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Preface

This book focuses on the experimental, and to a lesser extent, theoretical, status of
research on the preparation and characterization of noble metal nanoparticles and
their conjugates, especially those of silver and gold. As such, this book starts with a
brief overview of the foundation work concerned with the chapter topics which
include nanomaterials, nanoscience, surface-capping molecules, and traditional and
nontraditional reduction agents. Although not an exhaustive study, this book
examines and summarizes existing achievements in the methods of noble metal
nanoparticle synthesis with mainly spherical morphologies, highlighting how their
physical and chemical properties are influenced by their change in the size, shape,
and morphology.

The book is organized into five chapters. Efforts have been made to develop
one-phase, two-phase, and multiphase syntheses in which the reduction of a metal
takes place homogeneously or heterogeneously in a selected organic solvent.
High-temperature solution-phase synthesis, which is a very reproducible method,
can be used for the large-scale synthesis of organoamine-protected gold and silver
monodisperse nanoparticles. Most hydrophobic gold nanoparticles (also sometimes
called monolayer protected clusters (MPCs)) with diameters below 10 nm are
prepared via the Brust–Schiffrin method: a two-phase liquid/liquid system or a
suitable single-phase solvent. The Brust–Schriffin in situ biphasic gold nanoparticle
synthesis introduces the use of a quaternary ammonium ion stabilized by a bromide
anion—as a stabilizing agent and a phase-transfer catalyst. A new method com-
bining both concepts, the surfactant-free synthesis and the introduction of (func-
tionalized) ligands, controls the particle size well. The resulting, weakly protected
nanoparticles can straightforwardly be stabilized and functionalized by the addition
of a variety of ligands. The influence of alkylthiol chain lengths on the colloidal and
localized surface plasmon resonance (LSPR) properties of AuNPs is summarized. It
is concluded that under slow reduction conditions, nanoparticle growth is controlled
also by Ostwald ripening. The generation of silver and gold nanoparticles was
investigated under various reaction conditions such as with weak and strong
reducing and capping agents, low and high temperatures, various additives (ionic
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liquid-surfactants, steric surfactants, acids, polysaccharides, polyakrylamides), as
well as synthetic approaches.

Templates were used as an effective method for preparing metal nanocrystals
with morphologies similar to, or complementary to, those of the template. Both soft
and hard templates can be employed for shape-controlled synthesis of metal
nanocrystals. Self-assembled, biological, and synthetic structures such as micelles
(or reverse micelles), microemulsions, liposomes and vesicles, biological macro-
molecules, viruses, etc., belong to the soft template group. Multilayered polymer
films and block copolymer films were used as nanoreactors or templates for the
formulation of noble metal nanoparticles. Microwave irradiation was found to be a
new technique for coating AgNPs onto the surface of polymer beads. A new
template method for the preparation of flexible silver/cross-linked poly(vinyl
alcohol) (PVA) nanocables via a one-step, in situ reduction of Ag+ and Ag+-
catalyzed cross-linking PVA chains under hydrothermal conditions is discussed. In
fact, the formation of such elegant nanocables was controlled by a synergistic
growth mechanism called a synergistic soft–hard template mechanism (SSHM).
Colorless floccular precipitates formed when commercial polyacrylamide was
added to the aqueous solution of silver nitrate at room temperature. This indicated
the coordination of silver ions with NH2 groups in polyacrylamide (PAAm), with
silver ions serving as weak cross-linkers, attaching polymer chains.
A thermosensitive water-soluble polymer, poly(N-isopropylacrylamide) (PNIPAM)
was also used for the immobilization and stabilization of noble metal nanoparticles.
The grafting-onto method, to coat gold nanoparticles with PNIPAM chains of
end-functionalized SH groups, was used. Poly(N-isopropylacrylamide-acrylic
acid-2-hydroxyethyl acrylate) microgel particles acted as a scaffold to form
fluorescent silver nanoclusters. Nevertheless, linear polyacrylates or poly-
methacrylates such as poly(methacrylic acid) also act as excellent scaffolds for the
preparation of silver nanoclusters in a water solution, by photoreduction with vis-
ible light, UV-light, or sonochemically. Microgels of poly(N-isopropylacrylamide-
co-acrylic acid-co-acrylamide) can be used to template the formation of fluorescent
silver nanoparticles. A poly(ethylene glycole) (PEG)-based, non-ionic block
copolymer (poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene oxide)
(PEO–PPO–PEO)) templated the synthesis of luminescent silver particles, with a
mean diameter of ca. 8 nm. Infinite coordination polymer particles (ICPs) are a class
of emerging functional materials that are formed by bridging repeating organic
ligands with metallic nodes. Metal-organic frameworks (MOFs) represent another
form of mesoporous materials that are thermally robust and in many cases highly
porous.

The polymers known as polyelectrolytes (PE) can be used as reducing/stabilizing
agents in one single-step syntheses. The building-up of multifunctional core@shell
nanostructures is one of the great advantages of using PE assemblies. In this case,
the PE forming the multilayers can be functionalized with drugs, organic dyes,
contrast agents, radionuclides, catalysts, organic dyes, and proteins—namely anti-
bodies—allowing the application of the ensuing structures in areas such as
drug/gene delivery, biosensing, bioimaging, and photodynamic therapy.
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Dendrimers are highly branched, nearly size monodisperse polymers with several
structural properties. These structural features include the incorporation of metal
nanoparticles, with precise control over nanoparticle size and their defined number
of terminal groups for each generation with multiple branch ends, which are
available for consecutive conjugation reactions. Moreover, they are able to form
stable, dense, well-organized, and closely packed arrays on surfaces. The encap-
sulation of metal ions inside dendrimers involves, variously, electrostatic and
complexation interactions—the dendrimer interior includes coordinating groups
such as –OH, NH2, or –COOH. One unique approach to the preparation of gold
nanoparticles is through the use of poly(amidoamine) (PAMAM) dendrimers. The
addition of HAuCl4 to neutral G4-PAMAM dendrimers resulted in a protonated
dendrimer with AuCl4

– counterions, which were then reduced to metallic gold. The
stable brown–red solution of the resulting colloidal gold indicated that the metal
colloids were stabilized by the dendrimer. The advantage of using dendrimers as
templates to prepare gold nanoparticles lies in the fact that the surface of the par-
ticles can be modified with various functional moieties (e.g., targeting ligands and
dyes) through dendrimer chemistry for practical biomedical applications (e.g.,
cancer-cell targeting and imaging).

Silica is widely used as an inorganic coating and templates for nanoparticles of
different composition (e.g., quantum dots (QDs), magnetic nanoparticles, lan-
thanide nanoparticles, and noble metal nanoparticles (especially AuNPs), or as a
nanoparticle-based carrier of functional molecules. Using the diversity of silane
chemistry, a silica shell, coating, or template can be tailored to have functional
groups that can include, but are not limited to, amine, aldehyde, carboxyl, epoxy,
and thiol groups. In addition to the use of silica as a structural shell on other
template materials, nanoparticles composed of silica can be prepared with sizes that
typically range between tens and hundreds of nanometers.

The nanoclusters (nanodots) have a discrete electronic state and exhibit strong
size-dependent fluorescence over the region from ultraviolet to near-infared. The
excellent fluorescing properties of these clusters means they are suitable for
chemical sensing, bioimaging, and single-molecule. Gold clusters have been
studied for decades, and many gold clusters with well-defined compositions such as
Au8, Au13, Au25, and Au38 have been prepared. Thus, having spectral properties
that distinguish them from their larger nanoparticle counterparts, as well as organic
chromophores, noble metal clusters are a new class of small, innocuous, and bright
fluorophores whose spectral properties can be tuned. A more sophisticated design
of protection groups (ligands) is required to obtain water-soluble luminescent
nanodots. Nanodots can be prepared by chemical reduction or photoactivation in the
presence of protection groups. Some biological molecules have shown great
potential as protection groups. Single-stranded DNA (ssDNA) is also a good scaffold
to obtain luminescent silver nanodots with outstanding photophysics, such as large
extinction coefficients, high luminescence quantum yields, and excellent photosta-
bility. Biomolecules (proteins) are also utilized for luminescent gold nanodot
protection. Thiolate-monolayer protected gold (sub) nanoparticles (nanoclusters
(NCls) or QDs) are stable when efficiently passivated by organothiolate monolayers.
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Further research in template-based synthetic strategies has led to the preparation of
highly fluorescent, water-soluble AuNCls and AgNCls when using PAMAM den-
drimers, polyglycerol-block-poly(acrylic acid) copolymers, proteins, and DNA as
templates. In these hybrid systems the preparation of various nanocomposites by
different synthetic routes. The one-pot sonochemical route was taken for the
preparation of gold nanocomposites (AuNCos) with near-infrared emission and
Au/AgNCos with high quantities of yellow-emission under mild conditions. The
obtained Au-AgNCo was yellow under visible light (with 365 nm excitation) and
emitted a strong yellow fluorescence. The emitted wavelength of Au–AgNCo
blue-shifted to 565 nm compared to that of AuNCos.

Fluorescent silver subnanoparticles can be produced by photogenerated ketyl
radicals that reduce Ag+ from silver trifluoroacetate in the presence of cyclohexy-
lamine as a stabilizer. AuNPs and AgNPs can act as the quencher of the fluores-
cence emission of many organic molecules. The quenching of the tryptophan
emission, e.g., by AuNPs was analyzed in terms of the Stern–Volmer equation. The
AuNPs were synthesized using a direct reduction process (by laser) in sodium
citrate. The absorption curve of the citrate-capped AuNPs showed a plasmon res-
onance at 520 nm. On addition of AgNO3, there was a decrease in absorption. On
excitation with a 532-nm laser for 60 minutes, another peak, at 400 nm, was formed
which corresponded to the formation of AgNPs. Also, there was an overall increase
in the absorbance which suggested the formation of a core@shell structure.

Poly(vinyl alcohol) (PVA) as a matrix component was based, in part, on the
ability of this polymer to serve as an electron donor during the reduction of metal
ions. In addition, optically transparent films of PVA can be employed to study the
optical properties of noble metal nanoparticles. Incorporation of Ag+ into polymer
templates was found to be more reproducible when poly(acrylic acid) (PAAc) was
present, probably owing to the known ability of this polymer to bind silver ions.
A very simple method was used to prepare AuNPs with block copolymer shell
structures in situ, using a UV irradiation method with the copolymers
(polystyrene-block-poly (2-vinyl pyridine) (PSt-b-PVP)) as templates. AuNPs of
� 28 nm in diameter were covered by PSt-b-PVP copolymer shells. The UV–
visible absorption band corresponding to the surface plasmon resonance (SPR)
energy of the core–shell nanoparticles is 530 nm, which is larger than that (522 nm)
of free AuNPs of the same diameter (20 nm).

