dimeric RSSR molecule
(dialkyldisulfide) adsorbed thus is small (<0.3 eV per surface
gold atom) compared to the cohesion of gold (3.9 eV per atom)
and comparable to the unusually low surface energy of gold (ca.
0.4 eV per surface atom), consistent with minimal disruption of
the gold surface structure and a probable S-Au bonding mode
involving only the nonbonding electrons of an intact RSSR mol-
ecule[112]. Although this reduction in the surface energy is rel-
atively small, it does point to one clear mechanism by which the
lattice contraction is reduced. Further, since this surface energy
lowering is facet-type dependent, it reduces the cost of (100)
facets more than that of (111) facets, its net effect may be an
earlier than expected stabilization of the single-crystal forms,
including their twins.

The further step towards more complex structures is to
control the linkage of particles to each other or to the surface of
an already existing structure. The simplest approach to such sys-
tems is to allow the particles to react with bifunctional molecules
which can attach to the surface of two particles and link them
together. This has been demonstrated for alkane dithiols, which
can be used, for example, to precipitate cross-linked networks
of gold particles from solution!'*l. The highest degree of con-
trol in the self-assembly of nanoparticle structures reported so
far is achieved by exploiting DNA base pair recognition''. The
DNA/nanoparticle conjugates can then recognize complementa-
ry DNA sequences and bind them with extremely high selectivi-
ty. In this way it has been possible to bind particles to each other
and to surfaces in a controlled fashion. Geometries such as lines
of several particles along a DNA strand, as well as doublets and
triplets of particles joined by DNA, have been produced.

It was observed that the hysteresis in the ©-A isotherms
is small immediately after the spreading of the monolayer of hy-
drophobized gold nanoparticles (t=0) and that the hysteresis in-
creases steadily with time stabilizing after 12h of the spreading
of the monolayer"'”), The sum of the gold core (given by TEM)
and the length of the laurylamine molecule led to the estimation
of the area per particle to be ca. 85 nm?. This limiting area is
much smaller than the closest packing area of ca. 350 nm*clus-
ter observed in the w-A isotherm measurements. One possibility
of the difference is repulsive electrostatic interactions between
gold particles, which would be sufficiently long range to account
for the large takeoff areas observed. It is possible that the gold
nanoparticles consists of a positive charged core that is masked
by the hydrocarbon sheath, rendering it hydrophobic. Another
important observation is the increase in takeoff area with time.
This is suggested to be due to reorganization of the octadecanol
molecules in the monolayer with time scales that are relatively
slow. One mode of reorganization could be interdigitation of the
hydrocarbon chains in octadecanol and laurylamine molecules.
This process would lead to a very large tilt in the orientation of
the octadecanol molecules and consequently, an increase in the
monolayer area. Langmuir monolayers of just the lauryl capped
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gold nanoparticles did not yield stable monolayers on the sur-
face of water. While monolayers of the laurylamine capped gold
nanoparticles at the air-water interface were not amenable to
layer-by-layer transfer onto solid supports, it was observed that
addition of the water insoluble amphiphilic octadecanol to the
gold nanoparticle solution improved the stability of the mono-
layer at the interface as well the multilayer assembly protocol.

Fendler and co-workers first demonstrated
that surface-modified hydrophobic colloidal nanoparticles may
also be organized at the air-water interface more specifically, on
the surface of water and that multilayer films of the nanopar-
ticles could be formed on suitable substrates by the LB tech-
niquel"'®. A number of other groups have now used this method
to form multilayer films of gold particles!"'”), polymer-capped
platinum colloidal particles!"'®], bulky balls!'"®!. The Brust syn-
thesis procedurel” wherein gold nanoparticles are synthesized
and capped with alkanethiols in a nonpolar organic phase con-
tinues to be the most popular means of obtaining hydrophobic
gold nanoparticles that are readily dispersible in different non-
polar/weakly polar organic solvents!'*”. It was demonstrated an
alternative method for obtaining hydrophobic gold nanoparticles
synthesized in water by electrostatic coupling with fatty amine
molecules present in nonpolar organic solvents!'?!. The process
consists of vigorous stirring of a biphasic mixture of aqueous
colloidal gold particles and a nonpolar organic phase contain-
ing alkylamines such as octadecylamine!'?!). During the stirring
process micro droplets are formed that enable binding of the
alkylamine molecules with gold nanoparticles thereby render-
ing them hydrophobic and soluble in the organic phase. The al-
kylamine-stabilized colloidal gold particles could be separated
out in the form of a powder and dissolved in different organic
solvents!!?!l, A linear increase in the absorbance intensity with
number of monolayers of laurylamine gold nanoparticles in the
LB films indicating that excellent layer-by-layer transfer of the
hydrophobized gold nanoparticles had occurred. This result, to-
gether with QCM results, clearly shows that multilayer LB films
of the gold nanoparticle monolayer organized at the air-water in-
terface may be grown without a significant change in the cluster
density in the different layers.