In “silica-directed photosynthesis” the metal nanoparticles formed after irradi-
ation of metal ion solutions are nested into mesoporous silica. The silica framework
was chosen because of its transparence meaning that the ionizing radiation would
penetrate homogeneously within the solid and ensure a homogeneous initial dis-
tribution of reducing radiolytic radicals formed by ionization and excitation of the
solvent. The silver or gold ions can then interact with the Si–OH groups on the
internal pore surfaces of the silica framework. The silver–silica samples irradiated
with lower doses displayed a plasmon resonance absorption centered at about 420
nm. In silicas, the plasmon resonance maximum of silver particles is often observed
in the 400–440-nm region.
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In “reactive species-directed synthesis” the nanoparticles are prepared by
reduction of metal ions by gamma irradiation which first induces ionization and
excitation of the aqueous solvent, generating radiolytic molecular and radical
species—such as solvated electrons (e‒), hydroxyl radicals (OH•), and hydrogen
atoms (H•). The solvated electrons and hydrogen atoms reduce the metal ions to
metal atoms, which eventually coalesce to form nanoparticles. Pulse-radiolysis is
another “bottom-up” method that involves gamma-ray irradiation for the reduction
of AuIII instead of the traditional addition of a chemical reductant.

“Biomolecule mediated synthesis” covers the preparation of metal nanoparticles
in the presence of biomolecules acting both as reducing and capping agents.
Photoreduction has been widely used as a route for synthesis of metal NPs either in
solution or in polymeric films. The photochemical synthesis used to obtain such
nanoparticles in an aqueous medium with biocompatible reducing agents, therefore,
has special significance as the NPs can then be readily used in physiological
conditions. Additionally, for biolabeling applications, the size of the fluorophore is
crucial for an efficient bioconjugation and targeted delivery. Though several
methods have demonstrated for the synthesis of metal nanoclusters, the presence of
biopolymeric macromolecules on the nanoclusters negates the size advantage. As a
result, though the achieved metal core size is very small, the actual hydrodynamic
radius including the stabilizing molecules is comparatively large.

Laser ablation synthesis in solution (LASiS) can be an effective technique for
obtaining noble metal nanoparticles (NMNPs). In the LASiS method, nanoparticles
are produced during the condensation of a plasma plume formed by the laser
ablation of a bulk metal plate dipped into a liquid solution. LASiS is usually
considered a top-down physical approach, it is free of the usual disadvantages of
chemical procedures and can be complementary to the bottom-up chemical methods
for production of NMNPs. Moreover, LASiS has the potential of being a unique
method for the synthesis of nanoparticles of different metals, with different surface
coatings (if any) and in different solvents. Nanoparticles of gold, silver, platinum,
copper, and other materials have been obtained by LASiS in water and organic
solvents through this one-step, simple procedure. By irradiation of organic
microcrystals suspended in water, photothermal or photomechanical ablation
mechanisms with nanosecond or femtosecond laser pulses, respectively, were
observed. Nanoparticle stability is a crucial aspect of LASiS in pure solvents.
Despite the absence of stabilizers, NMNPs obtained in water and in several organic
solvents remain stable for days, months, or even longer time periods. If using
NMNPs obtained in the absence of stabilizing agents one should always take into
consideration the stability time frame for each set of metal nanoparticles and sol-
vent. In general, the presence of electrolytes (surfactants) during LASiS has neg-
ative effects on the stability of NMNPs, due to the screening of particle surface
charges.

Ionic liquids (ILs) are well-known and intensively explored for their unique
properties such as their wide electrochemical windows, good thermal and chemical
stability, as well as their good ionic conductivity and non-volatility. Recently, ILs
have been used to replace classic organic solvents for the electrodeposition of
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metallic nanocrystallines or nanoparticles. Metal-organic frameworks (MOFs), also
called coordination polymers or coordination networks, are a class of hybrid
materials formed by the self-assembly of metal ions or clusters and polydentate
bridging ligands typically under mild conditions. Solvothermal synthesis of MOFs
can be achieved with either conventional heating or a microwave. Because high
reaction temperatures are involved in the solvothermal method, more extensive
transformations of the precursors typically occur before the formation of the MOFs
nanoparticles. Temperatures and heating rates provide additional parameters to
control MOFs particle nucleation and growth. Surfactant molecules can also be
used to template the MOFs synthesis under solvothermal conditions by coating the
surfaces of growing MOFs particles. Surfactant molecules play an important role in
defining MOFs morphologies. Because of their unique characteristics, microscale
plasmas (i.e., microplasmas) offer specific advantages both for nanomaterial syn-
thesis and for interacting with liquids. Microplasma-induced synthesis and the
surface engineering of nanomaterials directly in liquids has also been investigated.

Silver nanoparticles with different structures, such as single-crystal cubes with
sharp corners, single-crystal cubes with truncated corners, multiply twinned parti-
cles, and single-crystal cuboctahedrons, have been used as sacrificial templates.
When silver nanocubes with sharp corners are used as templates, the reaction starts
pitting on one of its six faces. Through an alloying and dealloying process,
pin-hole-free nanoboxes with hollow interiors and porous nanocages can be
obtained along the reaction process. If a silver nanocube with truncated corners is
used as a template, the reaction starts at all the corners producing cubic nanocages
with holes at their corners. Multipodal, spike-radiating, and dentritic shapes are a
few examples of the branched morphologies which can be obtained. Branched
NMNPs have been prepared under widely different reaction conditions. Starting
with seed structure and leading on to factors such as fast-reaction kinetics, pref-
erential binding effects of capping agents and additives, and relative surface growth
have all been invoked to explain their branch-formation mechanisms.
Submicrometer-sized hollow silver spheres, using PEO-b-PMAA(poly(methacrylic
acid))-SDS complex micelles as soft templates, can be prepared. The fabrication of
two- and three-dimensional ordered structures of hollow silver spheres using col-
loidal crystal hard templates can also be undertaken. In addition, monodisperse
hollow silver spheres have been prepared with phase-transformable emulsions,
composed of natural beeswax used as a hard template. Each method has several
intrinsic advantages and disadvantages. Templating against hard (solid) templates is
arguably the most effective, and certainly the most common, method for synthe-
sizing hollow microstructures/nanostructures, however, the template-removal step
not only significantly complicates the process but also diminishes the quality of the
product particles. Preparation of non-spherical hollow structures introduces addi-
tional challenges, because the synthetic approaches for spherical hollow structures
does not generally apply to the synthesis of non-spherical hollow structures.
Furthermore, the fabrication of silver nanoshells has proven more difficult than
other types, such as gold nanoshells. Cubic NaCl crystals serve as unconventional
non-spherical hard templates, easily coated by AgCl particles around the cube
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surfaces because of their similar crystalline structures. Polycrystalline silver
nanoparticles, synthesized by thermal reduction of silver ions in a glycine matrix,
are stable in aqueous solution and exhibit bright luminescence. Solution plasma, a
novel technology, has the potential for the advancement of nanomaterial production
and the decomposition of organic-based compounds.

The combination of the magnetic and optical properties of nanoparticles into a
single platform has gained further attention due to diagnostic, therapeutic uses and
immunomagnetic separation (IMS), drug delivery, and sensing. Therefore, the
rationale design, synthesis, and surface modification of multifunctional nanoparti-
cles represent the most important steps. One of the examples of a multifunctional
nanoparticle results from a core@shell structured Fe3O4@Au nanoparticle.
Chitosan acts as a soft template in the formation of multibranched magnetic
nanoparticles, and the gold-coating process was carried out in the presence of
chitosan to give a better particle dispersity and to avoid agglomeration problems. In
addition, the main advantage of using a chitosan matrix is that it acts as a stabilizing
agent in the formation of nanoparticles due to the presence of hydroxyl and primary
amino groups. The addition of silver ions provides an anisotropic-shaped nanos-
tructure. Gold bimetallic nanoparticles are classified by two types of mixing pattern:
core@shell NPs and alloy bimetallic NPs. The alloy bimetallic NPs consist of a
homogeneous mixture of gold and another metal in the NP. Many Au bimetallic
NPs are alloyed with Ag, Pd, Pt, Zn, Cu, ZrO2, CdS, Fe2O3, Eu, Ni, and Rh. The
core@shell NPs consist of a metal shell surrounding a gold core, or gold shell
surrounding another metal core. The Au-Fe3O4 bimetallic NPs are considered as
attractive materials for both biological and medical uses, due to their theranostic
(therapy + diagnostic) properties involving magnetic resonance imaging (MRI) and
hyperthermia. The Au–Fe3O4 bimetallic NPs are attractive materials for biological
and medical areas, due to their theranostic (therapy + diagnostic) properties
involving magnetic resonance imaging (MRI) and hyperthermia.