The monolayer protected gold particles are reported to
have a tendency to form large three-dimensional superstructures
at room temperature!'??!, This occurs by a process termed diges-
tive ripening which involves refluxing of gold nanoparticles in
the presence of an excess of capping ligand. This process trans-
forms polydisperse nanoparticles in solution into highly mono-
disperse ones, often by a method of ligand exchangel'*l.

Optical Properties

For a spherical nanoparticle much smaller than the
wavelength of light, an electromagnetic field at a certain fre-
quency induces a resonant, coherent oscillation of metal free
electrons across the nanoparticle. This oscillation is known as
the surface plasmon resonance (SPR) [Figure 5]"'**. The reso-
nance lies at visible frequencies for the gold and silver nanopar-
ticles!'?!l. The surface Plasmon oscillation of the metal electrons
results in a strong enhancement of absorption and scattering of
electromagnetic radiation in resonance with the SPR frequency
of the noble metal nanoparticles, giving them intensive colors
and interesting optical propertiest'?.
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Figure 5. Schematic of the interaction of a metal nanosphere with light [2¢,

In general, a colloidal solution of gold nanoparticles
(AuNPs) with diameters of 5-20 nm exhibits a red color, because
such nanoparticles have an optical absorption peak!?! around
520 nm caused by surface plasmon resonance!'?”.. The optical
spectra of AuNP show a localized surface plasmon (LSP) band
in the region of 520-550 nm. The interactions of LSP of AuNP
and, specifically, of charged AuNP with the surface plasmon ex-
cited on the surface of the bulk gold are of special interest and
could be studied by the surface plasmon resonance (SPR) tech-
nique. The frequency and cross-section of SPR absorption and
scattering is dependent on the metal composition, nanoparticle
size and shape, dielectric properties of the surrounding medi-
um, and presence of inter-particle interactions!'?®. The extreme
sensitivity of the bandwidth, the peak height, and the position
of the absorption (or scattering) maximum of SPR spectra to
environmental changes has prompted the development of gold
nanoparticle-based sensors'*! including those which directly
monitor DNA hybridization!'3°!,

The surface plasmon resonance and large effective
scattering cross section of individual gold nanoparticles make
them ideal candidates for molecular labeling, where phenomena
such as surface enhance Raman scattering (SERS) can be ex-
ploited. UV-visible spectroscopy is a valuable tool for structural
characterization of gold nanoparticles. It is well known that the
optical absorption spectra of noble metal nanoparticles are dom-
inated by surface plasmon resonances (SPR), which shift to lon-
ger wavelengths with increasing particle size!*!. Also, it is well
recognized that the absorbance of gold nanoparticles depends
mainly upon size and shape!'*?. In general, the number of SPR
peaks decrease as the symmetry of the nanoparticle increas-
es!!3, Furthermore, gold nanoparticles have exceptionally high
absorption coefficients, allowing higher sensitivity in optical de-
tection methods than conventional dyes. The strong absorption
of AuNPs has been advantageously used in colorimetric detec-
tion of analytes, either by inducing aggregation of AuNPs in the
presence of specific analytes, or by measuring changes in the
refractive index of the AuNPs environment, due to adsorption of
biological analytes. The great enhancement of electromagnetic
field at the surface of AuNPs by interaction with electromagnet-
ic radiation offers other interesting optical properties with great
potential for bio diagnostic assays!'**,

Gold nanoparticle surfaces can efficiently quench
emission from dyes located within a few nanometers of the sur-
facel'*. Therefore, when fluorophore probes are attached to me-
tallic surfaces, the surface can provide fluorescence quenching,
and no organic quencher dye is required. The presence of metals
provides alternative nonradiative energy decay paths that can
change the fluorescence quantum yield of a fluorophore. At close
distances (<5 nm) fluorescence is quenched and at intermediate
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distances (7.5-10.0 nm), it is enhanced!'*]. A number of groups

have used this phenomenon in a biological assay. Perez-Luna et
all* have used a gold surface to quench fluorescence of bound
molecules and detected emission after displacement in a com-
petitive immunoassay. Others have attached fluorescently la-
beled oligonucleotides to gold surfaces, to demonstrate proof of
principle for nucleic acid assays.

Fluorescence from the unstructured probes could be
quenched because, when oligonucleotides are single stranded,
they have flexibility and can form looped structures due to their
attraction to the gold surface. In addition, the fluorescent dyes
will reversibly absorb onto colloidal gold!*”. Upon hybridiza-
tion the double- stranded DNA is rigid such that the fluorescent
dye cannot reach the surface. The major shortcoming of both
solution based and particle based molecular beacons are the lim-
ited multiplexability!'*®].

Du et alt***! demonstrated quenching of hairpin DNA se-
quences attached to a planar gold surface, to mimic a microarray
experiment, and successfully distinguished two DNA sequences,
and more recently expanded this work to investigate the ther-
modynamic and kinetic response of the sensor!'*”). Dubretret et
all'"used a hairpin loop beacon probe structure on 1.4 nm gold
particles, while Maxwell et all'*?! showed that even unstructured
oligonucleotide probes could be employed.

It is known that by changing the shape of gold nanopar-
ticles from spheres to elongated rods, the optical characteristics
can be significantly changed!'*!. Gold nanorods possess, in ad-
dition to an SPR band around 530 nm that corresponds to the
transverse Plasmon oscillation, a stronger band at longer wave-
lengths arising from the Plasmon oscillation of electrons along
the longitudinal axis of the nanorods!'*. The longitudinal Plas-
mon resonance maximum can be shifted into the near IR region
by an increase in the nanorod aspect ratiot'**!.

Gold nanoparticles with a diameter 20 nm show essen-
tially only surface Plasmon enhanced absorption with negligible
scattering!'*?). However, when the particle diameter is increased
from 20 to 80 nm, the relative contribution of surface Plasmon
scattering to the total extinction of the particle increases. A col-
loidal solution of 20 nm AuNPs possesses an intensive ultravio-
let-visible light extinction band centered on 520 nm (a deep-red
color). This SPR band shifts to higher wavelengths with increas-
ing nanoparticle diameter!'”). Thus, the color of AuNPs can be
tuned by changing their size. The nanoparticle SPR can also
be red-shifted by the self-assembly or aggregation of nanopar-
ticles!'*®. The nanoparticle Plasmon resonance shifts to higher
wavelengths with increasing refractive index of the medium!'*%.
Silver nanoparticles feature is the characteristic absorption at
400-500 nm!"*”. However, the absorption levels obtained in the
presence of silver nanoparticles were lower than the ones of the
gold nanoparticles.

For multiple assays, however, it is highly desirable to
have two markers of different color !, The simplest choice is
the exploitation of silver nanoparticles whose LSPR absorp-
tion (or scattering) maximum occurs at a wavelength different
from that of the gold nanoparticles. Functionalization of silver
nanoparticles by different organic ligands has proved to be par-
ticularly difficult compared to gold nanoparticles!*?. Aggrega-
tion of the silver or gold nanoparticles shifts the absorption peak
toward longer wavelength and changes the color of the final
colloidal solution*?. The regulated aggregation is used in some
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Mock and coworkers!'* correlated the absorption spec-
tra of individual silver nanoparticles with their size (40-120 nm)
and shape (spheres, decahedrons, triangular truncated pyramids
and platelets) determined by TEM. They found that spherical
and roughly spherical nanoparticles, decahedral or pentagonal
nanoparticles, and triangular truncated pyramids and platelets
absorb in the blue, green and red part of the spectrum, respec-
tively. In all the cases the SPR peak wavelength increases with
size, as expected.