Bratislava, Slovakia Ignác Capek
March 2017
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Chapter 1
Nanofield

Abstract Gold and silver that are beautiful and resistant to water and air were
always fascinating for people. Metals and noble metals remain important even in
the present ages of wood, polymer, carbon, and silicon. Different pathways have
been proposed for the preparation of noble metal nanoparticles with tailor-made
size and shape in the present decades. The nanometer regime covers the transition
from condensed matter behavior to atomic and molecular properties and thus is a
very rich but also very demanding area in materials science. Decreasing the
dimension of nanoparticles has pronounced effect on the physical properties that
significantly differ from the bulk material. They represent the missing link between
metal atoms and microparticles. The role of interfaces is rapidly increasing in
science and nanotechnology and they are the key to new functions. Separation and
purification techniques play important role in separation of the nanomaterials
(NMs) and their conjugates from the original reactants and by-products.
Characterization includes assessment of composition, morphology, dimensionality,
and physical and chemical properties. Size, volume, aspect ratio, perimeter, pro-
jected area, surface roughness, etc., are typical morphology parameters that are
assessed. A variety of well-developed techniques which already have been suc-
cessfully applied to the characterization of bare NMs are now being extended to
examining NM-conjugates. These include separation-based, scattering, microscopy,
spectroscopy, mass spectroscopy, and thermal techniques. Dialysis, filtration,
extraction, and differential precipitation represent the most common methods
applied to nanoparticle-(bio)conjugate purification. Chemical extraction and dif-
ferential precipitation are other potentially efficient but largely underused purifi-
cation techniques. Top-down approaches, such as photolithography, e-beam
lithography (EBL), and Focused ion beam (FIB), offer high fidelity and high
controllability in terms of design and prediction. Some bottom-up approaches based
on self-assembly can produce high-resolution (sub)nanostructures over a large area
with a low cost. The utilization of spectroscopic techniques for the detection of
cancerous and precancerous lesions is based on the analysis of specific light-tissue
interactions to assess the state of biological tissue. As light illuminates the targeted
tissue, these biomolecules, termed fluorophores, absorb the energy in the illumi-
nating light and respond by emitting fluorescent light of lower energy (and longer
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wavelength). Advances in bioengineering and the continued refinement of optical
detection techniques have led to the development of multimodal optical detection
systems. The ultimate goal of the optical detection systems centers on the
achievement of an “optical biopsy.” Nanotechnology is increasingly gaining a
foothold in clinical medicine, especially in oncology. The fabrication of nanode-
vices as probes is complex, most likely the assembly of building blocks including
nanoparticles, nanowires, nanotubes, and substrates.

Keywords Nanotechnology � Nanomaterials � Noble metal nanoparticles � Metal
colloids � Separation and purification techniques � Procedures
Abbreviations

1D One-dimensional
1H-NMR Proton nuclear magnetic resonance
2D Two-dimensional
3D Three-dimensional
9-BBN 9-borabicyclo [3.3.1] nonane
AAO Anodized aluminum oxide
AFM Atomic force microscopy
AgNPs Silver nanoparticles
Ag–PfFt Ferritin protein
AOT Sodium di(2-ethylhexyl) sulphosuccinate
APS Aminopropyltrimethoxysilane
APTES (Aminopropyl)triethoxysilane
APTMS Aldehyde propyltrimethoxysilane
AU Analytical ultracentrifugation
AuDENP Dendrimer-entrapped gold nanoparticles
AuDSNPs Dendrimer-stabilized gold nanoparticles
AuNDs Gold nanodots
AuNPs Gold nanoparticles
BAC Benzyldimethyltetradecylammonium chloride
BDAC Benzyldimethylhexadecylammonium chloride
BHDAC Benzylhexadecylammonium chloride
CAuNP AuNP concentrations
CD Cyclodextrin
CE Capillary electrophoresis
CEA Carcinoembryonic antigen
CMC Critical micellar concentration
CMT Critical micellar temperature
CNT Carbon nanotube
CSPI Cross-sectional perimeter integration
CT Computed tomography
CTAB Cetyltrimethylammonium bromide
CTAC Cetyltrimethylammonium chloride
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Cys Cysteine
DanArg Dansylated arginine
DDA Discrete dipole approximation
DDT 1-dodecanethiol
DENPs Dendrimer-entrapped nanoparticles
DFM Dark-field microscopy
DLS Dynamic light scattering
DNA Deoxyribonucleic acid
DOS Density of states
DOTAP 1,2-dioleoyl-3-trimethylammonium propane
DSC Differential scanning calorimetry
DSNPs Dendrimer-stabilized nanoparticles
DVLO Derjaguin-Verway-Landau-Overbeek theory
E Efficiency
EBL E-beam lithography
EDAX Energy-dispersive X-ray analysis
EDS Energy-dispersive X-ray spectroscopy
EDX Energy-dispersive X-ray spectroscopy
EDXRF Energy-dispersive X-ray fluorescence
EELS Electron energy loss spectroscopy
EET Electronic energy transfer
EG Ethylene glycol
EIS Electrochemical impedance spectroscopy
ELISA Enzyme-linked immunosorbent assay
EM Electromagnetic
EPR Enhanced permeability and retention
ES-DMA Electrospray-differential mobility analysis
ESEM Environmental SEM
Et3P Three ethyl phosphine
FA Folic acid
FAR Folic acid receptor
FCS Fluorescence correlation spectroscopy
FE Field emission
FESEM Field emission scanning electron microscopy
FFF Field flow fractionation
FI Fluorescein isothiocyanate
FIB Focused ion beam
FRET Förster (fluorescence) resonance energy transfer
FTIR Fourier transform infrared
FWHM Half the maximum intensity
GE Gel electrophoresis
Glu Glutamic acid
Gly Glycine
GO Graphene oxide
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Gp Graphene peak
GSH Glutathione
HAuCl4 � 3H2O Gold(III)-chloride-trihydrate
HDT 1-hexadecanethiol
HEIS High-energy ion scattering
His Histidine
HLB Hydrophilic-lipophilic balance
HMTS Heptamethyltrisiloxane
HOPG Highly ordered (oriented) pyrolytic graphite
HPLC High-performance liquid chromatography
HRTEM High-resolution transmission electron microscopy
HSA Human serum albumin
HTAB N-hexadecyltrimethylammonium bromide
IBBC Integrated blood barcode chip
ICP-AES Inductively coupled plasma-atomic emission spectrometry
ICP-OES Inductively coupled plasma-optical emission spectroscopy
ICPs Infinite coordination polymer particles
IL Ionic liquid
IR Infrared
ITC Isothermal titration calorimetry
Lac P-aminophenyl-b-D-lactopyranoside
LBL Layer-by-layer
LDOS Local density of states
L-PEI Linear polyethylenimine
LSP Localized surface plasmon
LSPR Localized surface plasmon resonance
mAbs Monoclonal antibodies
MBA P-mercaptobenzoic acid
MBI 2-mercaptobenzimidazole
MC@MNPs Metal nanoparticles decorated microcapsule
MDR Multidrug resistance
MEF Metal-enhanced fluorescence
Met Methionine
NIR Near-infrared
MMT Montmorillonite
MOFs Metal-organic frameworks
MPA 3-mercaptopropionic acid
mPEG-SH Monofunctional methoxy PEG
MPTMS Mercaptopropyltrimethoxysilane
MRI Magnetic resonance imaging
MS Mass spectrometry
MW Microwave
MWCNTs Multi-walled carbon nanotubes
MwCO Molecular weight cutoff
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Na2H(C3H5O(COO)3) Sodium citrate
NaAuCl4 Gold salt
NaBH4 Sodium borohydride
Nap Average number of particles
NBI Narrowband imaging
NICISS Neutral impact collision ion scattering spectroscopy
NIL Nanoimprint lithography
NMHs Noble metal-based hybrids
NMNPs Noble metal nanoparticles
NMR Nuclear magnetic resonance
NMs Nanomaterials
NPs Nanoparticles
NSOM Near-field scanning optical microscopy
NSOM (SNOM) Near-field scanning optical microscopy
NT 1-nonanethiol
o/w Oil-in-water
o/w/o Oil-in-water-in-oil
OA Oriented attachment
OCT Optical coherence tomography
OR Ostwald ripening
PA Amino polymers
PAA Poly(allylamine)
PAM Polyacrylamide
PAH Poly(allylamine hydrochloride)
PAMAM Poly(amidoamine)
PAN Poly(amidoamine), polyacrylate, polyacrylonitrile
PAT Process analytical technology
PCS Photon correlation spectroscopy
PBS Phosphate buffer saline
PDHPMA Poly(2,3-dihydroxypropyl methacrylate)
PDMS Polydimethylsiloxane
PDPAEMA Poly[2-(diisopropylamino) ethyl methacrylate]
PDT Photodynamic therapy
PEG Poly(ethylene glycole)
PEI Polyethyleneimine
PEO Poly(ethylene oxide)
PEs Polyelectrolytes
PET Positron emission tomography
PES Polyethersulfone
PEU Poly(ether)urethane
PfFt Ferritin protein
PG Polyguanidino oxanorbornene
PLGA Poly(L-glutamic acid)
PLL Poly(L-lysine)
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PNIPAM Poly(N-isopropylacrylamide)
PPO Poly(propylene oxide)
PSA Prostate-specific antigen
PSD Particle size distribution
PSt Polystyrene
PTA Photothermal ablation therapy
PVA Poly(vinyl alcohol)
PVPo Polyvinylpyrrolidone
QD Quantum dot
RBS Rutherford backscattering spectrometry
RCA120 Recinus communis agglutinin
RET Resonance energy transfer
RF Relative frequency
RGD Arginine-glycine-aspartic acid
ROMP Ring-opening metathesis polymerization
rp Particle radius
S Sedimentation coefficient
S/V Surface-to-volume
SAED Selected-area electron diffraction
SAMs Self-assembled monolayers
SANS Small-angle neutron scattering
Sarea Surface area
SAXS Small-angle X-ray scattering
SEC Size exclusion
SEM Scanning electron microscopy
SERRS Surface-enhanced resonance Raman scattering
SERS Surface-enhanced Raman scattering
SET Surface energy transfer
SiNWs Silicon nanowires
SLS Static light scattering
SNOM Scanning near-field optical microscopy
(sp)FRET Single-pair or particle
SPM Scanning probe microscopy
SPR Surface plasmon resonance
STM Scanning tunneling microscopy
SWCNTs Single-walled carbon nanotubes
TAPP Tetra(4-aminophenyl) porphyrin
TDT 1-tetradecanethiol
TED Transmission electron diffraction
TEM Transmission electron microscopy
TEOS Tetraethylorthosilicate, tetraethoxysilane
Tg Glass transition temperature
TGA Thermal gravimetric analysis
TG-DTA Thermal gravimetric and differential thermal analysis
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TLC Thin-layer chromatography
TOA Trioctylamine
TOAB Tetraoctylammonium bromide
Trp Tryptophan
Tween 20 Polyoxyethylene sorbitan monolaurate
UPD Underpotential deposition
vf Volume fractions
VFT Vogel-Fulcher-Tammann
w/o Water-in-oil
w/o/w Water-in-oil-in-water
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
ma Volume of action

1.1 Introduction

Although enjoying a history dating back to the days of Faraday’s pioneering work
[1], noble metal nanoparticles (NMNPs) are still intensively studied in current
research [2, 3]. After the seminal report by Faraday in 1857 [1] of the reduction of a
tetrachloroaurate solution by phosphorus in carbon disulfide, the preparation of
gold nanoparticles (AuNPs) with controlled sizes and shapes has raised increased
attention during the second half of the twentieth century. The breakthroughs have
been those by Turkevich in 1951 with the citrate method improved by Frens in
1973, then in 1981 with Schmid’s report of a Au55-phosphine cluster and the notion
of quantum dot, then by Mulvaney and Giersing in 1993 with the first synthesis and
stabilization of AuNPs by thiolates, and finally by the Schiffrin group in 1994 with
the report of the illustrious and most convenient Brust-Schiffrin biphasic method of
thiolate-stabilized AuNPs [2]. Sophistications of these methods during the last
decade, especially the seed-growth synthesis, have now led to promising applica-
tions. This is mainly due to their applications in catalysis [4], chemical sensing [5],
biolabeling [6], and photonics [7]. Additionally, AuNPs have served as building
blocks for self-assembled two- and three-dimensional superlattices [8, 9].