Fluorescence from the unstructured probes could be
quenched because, when oligonucleotides are single stranded,
they have flexibility and can form looped structures due to their
attraction to the gold surface. In addition, the fluorescent dyes
will reversibly absorb onto colloidal silver*”.. Upon hybridiza-
tion the double-stranded DNA is rigid such that the fluorescent
dye cannot reach the surface. The major shortcoming of both
solution-based and particle based molecular beacons are the lim-
ited multiplexability!'*#].

Gold and Silver Nanoparticle Bio-Conjugates

Metal colloid nanoparticles are known to have both
well-defined shapes and controllable size dimensions, being eas-
ily available for a variety of metals. Yang et al'>* have described
the fabrication of advanced 1D metallic organic nanocompos-
ites by loading a vacant lipid nanotubes (LNTs) hollow cylinder
with water-soluble gold and silver nanoparticles using capillary
force [Figure 6]. They achieved the fabrication of gold or sil-
ver nanoparticles encapsulated in the cylindrical hollow of the
glycolipid nanotube with high-axial ratio by loading the vacant
LNT hollow cylinder with aqueous gold or silver nanoparticles
using. Aqueous gold or silver nanoparticles (1-3 nm wide) are
favorable to form the AuNPs@LNT or AgNPs@LNT nanocom-
posite in relatively higher yields. This simple and mild approach
led to the fabrication of a 1D metallic-organic nanocomposite
loading well defined metallic colloid particles inside the organic
nanotube hollow. In addition, the 1D nanocomposite functions
as a convergent template to fabricate a gold nanowire by remov-
ing the LNT shell through a firing process. Thus, the fabrication
consists of the following steps: (1) Lyophilization of LNTs to
empty the internal hollow volume, (2) filling LNTs with aqueous
solution containing metal (Au or Ag) nanoparticles, and (3) re-
moving the LNT shell by firing process. Particle based displays
of multiple ligands have the additional advantage of creating a
high local concentration of binding molecules. Consequently,
binding equilibrium between a surface bound ligand and recep-
tor favors formation of more ligand receptor pairs. For instance,
DNA hybridization is thermodynamically favored by 1 order of
magnitude if one of the single-stranded (ss) DNA sequences is
conjugated to a 10 nm diameter gold nanoparticle surfacet'*>.
Oligonucleotide derivative nanoparticles have been extensively
employed for detecting DNA hybridization in aqueous disper-
sions and on surfaces[ 156 The overwhelming majority of the use
of gold nanoparticles is based on their stability, relative ease of
preparation, functionalization, and detection (by absorption or
scattering spectroscopy of the intense localized surface plasmon
resonance, LSPR). The extreme sensitivity of the bandwidth, the
peak height, and the position of the absorption (or scattering)
maximum of LSPR spectra to environmental changes has prompt-
ed the development of gold nanoparticle-based sensors [12%13],
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Metal nanoparticle solution

AuNPs@LNT or
AgNPs@LNT

Au nanowire or
Ag nanowire

LNT Hollowed LNT

Figure 6. Schematic diagram for the fabrication of AUNPS@LNT or AgNPs@
LNT and a gold nanowire. (1) Lyophilization of LNTs to empty the internal hol-
low volume, (2) filling LNTs with aqueous solution containing metal (Au or Ag)
nanoparticles, and (3) removing the LNT shell by firing process: (a) discrete and
(b, ¢) continuous gold nanowires >4,