Hardly any other material has contributed more in the human civilization than
(noble) metals. Metals remain important even in the present ages of wood, polymer,
carbon, inorganics and silicon. Applications of metallic materials range from
household items to space ships due to their useful properties including strength and
toughness, thermal and electrical conductivity, different colors, jewels, ductility,
and high melting points. One of the key features of metallic materials is that they
can be crafted into numerous useful shapes and forms. “Gold will be slave or
master” as Horace once said. Gold, because of being rare, beautiful, and resistant to
chemical modification, was always fascinating for people. Centuries of human
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civilization passed, and gold was present since the earliest known traces of it. Even
today we can observe beautiful golden jewelry and other gold items, made in
Ancient Egypt. Gold is popularly associated with wealth and power. The first
medical use of gold is dated to the Chinese in 2500 BC. Since then, multiple
therapeutic effects were assigned to gold. There were attempts to treat nervous
disorders, tuberculosis, rheumatic disorders, and tumors usually with rather toxic,
not therapeutic effect. In our endeavor of exploring new materials with better
performance and new functionality, the researches have invented many techniques
for manipulating metallic materials. Currently, noble metal nanomaterials with a
variety of morphologies and sizes can be synthesized by various procedures [10].

The miniaturization of structures by conventional [11] and electron-beam
lithography [12] is reaching the theoretical limits of about 50 nm. For the further
miniaturization of chemical objects, alternative approaches must be developed.
Following Feynman’s vision, one may employ atoms and molecules as building
units for the “bottom-up” assembly and construction of architectures with nanometer
dimensions. Nanoparticles that consist of metals [13] (e.g., gold, silver, platinum,
and copper) seem to be attractive units for the engineering of such structures.
A variety of synthetic methodologies for the preparation of various metal
nanoparticles within a designed size distribution are available. Often, the metal
nanoparticles are prepared by “wet chemistry” procedures, in which clusters of metal
atoms are formed in the presence of a surface-capping ligand (surfactant or surface
active molecule). This capping ligand binds to the metal atom clusters, prevents
aggregation of the particles into bulk material, and controls the final dimensions of
the nanoparticles. Many capping (agents) systems are available: hydrophobic
monolayers [14], positively or negatively charged hydrophilic monolayers [15, 16],
surface active (macro)molecules, and (bio)polymer layers [17].

Nanoparticles exhibit completely new or improved properties as compared to the
larger particles of the bulk material that they are composed of based on specific
characteristics such as size, distribution, and morphology [18]. Certainly, finding
new materials is always an important part of progress, but we should also focus on
the much larger domain of novel functions that we can give to existing or modified
materials. Various techniques are involved in nanoparticle preparation like chemical
and physical methods which may successfully produce pure, well-defined
nanoparticles, but these are quite expensive and potentially can be dangerous to
the environment [19]. Green chemistry-based eco-friendly methods for synthesis of
nanoparticles could be an alternative for chemical synthesis. Numerous naturally
derived materials and biopolymers have been successfully used for well-organized
and speedy green synthesis of silver [20]. Nanomaterial synthesis is emerging as a
crucial technology in nanotechnology to develop building blocks for
nanometer-scale devices. The synthesis of noble metal nanoparticles with controlled
chemical composition, size, and shape distributions is an important first step toward
the realization of nanotechnology. Size and shape are pivotal in determining the
physical and chemical properties of materials on the nanoscale [21]. A wide variety
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of physical and chemical processes have been employed for the synthesis of metal
nanoparticles [22–24].

Separation and purification techniques separate the nanomaterials (NMs) and
their conjugates from the original reactants and by-products [25]. Characterization,
an important step in the morphology-controlled synthesis of nanoparticles, includes
assessment of composition, morphology, dimensionality, and physical (such as
optical and spectroscopic characteristics) and chemical properties (such as surface
charge and functionality). Size (diameter, length, width, and height), volume, aspect
ratio, perimeter, projected area, surface roughness, etc., are typical morphology
parameters that are assessed [26]. A variety of well-developed techniques which
already have been successfully applied to the characterization of bare NMs are now
being extended to examining NMNPs and their nanoconjugates. These include
separation-based, scattering, microscopy, spectroscopy, mass spectroscopy, and
thermal techniques [27].

Current methods for determining noble metal nanoparticle size can be divided
into several subcategories. The first is light scattering method that includes dynamic
light scattering (DLS), static light scattering (SLS), and small-angle X-ray scat-
tering (SAXS). The second category is the microscopy method including atomic
force microscopy (AFM), transmission electron microscopy (TEM), and scanning
electron microscopy (SEM). The third is the localized surface plasmon resonance
(LSPR) method, which takes advantage of the fact that the LSPR features of AuNPs
depend on the size, shape, and concentration of the AuNPs [28, 29]. Fractional
precipitation has often been used for size and shape estimation of nanoparticles.

Chromatography separation techniques are based upon the differing affinities of
the multiple sample components for the chosen chromatographic mobile and/or
stationary/solid phase [30]. For High-performance liquid chromatography (HPLC)
coupled with reverse-phase ion-exchange and size exclusion (SEC), stationary
phases have been extensively used for purification of nanomaterial conjugate from
excess (bio)molecules [31]. Size exclusion chromatography has also shown its
feasibility for the separation of various metallic nanoparticles according to their size
and shape. Field flow fractionation (FFF) provides information on charge, size
(peak height position), and size distribution (peak width) [32]. Centrifugation is a
relatively simple and cheap technique that can be used to purify functionalized
nanomaterials and their conjugates from unconjugated ligand (molecule).

Of all the scattering techniques available, DLS, also known as photon correlation
spectroscopy (PCS), is probably the most commonly used for characterizing the
hydrodynamic size of nanoparticles (NPs) and their conjugates, given that it is
simple, noninvasive, nondestructive, and relatively cheap to apply [33]. The con-
centration of particle gold in solution, for example, can be measured by inductively
coupled plasma-optical emission spectroscopy (ICP-OES) [34]. The Scherrer
equation, in X-ray diffraction and crystallography, is a formula that relates the size
of submicrometer particles, or crystallites, in a solid to the broadening of a peak in a
diffraction pattern [35].

Fluorescence correlation spectroscopy (FCS) is similar to DLS, in that it mea-
sures signal fluctuations due to diffusion, aggregation, interactions, etc., and has
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already been successfully applied to accurately estimate the hydrodynamic radius of
fluorescent NPs and fluorescent beads [36]. Surface-enhanced Raman scattering
(SERS) is an ultrasensitive vibrational spectroscopic technique that can be used for
the detection of molecules on or in close proximity to the surface of metal
nanostructures. When a dye resonant with the interrogating laser is investigated, a
further enhancement that results in surface-enhanced resonance Raman scattering
(SERRS) can be achieved [37]. Förster resonance energy transfer (FRET),
fluorescence resonance energy transfer (FRET), resonance energy transfer (RET),
or electronic energy transfer (EET) is a mechanism describing energy transfer
between two light-sensitive molecules (chromophores) [38].

X-ray diffraction (XRD) is typically used to provide structural information about
crystalline samples [39]. Thermal techniques can aid in determining the amount of
conjugated molecule as well as both the nanoparticle and the molecule’s (poly-
mer’s) thermal stability. Typically, for techniques such as differential scanning
calorimetry (DSC), microgram amounts of sample are required for analysis (de-
pending on composition). Thermal gravimetric analysis (TGA) is a method that
utilizes a high-precision balance to determine changes in the weight of a bulk
sample relative to changes in temperature and has been used to characterize a
variety of NPs functionalized with biomolecules [40].

Environmental SEM (ESEM) does allow sample imaging under low pressure,
fairly high humidity, and without the requirement of a conducting overcoat but has
found limited use to date for the study of nanoparticles and their bioconjugates.
Dark-field microscopy (DFM) and near-field optical microscopy allow direct
examination of single particles, providing deeper understanding of the optical
properties of individual nanoparticles [41]. Experimental techniques, such as
electron energy loss spectroscopy (EELS), have been proven to be successful in
imaging localized optical excitations with high resolution to reveal their dramatic
spatial variation over single nanoparticle by using photons and electron beams [42,
43]. The discrete dipole approximation (DDA) technique was used to model the
silica-coated nanoprisms [44]. Mass spectrometry (MS) is an analytical chemistry
technique that helps identify the amount and type of chemicals present in a sample
by measuring the mass-to-charge ratio and abundance of gas-phase ions. Dialysis,
filtration, extraction, and differential precipitation represent the most common
methods applied to NP-(bio)conjugate purification.

A ligand adsorption method is used for determining the surface areas, concen-
trations, and sizes of colloidal gold. Preformed-seed-mediated growth is a popular
colloid-chemical method for the preparation of a wide variety of NMNPs [45].
A variant of preformed-seed-mediated growth method is the “in situ seeding
method.” Solution plasma, a novel technology, has potentials for advancement in
production of nanomaterials and decomposition of organic-based compounds as
well as control of microorganisms. Liquid chemistry initiated by microplasma at the
plasma-liquid interface is ultimately responsible for the nucleation and corre-
sponding synthesis of AuNPs in liquid. Electric discharge technique is one of the
classical colloid preparation methods [46]. There are two general methods for
producing a polymer shell around noble metal nanoparticles: the “grafting to” and
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the “grafting from” methods [47]. Top-down approaches, such as photolithography,
e-beam lithography (EBL), and Focused ion beam (FIB), offer high fidelity and
high controllability in terms of design and prediction. Some bottom-up approaches
based on self-assembly, such as nanosphere lithography, anodized aluminum oxide
(AAO) template, and block copolymer lithography, can produce high-resolution
(sub)nanostructures over a large area with a low cost, but it is difficult to obtain
highly uniform and controllable structures of arbitrary symmetries across whole
area [48].

Advances in bioengineering and the continued refinement of optical detection
techniques have led to the development of multimodal optical detection systems.
These multimodal devices often function in real time to provide complementary
diagnostic information and wide tissue surveillance capability. The ultimate goal of
the optical detection systems centers on the achievement of an “optical biopsy.”

The combination of nano-objects, nanotools, and nanotemplates with biomole-
cules yields new facets of bioelectronics to open new horizons of nanobioelec-
tronics. Many nanogold(silver)-based environmental technologies (e.g., sensors,
sorbents, reactants) are under very active research and development and are
expected to emerge as the next-generation environmental technologies to improve
or replace various conventional environmental technologies in the near future [49].
Some of the most promising near-term realizations of nanotechnology are at the
interface of physical, chemical, and biological systems. Because many biomole-
cules have specific binding properties in self-assembly processes, they are attractive
materials for nanotechnology.

1.2 Book’s Features

This book will focus on the experimental, and to a lesser extent, theoretical, status
of research on the preparation and characterization of noble metal nanoparticles and
their conjugates, especially of silver and gold nanoparticles. As such, this book
starts with a brief history of gold materials. Without making any attempt to be
exhaustive, this book examines and summarizes the existing achievements in the
methods of synthesis of NMNPs mainly with both spherical and partly with non-
spherical morphologies, highlighting how their physical and chemical properties are
influenced by the reaction procedure and change in morphology.

This book is organized into five chapters and many subchapters and sections.
The first chapter “Nanofield” consists of seven subchapters. In the first subchapter,
the short history and introduction to this field are presented. Noble metal
nanoparticles appeared early in human history, probably since the fifth century BC
in China and Egypt for medical or decorative purposes, which persisted until now.
The second subchapter introduces the short content of all chapters. In the third
subchapter, the general characteristics of nanomaterials and their preparations are
described, with an emphasis on gold and silver nanoparticles. The synthesis of
nanomaterials or nanoparticles was summarized to be carried out in the solid,
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liquid, or gaseous state, following two basic approaches, as “top-down” and
“bottom-up.” A variety of colloid-chemical strategies involving a wide spectrum of
reagents and reaction conditions has been employed in order to prepare noble metal
nanomaterilas of controlled morphologies. The fourth subchapter, “Nanometria and
nanotechnology,” summarizes the approaches of manipulating and controlling
things on a small scale. The nanometer regime covers the transition from condensed
matter behavior to atomic and molecular properties and thus is a very rich but also
very demanding area in materials science. Properties and functions change quali-
tatively or quantitatively by orders of magnitude when the dimensions become
smaller than a critical size in the nanometer range. The key to the future lies in the
functions that we give to materials, not just in finding “novel functional nanoma-
terials”. Certainly, finding new materials is always an important part of progress,
but we should also focus on the much larger domain of novel functions that we can
give to existing or modified materials. Nanotechnology is the culmination of many
facets of developments in the nanorealm, including nanofabrication, nanoma-
chineries, quantum devices, molecular machines, and molecular computers. Various
synthetic strategies to prepare noble metal nanoparticles and major techniques to
characterize nanoparticles are summarized in the fifth subchapter. Herein, separa-
tion and purification techniques are reviewed for the separation of the nanomaterials
(NMs) and their conjugates from the original reactants and by-products.
Characterization includes assessment of composition, size, volume, aspect ratio,
perimeter, projected area, surface roughness, morphology, dimensionality, and
physical and chemical properties. These include scattering, microscopy, spec-
troscopy, mass spectroscopy, and thermal techniques. Current methods for deter-
mining NMNP size include light scattering methods such as dynamic light
scattering (DLS), static light scattering (SLS), and small-angle X-ray scattering; the
microscopy methods include atomic force microscopy (AFM), transmission elec-
tron microscopy (TEM), and scanning electron microscopy (SEM); the localized
surface plasmonic resonance (LSPR) method; and the fractionation, centrifugation,
and chromatographic methods. X-ray diffraction (XRD) is typically used to provide
structural information about crystalline samples. Förster resonance energy transfer
(FRET), fluorescence resonance energy transfer (FRET), resonance energy transfer
(RET), or electronic energy transfer (EET) is a mechanism describing energy
transfer between two light-sensitive molecules (chromophores). Thermal techniques
can aid in determining the amount of conjugated molecule as well as both the
nanoparticle and the molecule’s (polymer’s) thermal stability. Typically, for tech-
niques such as differential scanning calorimetry (DSC), microgram amounts of
sample are required for analysis (depending on composition). Thermal gravimetric
analysis (TGA) is a method that utilizes a high-precision balance to determine
changes in the weight of a bulk sample relative to changes in temperature. The
electron diffraction pattern obtained from high-resolution TEM (HRTEM) and
sometimes selected-area electron diffraction (SAED) techniques may provide
information regarding the atomic structure of the particles, lattice plane fringes, and
the nature of the facets such as twinning, twinning planes, and surface recon-
struction. Energy-dispersive X-ray analysis (EDAX) available with analytical TEM
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or SEM and X-ray photoelectron spectroscopy (XPS) can be used to determine
surface elemental and surface compound composition. Indeed, these techniques
provide extremely detailed information on the target molecules or atoms at an
atomic scale, while they are used under ultrahigh vacuum or under extremely low
temperatures for precise control of the mechanical drift or diffusion of the samples.
Some are already routinely used to purify NP-conjugates and can also be quite
effectively used for characterization purposes. The further subchapter deals with the
medical diagnostics. This field comprises a variety of techniques designed to
characterize the relationship between the physical (chemical) and biological prop-
erties of tissue. Through the detection of changes in light, for example, after
interaction with tissue, optical technologies provide information on the physiologic
condition of the tissue at a molecular level. Spectroscopic techniques, such as
fluorescence spectroscopy, light scattering spectroscopy, optical coherence
tomography, and Raman spectroscopy, utilize the unique spectral patterns that are
created as tissue progresses toward cancer to offer the potential to detect diseased
tissue during the initial stages of carcinogenesis. Advances in bioengineering and
the continued refinement of optical detection techniques have led to the develop-
ment of multimodal optical detection systems. These multimodal devices—mainly
based on nanotechnology—often function in real time to provide complementary
diagnostic information and wide tissue surveillance capability. The ultimate goal of
the optical detection systems centers on the achievement of an “optical biopsy.”
Nanotechnology is garnering widespread recognition not only as a scientific sub-
discipline, but an entity in its own right that encompasses physics, chemistry, and
biology. It seems that nanotechnology is increasingly gaining a foothold in clinical
medicine, especially in oncology. Nanoparticles, such as super paramagnetic iron
fluids, noble metal nanoparticles, and quantum dots, are emerging as viable contrast
agents to be used in medical imaging platforms, for instance CT or MRI. Small
nanoparticles display superior fluorescent properties with less photobleaching
compared with conventional chromophores. Nanoparticles have been of significant
interest over the last decade as they offer great benefits for drug delivery to over-
come limitations in conventional radiation or chemotherapy. Image-guided thera-
pies could be designed based on multifunctional noble metal nanoparticles. Such
NPs have a strong and tunable surface plasmon resonance absorption in the
near-infrared region and can be detected using multiple imaging modalities (mag-
netic resonance imaging, nuclear imaging, and photoacoustic imaging). These novel
nanostructures, once introduced, are expected to home in on solid tumors either via
a passive targeting mechanism (i.e., the enhanced permeability and retention effect)
or via an active targeting mechanism facilitated by ligands bound to their surfaces.
Conclusion remarks about history, preparation, and characterization of noble metal
nanoparticles are included in the last subchapter. Herein, the rich variety of syn-
thetic techniques, routes, and morphologies in NMNPs briefly summarized are
highlighted. We have seen that the progress has been rapid and inspiring toward the
innovative synthesis methods and sophisticated characterization techniques. We
finish off by showing new directions research is taking in this new and fascinating
area.
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The second chapter “Noble metal nanoparticles” consists of five subchapters.
The first subchapter shows the general features about massive generation and usage
of engineered nanomaterials (or nanoparticles) even though the potential nanos-
tructure impacts of these materials are largely unknown. NMNPs play important
roles in different branches of science, such as chemical catalysis, catalysts for the
growth of nanowires, nanomedicines, and nanoelectronics. For most of those
applications, their size and size distribution control are of key importance. Research
involving the use of different types and designs of nanomaterials continues to
evolve with the growth of nanotechnology for applications in such fields as drug
delivery, medical imaging, diagnostics, and engineering technology. The second
subchapter covers the basic knowledge about the reaction precursors. Control over
the shape and size of the NMNPs is usually achieved through the careful selection
of the experimental conditions, namely reducing agent (strong or weak), reaction
time, temperature, UV light, template, (co)solvent, and capping agent (surfactant).
Upon the addition of strong reductants, gold cations are reduced rapidly, resulting
in an immediate color change of the reaction mixture from colorless or yellow to
dark red. With the use of weaker reductants applied in these syntheses, a much
slower but continuous color change from colorless to yellow, pink, brown, and
finally to purple-red is observed, which indicates a relatively slow reducing rate of
Au(I). The third subchapter deals with some factors contributing to the kinetics of
particle nucleation, growth, and modification. There are several methods for the
preparation of noble metal nanoparticles such as citric acid reduction, electro-
chemical synthesis, photoreduction, and radiation. The activation of the reaction to
produce silver nanoclusters can be performed following several routes. The silver
ions from dissolved silver salts can be reduced, either by a chemical reductant (e.g.,
sodium borohydride, sodium hypophosphite), by light (photoreduction with visible
or ultraviolet light), or by c-rays (by radiolysis of water). The chemical reduction
and the photoreduction are the most commonly used methods. The sensitivity of
gold and silver nanoclusters to the local environment can be exploited for sensing
purposes; though it represents a difficulty when designing the synthesis, the proper
recipe for the production of these nanoclusters with a certain scaffold might not be
useful when using a different scaffold. Vast studies have concerned aqueous
solutions of the amphiphilic “pluronics” type of triblock copolymers,
PEO-PPO-PEO. It is well established that the pluronic copolymers with higher
PEO/PPO ((poly(ethylene oxide)/poly(propylene oxide)) ratio self-assembly into
micelles composed of a PPO-rich core and a PEO-rich corona above the critical
micellar concentration (CMC) and a critical micellar temperature (CMT).
PEO-PPO-PEO block copolymers can act as very efficient reductants/stabilizers in
the single-step synthesis and stabilization of gold nanoparticles. In aqueous sys-
tems, the effects of metal ion/stabilizer mixing ratio, reaction temperature, reaction
time, and energy input on the formation of colloidal particles typically have been
considered. Formation of gold nanoparticles from AuCl4