Tokareva and Hutter have reported the successful mod-
ification of silver and gold nanoparticles by short oligonucle-
otides of homogeneous sequence, containing only functionalized
adenine (A) or thymine (T) (herein referred to as Ag/T, Au/T,
Ag/A, and Au/A and hybridized oligonucleotide modified silver
and gold nanoparticles as Ag/T-A/Ag, Au/T-A/Au, and Au/T-A/
Ag aggregates)'*”, Authors found that the success of DNA func-
tionalization strongly depends on the sequence of the oligonu-
cleotides. Unlike in the case of gold nanoparticles, A appears
to produce more stable silver particles than does T. Analysis of
the melting properties of the aggregates in terms of cooperative
binding theory points to the lower DNA surface coverage on the
Ag/T than that on the Au/T particles. The spectral changes upon
hybridization of Ag/T and Ag/A are also strikingly different from
those of gold nanoparticles, exhibiting a marked decrease in in-
tensity of the SPR peak, as opposed to a shift of its maximum.
This highly different behavior from that of the gold nanoparti-
cles renders silver nanoparticles to be a valuable candidate as a
second marker in DNA hybridization experiments. The self-as-
sembly of A and T on gold film and the subsequent hybridization
of their complementary pair, unlabeled or labeled by nanoparti-
cles, monitored by Polarization Modulated Fourier Transform
Infrared Reflection Absorption Spectroscopy (PM-FTIRRAS)
(1581 allows us to draw two conclusions. First, the adsorption af-
finity of oligo (d) A to gold surfaces is high enough to compete
with the Au-S bond or the hydrogen bonding to complementary
bases; however, the highly loaded Au/T nanoparticles, offering
multiple links to the complementary bases, and the attractive
force to the gold particle surface are capable of overcoming the
nonspecific adsorption of oligo (d) A to the gold film. Second,
PM-FTIRRAS is not only capable of detecting the base pairing
between DNA strands but also it can distinguish between the
types of oligonucleotides (adenine or thymine) attached to the
nanoparticles.

The fiber surface and the distribution of biotemplated
gold on the virus fibers were analyzed using scanning electron
microscopy (SEM) and energy dispersive X-ray (EDX) imag-
ing. The homogeneous coating of gold nanoparticles on the
genetically functionalized p8#9 fibers indicates the correct pre-
sentation of functionalities on the virus fiber surface[Figure 7a].
To demonstrate the specificity of this gold binding ability on
genetically engineered M13 virus fibers, fibers were also spun
from a wild type clone, M13KE, which does not contain the gold
binding functionality. These control fibers contained discrete
and scattered gold islands on the fiber surfaces after the iden-
tical processing for the p8#9 fibers [Figure. 7b]. Although the
surface roughness of virus fibers provides high surface tension,
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which may be expected to facilitate nonspecific binding of gold
particles onto the fiber, the M13KE fiber itself still exhibited low
gold-binding affinity. The low affinity resulted in a low density
of gold on the M13KE fiber surface.

pB#9

Kevlar

Composite Fiber

Figure 7. Effects of genetic engineering on mineralization. a) Fiber comprising
viruses (p8#9). b) M13KE fiber. ¢) Kevlar fiber. d) Kevlar fiber coated with

p8#9 viruses!'*).

The ability of Kevlar fibers to bind gold was also ex-
plored. These synthetic homopolymer fibers showed a negligi-
ble amount of gold deposition[Figure. 7c]. Absence of binding
affinity to gold and the smooth surface of these synthetic fibers
resulted in poor adhesion of gold particles. To create multifunc-
tional fibers having high mechanical strength and capability of
surface mineralization, a core @ shell structure was achieved,
using Kevlar as the core material and the engineered virus as the
shell[Figure 7d].

Both Kevlar and the virus contain functional groups
in their chemical structures that contribute to secondary forc-
es, such as hydrogen-bonding and hydrophobic interactions, re-
sulting in adhesion between Kevlar and the virus. After coating
with this gold-binding virus, gold nanoparticles were templated
directly onto the composite fiber [Figure. 3d]. Although agents
such as glutaraldehyde will crosslink the amine groups at the
N-termini of pVIII proteins, no disruption of surface functional-
ity of the M13 viruses in these fibers was observed. This demon-
strates the capability of the genetically engineered nanometer
scale virus scaffold to mineralize inorganic materials at ambient
temperature and to retain the desired functionality when assem-
bled as microfibers!'>’.

Antimicrobial and Antibacterial Agents

The strong toxicity that some noble metals exhibit in
various chemical forms to a wide range of microorganisms is
very well known, and, especially, silver nanoparticles have re-
cently been shown to be a promising antimicrobial material.
Silver nanoparticles have been studied for their antimicrobial
potential and have proven to be antibacterial agents against both
Gram-negative and Gram-positive bacterial'®®, and antiviral
agents against the HIV-11%1) Hepatitis B Virus!'®?, Respiratory
Syncytial Virus!!®3, Herpes Simplex Virus type 1114 and Mon-
key Pox Virus!®3,

If we delve into the mechanism of HIV infection, emphasis has
been placed on its incomplete elucidation; however, two or three
critical steps are implicated:

1. binding of gp120 to the CD4 receptor site on the host cell,

2. induction of a conformational change of gp120, resulting in
exposure of new binding sites for a chemokine receptor!*, and
3. virus entry (to be part of) the cell.
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The chemokine receptor, chemokine (C—C motif) re-
ceptor 5 (CCRYS), probably acts as an essential cofactor for HIV
entry and acquisition of infection. Viruses that utilize CCRS pre-
vail in early stages of mucosal transmission!'*’). This provides
an indication that mucosal transmission may selectively involve
CCRS, and inevitably emanated in inhibition of CCRS5 as a po-
tential microbicide strategy for the prevention of HIV infection.
The overall importance of CCRS5 for infection across mucosae is
thus contentious, as well as the possibility that targeting CCRS
alone may be inadequate to prevent trans-vaginal HIV transmis-
siont!¢7],

Images obtained by high angle annular dark field
(HAADF) and scanning transmission electron microscopy
(STEM) show gp120 as its possible molecular target. Using this
technique, a regular spatial arrangement of the silver nanoparti-
cles attached to HIV-1 virions was observed. The center-to-cen-
ter distance between the silver nanoparticles (~28 nm) was
similar to the spacing of gp120 spikes over the viral membrane
(~22 nm). It was hypothesized that the exposed sulfur-bearing
residues of the glycoprotein knobs would be attractive sites for
nanoparticle interaction ['6],

By means of a viral adsorption assay, it was shown that
silver nanoparticles mechanism of anti-HIV action is based on
the inhibition of the initial stages of the HIV-1 cycle. In addi-
tion, the gp120-capture ELISA data, combined with the results
of the cell-based fusion assay, supported the hypothesis that sil-
ver nanoparticles inhibit HIV-1 infection by blocking viral en-
try, particularly the gp120-CD4 interaction!'%®]. The observations
made by STEM analysis support this idea, since silver nanopar-
ticles were seen to bind protein structures distributed over the
viral membrane!'%.. If silver nanoparticles do not bind to the V3
loop, then they might preferentially interact with the negative
cavity of gp120 that binds to CD4!'®!. The attraction between
CD4 and gp120 is mostly electrostatic, with the primary end of
CD4 binding in a recessed pocket on gp120, making extensive
contacts over ~80 nm? of the gp120 surface!'”.

Silver nanoparticles, however, might interact with the
two disulfide bonds located in the carboxyl half of the HIV-1
gp120 glycoprotein, an area that has been implicated in binding
to the CD4 receptor!!', Silver ions bind to sulthydryl groups,
which lead to protein denaturation by the reduction of disulfide
bonds!'”2. Therefore, it was hypothesized that silver nanoparti-
cles not only bind to gp120 but also modify this viral protein
by denaturing its disulfide-bonded domain located in the CD4
binding region.

High activity of silver nanoparticles was suggest-
ed to be due to species difference as they dissolve to release
Ag’ (atomic) and Ag" (ionic) clusters, whereas silver salts re-
lease Ag" only!'”l. The time-of-addition experiments further
confirmed silver nanoparticles as entry inhibitors. In addition,
it was revealed that silver nanoparticles have other sites of in-
tervention on the viral life cycle, besides fusion or entry. Since
silver ions can complex with electron donor groups containing
sulfur, oxygen, or nitrogen that are normally present as thiols
or phosphates on amino acids and nucleic acids!'™ they might
inhibit post-entry stages of infection by blocking HIV-1 proteins
other than gp120, or reducing reverse transcription or proviral
transcription rates by directly binding to the RNA or DNA mol-
ecules. Besides, earlier studies have shown that silver nanopar-
ticles suppress the expression of TNF-al'” which is a cytokine
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that plays a pivotal role in HIV-1 pathogenesis by incrementing
HIV-1 transcription!'7],

Microbicides are designed to inhibit virus infection by
directly inactivating the virus or interrupting its attachment, en-
try, or replication!'””. Recent insights into how HIV infiltrates
the genital mucosa, initial interactions with immune cells and
the role of dendritic cells in transporting the virus to the lymph
nodes have suggested numerous potential new targets for micro-
bicides!!”® 171,