− in aqueous
PEO-PPO-PEO block copolymer solutions includes three main steps including
complexation, reduction, and stabilization. Environmentally friendly,
single-step/single-phase synthesis of core@shell noble metal NPs can be mediated
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by polymers that simultaneously play the roles of reductant and stabilizer while
imparting unique properties to the resulting hybrid material. To date, the above
strategy has been applied successfully mainly to pluronics and polyacrylates with
amino groups, which have a strong ability to coordinate on metal surfaces.
Furthermore, it has been observed that foreign ions (metal, halides, etc.) play
important roles in the morphology control of the NMNPs. They generally adsorb
onto a certain set of facets of the growing particle more strongly than others. Such
preferential adsorption affects the growth rate of a particle in an anisotropic fashion
or may influence the formation of defect structure of the seeds, resulting in the
modification of the final crystal shape. Often modifiers (e.g., surfactants) are added
to moderate the growth rate or influence the final crystal habit. Growth of gold
nanocrystals in solution also relies on surfactants to control unwanted cluster
aggregation during chemical reduction of ionic precursors or thermal decomposi-
tion of metalorganics. Continuous fluctuations in the sizes of these clusters occur
via the incorporation of additional atoms or molecules and their detachment.
Depending on the surface-to-volume ratio of a developing particle, the resultant
energy varies and, therefore, there will be an energy barrier for nucleation. Growth
of metal nanocrystals in solution also relies on surfactants to control unwanted
cluster aggregation during chemical reduction of ionic precursors or thermal
decomposition of metalorganics. The homogeneous nucleation of nanoparticles is
based on the supersaturation of solution by reactants such as precursors, reducing
agent, stabilizers, costabilizers, and additives. The supersaturation state can be then
reached by the reduction in temperature. Generation of supersaturation 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 precursor(s), stabilizer(s) and
other additives are stirred in the oil- or water-continuous phase and then treated by
the heat. 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 and then the growth of particles is achieved via
further steps, for example, by the further addition of precursor(s), stabilizer(s), and
additives. The noble metal nanoparticle growth is generally categorized by two
processes: diffusion-controlled Ostwald ripening and aggregation/coalescence. The
digestive-ripening process contributes to the regulation of the particle growth and
particle distribution. Modifications in temperature influence the reaction by
changing the stabilization of the complexes formed between metal precursors and
the surface modifiers, e.g., polyvinylpyrrolidone (PVPo), and the nucleation rate of
the reduced metallic atoms. Seed-mediated growth method has been demonstrated
to be a powerful synthetic route to generate a range of different types of metal
nanoparticles. This method separates the nucleation and growth stage of nanopar-
ticle syntheses by introducing presynthesized small seed particles into a growth
solution typically containing a metal precursor, reducing agent, surfactants, and
some additives. Dissolution is one of the main processes that controls metal
nanoparticles behavior in aquatic systems. This is not the case for the metal
microparticles or bulk metal fragments. Dissolution of silver nanoparticles, for
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example, occurs through oxidation of metallic silver and release of Ag+ into
solution (or dissolution rate is accelerated). The further subchapter based on
bioapproach indicates that some surfactants find their way to various environmental
segments and thus pose serious health hazards. Long exposure to quaternary
ammonium compounds (QAC) can cause sensitization, hemolysis, and toxic effects
by all routes of exposure including inhalation, ingestion, dermal application, and
irrigation of body cavities. Toxicity is a major nuisance of anticancer drugs. Most of
the clinically used anticancer drugs have a narrow therapeutic index, with a small
difference in their dose for antitumor effect and toxicity. One promising example of
such materials is presented by a class of pluronic block copolymers. These block
copolymers consist of hydrophilic poly(ethylene oxide) (PEO) and hydrophobic
poly(propylene oxide) (PPO) blocks arranged in ABA triblock structure. Passive
drug targeting is a validated method for improving the delivery of low molecular
weight (chemo)therapeutic agents to tumors. Prominent examples of macro-
molecular drug carrier systems evaluated in patients are albumin, poly(ethylene
glycol), dextran, poly(L-glutamic acid), poly[N-(2-hydroxypropyl)methacry-
lamide], and others. These formulations were found to be 4–5 times higher than that
of free doxorubicin (DOX), no cardiotoxicity was detected (in spite of the relatively
high overall doses administered), and several clear responses were observed, in
patients with nonsmall cell lung cancer, with colon cancer and with
doxorubicin-resistant breast cancer. Furthermore, these copolymers have also been
employed to improve the treatment of noncancerous disorders, such as rheumatoid
arthritis and bacterial infections, which are also characterized by a strong inflam-
mation component and leaky blood vessels, and which are therefore also highly
amenable to EPR-mediated passive drug targeting. The last subchapter (conclusion)
attempted to give an outline of the colloid-chemical synthesis approach for con-
trolling morphology in NMNPs. These NPs with intriguing and novel morpholo-
gies, and sometimes with near-perfect shape control, have been produced by
colloid-chemical synthesis. The influences of various synthesis parameters, pro-
cesses, and approaches in manipulating the nanometer features in all three
dimensions of NPs have been discussed.

The surfactant-mediated preparation of noble metal nanoparticle studies sum-
marized in the third chapter consists of four subchapters. The literature review to
this topic is shortly introduced in the first subchapter. The second subchapter deals
with the basic knowledge concerning of the preparation of metal nanoparticles in
reverse micelles (six sections). The surfactants that coat a micelle are typically
amphiphilic in nature, meaning that micelles may be stable either as droplets of
aprotic solvents, such as oil in water, or as protic solvents such as water in oil. The
shape of the aggregates depends on the chemical structure of the surfactants,
namely the balance in size between hydrophilic head and hydrophobic tail.
A measure of this is the hydrophilic-lipophilic balance (HLB). Of the chemical
processes, a reverse micelle (water-in-oil (w/o) microemulsion) synthesis has been
demonstrated to be a viable method for producing a wide array of noble metals and
metal (oxide) nanoparticles over a relatively narrow particle size distribution in
different organic media. The w/o microemulsion method offers a lot of advantages
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with respect to others (coprecipitation in solution, sol-gel, flame-spray pyrolysis,
laser evaporation, high-energy milling), namely the use of a simple equipment,
homogeneous mixing, high degree of particles size and composition control, for-
mation of NMNPs with high surface area, and the use of soft condition of synthesis
near ambient temperature and pressure. As the preparation of metal nanoparticles
using reverse micelles does not require extreme conditions of temperature and
pressure, it is comparatively easy to expand the scale of reverse micellar reaction
system. A reverse microemulsion 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
formation allows for a unique encapsulated volume of controllable size through
which reactions and subsequent development of metal nanostructures or nanopar-
ticles proceed in the soft template. However, large amounts of surfactant are
required to stabilize the metal nanoparticles, which introduces impurities. The use
of microemulsion template is one of the most advantageous ways to synthesize
AuNP in a “bottom-up” approach. Different structure can be formed as such:
water-in-oil (w/o) or oil-in-water (o/w) droplets, and bicontinuous structure, over a
wide range of composition depending of the properties of the surfactant and the oil.
The preparation of silver nanoparticles by the inverse microemulsion is summarized
in the second section. Silver nanoparticles are of particular interest because of their
wide applications resulting from the unique properties that depend on their shape
and size. Synthesis of silver nanoparticles in the presence of various (coating)
agents, such as amino acids or small peptides, often produces nanoparticles with
variable dimensions, which depend on the concentration of the coating agent and on
reaction conditions. AgNPs have been gaining significant research interest due to
their unique shape and size-dependent optical, antimicrobial, and catalytic prop-
erties. Silver nitrate aqueous solution was directly used to prepare silver nanopar-
ticles in AOT (sodium di(2-ethylhexyl) sulphosuccinate)-based microemulsions.
The particles are spherical in shape, and there is narrower in the size distribution at
lower water content. More elongated rodlike (anisotropic) micelles and/or wormlike
micelle structures are formed at higher water content and in the presence of various
additives. Surfactant molecules can be used as “simple” capping, soft template, and
stabilizing agents. They also grew successive generations of metal alloy nanopar-
ticles from seeds formed in ionic and anionic inverse micelles using the inverse
micelle solution used to grow the seeds as the feedstock for each stage of growth.
Dodecanethiol-capped silver “quantum dot” particles (QD-particles) have been
synthesized using a novel biphasic microemulsion. AOT as the anionic surfactant
due to its higher solubility in organic phase helps to extract metal cations from the
aqueous to reverse micellar phase. An alternative new approach to monodisperse
silver nanocubes by a HTAB (hexadecyltrimethylammonium bromide)-modified
silver mirror reaction was discussed. The growth of silver nanoparticles should be a
result of the interplay of the faceting tendency of the stabilizing agent of HTAB and
the growth kinetics of silver metal. A number of 1D arrays of aligned silver colloids
were found in the prolate HTAB micelles. Meanwhile, some nanowires that formed
along the arrays were also observed. The simplest approaches for gold nanoparticle
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synthesis are various surfactant-based methods, mainly microemulsion approach
described in the third section. Controlled nucleation and separation of nucleation
from growth are the keys to synthesizing near-monodisperse gold nanoparticles.
This can be 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. Surfactant molecules can be used as “simple”
capping, soft template, and stabilizing agents as in the organometallic precursor
decomposition reactions. A micelle template mechanism can explain the origin of
various shapes of gold nanoparticles. The AuCl4

− ions are quantitatively bound to
cetyltrimethylammonium bromide (CTAB) micelles and can be used to vary the
particle size and shape. The crystal growth can be manipulated and spatially con-
trolled by CTAB if the active solution species that deposits onto the growing
particle surface is adsorbed onto the CTAB micelles. The formed gold nanoparticles
exist in several morphologies (spheres, rhombs, triangles, popcorn, and polygons).
The organic coating was also performed in nonionic surfactant (Igepal)-cyclohex-
ane reverse micelle medium. Igepal produces 1–10-nm-size spherical reverse
micelles, depending on the water-surfactant molar ratio. In the fourth section
“Hybrid nanoparticles,” composite nanomaterial studies were summarized. The soft
template formed by reverse micelles was effective to prepare the composite (hybrid)
gold-coated metal nanoparticles. The gold or silver shell was suggested to grow by
nucleating from small nanoparticles on the iron-core surface before it develops the
shell structure. These nanoparticle nucleation sites form islands for the growth and
coalescence of the thin gold or silver overlayer. Laser ablation of solvent-suspended
metal powders can be used for synthesis of gold/silver alloy and core@shell
nanoparticles of predetermined composition. Highly spherical nanoparticles with a
core comprising multiple gold nanodots and a silica shell ({Au@SiO2}NPs) were
synthesized via a reverse (water-in-oil) microemulsion-based method. When the
multi-Au@SiO2 NPs were stirred in aqueous polyvinylpyrrolidone solution at room
temperature, the multiple gold nanodots (AuNDs) within the silica matrix were
merged together and changed to a single gold nanoparticle. In the next (fourth)
section, the preparation and stabilization of noble metal nanoparticles by (co)
polymer surfactants (micelles) are discussed as an interesting route for the fabri-
cation of nanoparticle systems with a metal core@polymer shell structure.
A number of methods have been described for preparing and stabilizing NMNPs,
including soft micelle templates of ionic and nonionic polymeric surfactants such
polyoxyethylene sorbitan monolaurate (Tween 20), direct attachment of bolaam-
phiphile surfactants or thiolated polymers, and layer-by-layer deposition of poly-
mers using charge interactions on the surface of NMNPs as a driving force. Modern
macromolecular engineering knowledge is applied to synthesize next-generation
polymer coatings for noble metal nanoparticles that may feature
stimulus-responsiveness (pH, temperature, ionic strength, and light) and sponta-
neously form versatile supramolecular structures. The incorporation of amphiphilic
copolymers into the gold nanoparticle fabrication process has led to the interesting
discovery that both the formation and the stability of colloids are dictated by the
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chemical structure of macromolecular chains. Environmentally friendly,
single-step/single-phase synthesis of core@shell NMNPs can be mediated by sur-
face active polymers that simultaneously play the roles of reductant and stabilizer
while imparting unique properties to the resulting hybrid material. For instance,
PEO-PPO-PEO-stabilized AuNPs were prepared in an efficient one-pot
aqueous-phase synthesis from the reduction of gold salts by using
PEO-PPO-PEO both as a reducing agent and as a stabilizer. The self-organized
morphology comprises spherical micelles with a three-layer onion-like core@-
shell-corona architecture, with the PDPAEMA block occupying the micelle core
and the PDHPMA and PEO block forming the inner shell and corona, respectively,
as a template. In the sixth section (five subsections), “Stabilizers-mediated
nanoparticle syntheses,” the effect of various reactants (solvents, reducing and
capping agents, impurities, etc.) on the reaction mechanism of new nanoparticle
generation is highlighted. The first, and older one, involves the reduction of metal
(tetrachloroaurate) ions in aqueous media. The second concept involves the syn-
thesis in organic solvents. The most popular method is the two-phase synthesis
which involves the transfer of tetrachloroaurate ions into toluene with the use of
tetraalkylammonium bromide and subsequent reduction with sodium borohydride
in the presence of thiols. The surfactant tetraoctylammonium bromide (TOAB) is
normally used in the Brust-Schiffrin two-phase method as a phase-transfer agent,
and it also acts as metal nanoparticle stabilizer. The TOAB-capped AuNPs is
obtained by the Brust-Schiffrin two-phase method without adding the additional
stabilizer and utilized in further functionalization or self-assembly. The ionic liquid
(IL) that use benzyldimethyltetradecylammonium chloride (BAC) stabilizes the
nanoparticles noncovalently via electrostatic interactions. A proposed model is
based on differential anion stabilization of metal nanoparticles in a certain order.
The anion must be at the surface of the metal, because the stabilization of the
nanoparticles correlates with the sterics of the anion.