Bowman and co-workers!"®! have documented the first
application of small-molecule coated gold nanoparticles as effec-
tive inhibitors of virus fusion. The gold nanoparticles employed
as a platform (2.0 nm diameter) transformed a weakly binding
and biologically inactive small molecule into a multivalent con-
jugate that effectively inhibited HIV-1 fusion to human T-cells.
Of significance is the similarity of this class of gold particles to
proteins and dendrimers in terms of their atomical precision and
mono-disperse nanosize!'®". The mercapto benzoic acid-coated
gold nanoparticles were conjugated to SDC-1721, a derivative
of TAK-779, which is a known CCRS5 antagonist. Free SDC-
1721 had no inhibitory effect on HIV infection; however, the
(SDC-1721)-gold nanoparticle conjugate displayed activity
comparable to that of TAK-779!"811, This molecule was thus in-
stituted to demonstrate the feasibility of conjugating a low affin-
ity, biologically inactive small molecule to a gold nanoparticle
for the design of biologically active multivalent gold nanopar-
ticle therapeutics. The mechanism of inhibition of viral repli-
cation was specific for viral entry!"*’. A significant contribution
was thus made by this study in demonstrating the first appli-
cation of small molecule coated gold nanoparticles as effective
inhibitors of HIV fusion. The demonstration that therapeutically
inactive monovalent small organic molecules may be convert-
ed into highly active drugs by simply conjugating them to gold
nanoparticles is considered to add impetus to the discovery of
effective new drug formulations!'®!1.

Conclusion

Noble metal nanomaterials have been synthesized
using a variety of methods, including hard template, chemical
and bio-reduction and synthesis in micellar solutions (soft tem-
plates). Two main approaches can be employed for the prepa-
ration of noble metal nanoparticles: coprecipitation (supersatu-
ration) and chemical reduction. In both cases, the presence of
surfactant is required to govern the growth process. Generation
of supersaturation through in situ chemical reactions by convert-
ing highly soluble chemicals into less soluble chemicals starts
the formation of primary particles and governs the growth and
aggregation events. The chemical reduction occurring in colloi-
dal assemblies is another approach for the formation of size and
shape controlled nanoparticles.

The successful utilization of gold and silver nanoparti-
cles (AuNPs and AgNPs) in biological assays relies on the avail-
ability of synthetic methods generating nanoparticles with the
desired characteristics, namely high solubility in water, and ad-
equate morphology, size dispersion, and surface functionalities.
Control over the shape and size of the AuNPs and AgNPs is usu-
ally achieved through the careful selection of the experimental
conditions, namely reducing agent, reaction time, temperature,
and capping agent. An interesting approach might be to use cap-
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ping agents with weak and strong affinity for gold and silver, for
example, in the mixed precursor systems. This might lead to the
different compositions from the core @ shell to alloys.

Of the chemical processes, reverse micelle (microemul-
sion (soft template)) synthesis has been recently demonstrated
to be a viable method for producing a wide array of metal and
metal oxide nanoparticles over a relatively narrow particle size
distribution. Micelle formation allows for a unique encapsulated
volume of controllable size through which reactions and sub-
sequent development of metal and metallic compounds can be
produced. The co-surfactants and various additives are known
to influence the micelle size and shape and therefore might also
regulate the size and the form of final metal nanoparticles.

The ligand exchange reaction is an extremely versatile
tool for the preparation of functionalized metal nanoparticles.
This method is fast and simple to use; it allows one to introduce
functional groups that are incompatible with other methods for
nanoparticle synthesis. The strong interaction between n-alk-
ylthiols and the gold surface provides the most popular method
for the attachment of molecular groups. Precise, angstrom-lev-
el control of reactivity in nanotechnology requires nanoscale
building blocks of known structure at atomic resolution. Func-
tionalization of gold and silver nanoparticles involves the use of
functional ligands in which a moiety is used for anchorage to the
particle while the other is directed to the outer surface for spe-
cific interaction with biomolecules. Functionalization of AuNPs
with biomolecules has also been used in order to develop meth-
odologies suitable for clinical diagnostics. To apply gold col-
loids in newly developed bio modifying medical assay systems,
a simple and facile means of anchoring different ligand biomol-
ecules onto particle surfaces are strongly required as well as the
stability in the physiological condition should be improved. Col-
loidal gold nanoparticles, in particular, have found application in
a variety of assay formats in which analyte binding is coupled to
particle adsorption.

The unique physical properties of nanoscale noble met-
al gold materials have generated considerable interest for their
use in a wide range of diverse applications from data informa-
tion storage to in vivo optical and magnetic manipulation in
biomedical systems. Nanoparticles exhibit novel material prop-
erties which largely differ from the bulk materials due to these
small sizes, including quantum size effect on photochemistry,
nonlinear optical properties of semiconductor or the emergence
of metallic properties with the size of the particles. As nanoma-
terials of gold nanoparticles have extensive applications, such
as composites based on interaction of gold nanomaterials with
DNA, viruses, proteins, antibacterial materials, antistatic mate-
rials, cryogenic superconducting materials, biosensor materials
and so on. The surface plasmon resonance and large effective
scattering cross section of individual gold nanoparticles make
them ideal candidates for molecular labeling, where phenom-
ena such as surface enhance Raman scattering (SERS) can be
exploited. It is well known that the optical absorption spectra of
noble metal nanoparticles are dominated by surface plasmon res-
onances (SPR), which shift to longer wavelengths with increas-
ing particle size. Also, it is well recognized that the absorbance
of gold nanoparticles depends mainly upon size and shape. The
extreme sensitivity of the bandwidth, the peak height, and the
position of the absorption (or scattering) maximum of SPR spec-
tra to environmental changes has prompted the development of
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gold nanoparticle-based sensors including those which directly
monitor DNA hybridization.

The noble metal nanoparticles are known to exhibit
various chemical forms with some microorganisms and, espe-
cially, silver nanoparticles have recently been shown to be a
promising antimicrobial material. They form very interesting
smart nanobioconjugates and nanostructures functioning as bi-
osensors. Silver nanoparticles have been studied for their anti-
microbial potential and have proven to be antibacterial agents
against both Gram-negative and Gram-positive bacteria, and an-
tiviral agents against the HIV-1, Hepatitis B virus, Respiratory
Syncytial Virus, Herpes Simplex Virus type 1 and Monkey Pox
Virus.We speculate that the alloys of noble metal nanoparticles
could be interesting for the interactions with various microor-
ganisms that is, with their DNA and peptides. The small amount
of silver is known to strongly influence the plasmon band inten-
sity and position. The similar behavior might be found for alloy
nanoparticles against the various bacteria and viruses.
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Abbreviations

A: Adenine; AFM: Atomic Force Microscopy; AgNP: Silver
Nanoparticle; AOT: sodiumbis(2-thylhexyl) sulfosuccinate ;
AuNP : Gold Nanoparticle; DDAB: Dido decyldimethyl am-
monium Bromide; DLS: Dynamic Light Scattering; DLVO
Theory: Derjaguin Landau Verwey Overbeek Theory; DNA:
Deoxyribonucleic Acid; EDX: Energy Dispersive X-Ray; ELI-
SA: Enzyme Linked Immunosorbent Assay; GP: Glycoprotein;
HAADF: High Angle Annular Dark Field; HIV: Human Immu-
no Deficiency Virus; LB Film: Langmuir-Blodgett Film; LNTs:
Lipid Nanotubes; LSP Localized Surface Plasmon; MPCs:
Monolayer Protected Clusters; NCS: Nanocrystal Superlattice;
NPs: Nanoparticles; [Pd(oct-en),]Cl, bis(N-octylethylenedi-
amine): Palladium (II) Chloride; PM-FTIRRAS: Polarization
Modulated Fourier Transform Infrared Reflection Absorption
Spectroscopy; PVP: Polyvinyl pyrollidone; QCM: Quartz Crys-
tal Microbalance; RSH: Alkylthiol; RSSR: Dialkyldisulfide;
SAM:Self-Assembled Monolayer SEM: Scanning Electron
Microscopy; SERS: Surface Enhance Raman Scattering; SPR:
Surface Plasmon Resonances; STEM: Scanning Transmission
Electron Microscopy; T: Thymine; TEM: Transmission Electron
Microscopy; TPP: Triphenylphosphine
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