A facile one-step one-phase synthetic route to achieve a variety of metallic
nanoparticles by using amine-borane complexes as reducing agents is discussed.
With the use of different metal sources, both mono- and alloyed metallic nanopar-
ticles with a narrow size distribution can be obtained in a single step. An
amine-borane complex was used to reduce metal cations. The reducing rate was
varied by the reaction temperature and concentration of reactants including the type
of solvent. A high-temperature solution-phase synthesis as an inexpensive, versatile,
and very reproducible method can be used for the large-scale synthesis of orga-
noamine-protected gold and silver nanoparticles in the 5–30 nm size ranges and with
polydispersities as low as 7%. Alkylamines as stabilizers for silver nanoparticles
have weaker interactions with silver. These weak interactions can potentially be
broken up at significantly lower temperatures, thus enabling the “stripped” silver
nanoparticles to coalesce to form a continuous conductive layer. The coordination of
silver ions with NH2 groups in polyacrylamide (PAM) served as weak cross-linkers
to attach silver ions and later atoms to polymer chains. Fast formation of silver
nanoparticles occurred upon exposing the above mixture to ambient (indoor) light.
These observations highlighted the significant role that the polymer plays in the
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present photoreactions. The Brust-Schiffrin method was improved by procedure
upon which the alkylthiolate-stabilized AuNPs were synthesized in methanol
solution without the phase-transfer agent. It has been shown that alkylthiolate-coated
nanoparticles form a 2D assembly due to a combination of electrostatic repulsion
and van der Waals interaction. The nanoparticles are suggested to form assemblies in
solution and that a similar spatial arrangement of nanoparticles may exist in solution.
9-borabicyclo [3.3.1] nonane (9-BBN) was introduced as a mild reducing agent for
the synthesis of a series of functionalized alkylthiolate-stabilized AuNPs. Other
thiolate ligands such as bifunctional alkanethiolate, arenethiolate, and other func-
tional thiolate-stabilized have been used to synthesize functional AuNPs from the
corresponding thiols. The monodispersed spherical silver nanoparticles were formed
by reduction of Ag salt in toluene using the mild reducing agent heptamethyl-
trisiloxane (HMTS) in the presence of the stabilizing ligand trioctylamine (TOA).
Thiols used are strong, stabilizing ligands, and the formation of thiolate-protected
gold nanoparticles is very complex. The introduction of strong capping agents
during nanoparticle synthesis has the effect of stopping the growth of the NPs,
whereas weakly associated ligands allow for continued growth. The versatility and
usefulness of soft-ligand-coated AuNPs are further demonstrated by replacing the
soft ligands with alkylthiols, which results in 2D assembly of the AuNPs.
Soft-ligand-stabilized nanoparticles can be used as precursors to obtain nanoparticles
with different surface chemistry by replacing the soft ligands with other desired
ligands. A new method of producing gold nanoparticles is a surfactant-free syn-
thesis, high variability in the introduction of (functionalized) ligands, and good
control over the particle size. It was found that a solution of hydrogen tetra-
chloroaurate in diethylene glycol dimethyl ether can be reduced by a solution of
sodium naphthalenide in diglyme to form gold nanoparticles. The citrate reduction
method is well known for its simple procedure, yielding stable and reproducible gold
nanoparticles of narrow size distribution. The citrate method produces nearly
monodisperse gold nanoparticles. Nearly, monodispersed AuNPs with sizes ranging
from 20 to 40 nm have been synthesized upon variation of the solution pH. Other
improvements of the Turkevich method involved the control of the reaction tem-
perature, the introduction of fluorescent light irradiation, and the use of high-power
ultrasound. An intriguing result concerns citrate-stabilized AuNPs that appeared by
using D2O as the solvent instead of H2O during the synthesis of AuNPs. It was
concluded that D2O increased the reducing strength of citrate. Incorporation of low
molecular mass drugs into pluronic micelles can increase drug solubility and drug
stability, and can improve drug pharmacokinetics and biodistribution (the third
subchapter). Dilution in the blood upon injection would quickly dissolve the micelle
and prematurely release the drug into the bloodstream, which limits their practical
uses for systemic delivery of DOX. To enhance stability of micelles in the blood-
stream upon dilution, pluronic micelles were cross-linked through their hydrophilic
shells. Pluronics cause drastic sensitization of multidrug resistance (MDR) tumors to
various anticancer agents, enhance drug transport across the blood-brain and
intestinal barriers, and cause transcriptional activation of gene expression both
in vitro and in vivo. Pluronics have a broad spectrum of biological response
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modifying activities which make it one of the most potent drug targeting systems
available, resulting in a remarkable impact on the emergent field of nanomedicine.
The versatility of the micellar liposomal structure lies in its capacity to cargo drug
molecules and biological macromolecules that are either hydrophilic, therefore
entrapped in the liposome inner aqueous core, or hydrophobic, therefore incorpo-
rated within the lipid bilayer. Hydrophobic nanoparticles can be embedded in the
lipid bilayer, whereas hydrophilic nanoparticles can be encapsulated within the
internal liposome aqueous core. Alternatively, various types of nanoparticles can be
chemically or physically adsorbed onto the external liposome surface. The
liposome-nanoparticle hybrids have been designed for use as diagnostic probes. In
addition, various types of liposome-nanoparticle hybrids have shown promise in
significantly stabilizing colloidal dispersions of otherwise unstable nanoparticle
systems in vitro and in vivo. There are multiple examples of liposome systems with
diverse characteristics and capabilities that incorporate therapeutics or imaging
agents. Encapsulation of doxorubicin and MRI contrast agents in
temperature-sensitive liposomes allowed noninvasive and dynamic imaging of drug
release during hyperthermia application. PEO-modified gold nanomaterials except
of self-assembling have also several attractive characteristics for diagnostic appli-
cations, including (1) biocompatibility and stability, (2) unique tunable optical
properties (LSPR), and (3) easy conjugation of biomolecules (i.e., ssDNA) to the
surface for tumor-specific targeting. More complex shapes with excitation wave-
lengths of 800–1200 nm could absorb the NIR light and then be converted to heat.
By changing the shape of gold nanoparticles to nanorods, the absorption wavelength
and scattering wavelength change from the visible to the (near-infrared) NIR region,
and their absorption and scattering cross sections also increase. Another type of
multifunctional nanoparticles is the combination of metallic nanoparticles and
magnetic nanoparticles, which likely will lead new applications in biomedicine
because metallic nanoparticles hold the intrinsic properties and functions as optical
contrast agents and probes. A novel class of molecules, referred to as nucleic acid
ligands (aptamers), has been developed for noble metal stabilization and therapeutic
and diagnostic applications. Aptamers are DNA or RNA oligonucleotides or mod-
ified DNA or RNA oligonucleotides that fold by intramolecular interaction into
unique conformations with ligand-binding characteristics. Since these nanoparticles
are 100- to 10,000-fold smaller than cancer cells, they can easily pass through cell
barriers. In addition, they preferentially accumulate at the tumor sites because of
hallmarks of tumors such as the fenestrated vasculature and poorly lymphatic
drainage, resulting in an enhanced permeability and retention (EPR) effect. In the last
subchapter (conclusion), various variants corresponding to various combinations of
metal precursors, solvents, reducing agents, stabilizing molecules, complexing
agents and reaction conditions, and their effects on the reaction mechanism of noble
metal nanoparticles formation in the short are summarized. The generation of silver
and gold nanoparticles was investigated under various reaction conditions such as
using weak and strong reducing and capping agents, the low and high temperatures,
various additives (ionic liquid surfactants, steric surfactants, acids, polyacrylamides,
etc.), and synthetic approaches.
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The fourth chapter consisting of five subchapters deals with the use of spatially
and dimensionally constrained structures—polymer templates as an effective
method to prepare metal nanocrystals with a morphology similar or complementary
to that of the template (the first introductory subchapter). Some functional polymers
have found special mention for their ease of handling, effective capping, mild
reducing ability, and human-friendly nature. These methods are expected to result in
a very narrow particle size distribution and particles of uniform shape. Most syn-
theses describe the use of suitable surface-capping agents in addition to the reducing
agents for synthesis of nanoparticles. Templating synthesis is a powerful method for
the controlled synthesis of shaped nanocrystals; however, the available templates for
colloidal synthesis of gold nanocrystals are still rather limited. The second sub-
chapter (two sections) summarizes the direct synthesis of nanoparticles in polymer
matrixes. Direct synthesis of nanoparticles in so (co)polymer matrixes is discussed in
the first section. This field is attracting and increasing interest in terms of practical
applications and synthetic challenges. These spatially and dimensionally constrained
structures can serve as reaction cages to control the growth of the particles. By
varying the shape of the sacrificial template nanoparticle and its ratio to the more
noble metal precursor added, one can obtain a variety of morphologies such as
triangular rings, wires, tubes, boxes, or cages. Multilayered polymer films and block
copolymer films were used as nanoreactors for the generation of noble metal
nanoparticles. Bimetallic alloy nanoparticles consisting of two noble metals were
successfully prepared by ethylene glycol (EG) agent. A new template method for the
preparation of flexible silver/cross-linked poly(vinyl alcohol) (PVA) nanocables via
one-step in situ reduction of Ag+ and Ag+-catalyzed cross-linking of PVA chains
under hydrothermal conditions was discussed. A synthesis of positively charged
silver nanoparticles via photoreduction of silver nitrate in branched poly-
ethyleneimine (PEI) solution was reported. A further polymers such as
polyvinylpyrrolidone, poly(amidoamine), polyacrylate, and polyacrylonitrile
(PAN) are also popular stabilizing agents. A thermosensitive water-soluble polymer,
poly(N-isopropylacrylamide) (PNIPAM), and its copolymers were also used for the
immobilization and stabilization of noble metal nanoparticles (fluorescent silver
nanoparticles). Nevertheless, also linear polyacrylates or polymethacrylates such as
poly(methacrylic acid) can act as an excellent scaffold for the preparation of silver
nanoclusters in water solution, by photoreduction with visible light, UV light or
sonochemically. The sonochemical process was as well successfully used with
scaffolds as poly(acrylic acid) and poly(acrylic acid-co-maleic acid). Microgels of
poly(N-isopropylacrylamide-co-acrylic acid-co-acrylamide) can be used to template
the formation of fluorescent silver nanoparticles. Block copolymers (di- and tri-
block), especially amphiphilic, have been used to prepare aggregation-free NMNPs.
A PEG-based nonionic block copolymer (poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) (PEO-PPO-PEO)) templates the synthesis of lumines-
cent silver particles. There is a great diversity of polymers that can be used to
produce surface-capped AuNPs with adequate chemical functionalities toward a
specific (bio)application. The most used polymers in AuNPs synthesis and stabi-
lization include poly(ethylene oxide), diamine-terminated poly(ethylene oxide),
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linear poly(ethyleneimine) (L-PEI), amine-functionalized poly(propylene imine)-
dendrimers, poly(dimethylsiloxane), poly(vinyl pyrrolidone), poly(allylamine)
(PAA), and poly(allylamine hydrochloride) (PAH). All these polymers are water
soluble, thus allowing the preparation of hydrosols of AuNPs. The polymers known
as polyelectrolytes (PEs) can be used as reducing/stabilizing agents. The optimal
coating/stabilization of nanoparticles, i.e., the best adsorption of the polyelectrolyte
onto the oppositely charged nanoparticles, depends on some key parameters such as
the PE molecular weight (chain length), the nature of the repeating units, the con-
centration and charge density of the polyelectrolyte, particle size, concentration and
surface properties (e.g., charge density) of the nanoparticle, as well as the ionic
strength, pH, and temperature of the medium. The building-up of multifunctional
core@shell nanostructures is one of the great advantages of using PE assemblies. In
this case, the PE forming the multilayers can be functionalized with drugs, organic
dyes, contrast agents, radionuclides, catalysts, organic dyes, and proteins, namely
antibodies, allowing the application of the ensuing structures in areas such as
drug/gene delivery, biosensing, bioimaging, and photodynamic therapy. The
cationic polymers were made from oxanorbornene monomers via ring-opening
metathesis polymerization (ROMP). Polyguanidino oxanorbornene (PG) has been
shown previously to have a remarkable combination of potent antimicrobial activity
and low membrane-disruptive properties. Microgels of poly(N-isopropylacrylamide-
co-acrylic acid-co-acrylamide), for example, can be used to template the formation
of fluorescent silver nanoparticles (the second section). These nanoparticles as a
scaffold were also used to fabricate the composite structures with fluorescent silver
nanoclusters. The microgel particles contain not only NH2- and OH-groups but also
COOH-groups. Additionally, the scaffold exhibits stimuli-responsive volume
changes under variation of external factors such as temperature and pH, facilitating
the application of nanoclusters. Infinite coordination polymer particles (ICPs) are a
class of emerging functional materials that are formed by bridging repeating organic
ligands with metallic nodes. The ICPs have attracted enormous research interest in
chemistry and materials science, because they can be made from readily available
and highly tailorable metal and ligand precursors, have chemically adjustable
porosities and high internal surface areas, and provide with a network structure that
can be deliberately and easily modified for many applications. Metal-organic
frameworks (MOFs) are another form of mesoporous materials that are thermally
robust and in many cases highly porous. It is expected that the crystalline porous
structures of MOFs limit the migration and aggregation of AuNPs. Such metal
nanoparticles decorated microcapsule (MC@MNPs) structures are of both scientific
and technological importance because of the wide range of potential applications,
such as catalyst, controlled delivery of drugs, sensor, and imaging. The incorpora-
tion of metal nanoparticles in polymer microcapsules is an effective way to combine
the unique optical, electrical, and catalytic properties of metal nanoparticles.

Dendrimers’ structural features include the incorporation of metal nanoparticles
with precise control over the nanoparticle size and a defined number of terminal
groups for each generation with multiple branch ends, which can be available for
consecutive conjugation reactions (the third subchapter). The encapsulation of
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metal ions inside dendrimers involves, variously, electrostatic and complexation
interactions—the dendrimer interior includes coordinating groups such as −OH,
NH2, or −COOH. One unique approach to the preparation of noble metal
nanoparticles is through the use of various poly(amidoamine) (PAMAM) den-
drimers. The advantage of using dendrimers as templates to prepare metal
nanoparticles lies in the fact that the surface of the particles can be modified with
various functional moieties (e.g., targeting ligands and dyes) through dendrimer
chemistry for practical biomedical applications (e.g., cancer cell targeting and
imaging). A wide range of metal ions can be preorganized with dendrimers,
especially PAMAM dendrimers to form metal DENPs. Likewise, bimetallic
core@shell or alloy DENPs (dendrimer-entrapped) can be prepared by coreduction
of the metal ions in the presence of dendrimer templates. AuDSNPs
(dendrimer-stabilized) were found to be fluorescent and display strong blue pho-
toluminescence. The size of the AuDSNPs decreases with the increase in the
number of dendrimer generations, suggesting the different nucleation and growth
mechanisms for gold nanocrystals in the presence of PAMAM dendrimers.
Specifically, unique bimetallic materials can be synthesized by dendrimer tem-
plating method such as AuAg alloys, core@shell Au@Ag, and AuAg alloy@Ag
structures. The encapsulation of metal ions inside dendrimers involves, variously,
electrostatic and complexation interactions. Stable monodisperse gold nanoparticles
can be synthesized using quaternary ammonium-terminated fourth- and
sixth-generation (G4 and G6) dendrimers without further purification steps.
Nontraditional nanostructures consisting of noble metals are often fabricated by
depositing thin layers of metals (or their precursors) on some silica beads existing
templates, followed by calcination or wet chemical etching to remove the solid
cores. Another method was based on the layer-by-layer adsorption of polyelec-
trolytes and charged gold nanoparticles to build shell-like structures around col-
loidal templates whose surfaces had been derivatized with appropriately charged
groups. Amine-terminated fourth-generation PAMAM dendrimers functionalized
with thiophene dendrons are synthesized, and their application in the preparation of
dendrimer-encapsulated nanoparticles has been demonstrated. AFM images reveal
that the functionalized PAMAM dendrimer is an efficient host for immobilizing and
stabilizing hybrid nanoparticles on HOPG. The complex dendrimer-like gold
assembly was spontaneously formed. These assemblies have great potential for
even larger structures and for utilization as engineered materials. A supramolecular
procedure was introduced for the stepwise construction of multilayer thin films. The
procedure, based on the LBL assembly of guest-functionalized dendrimers and
{Au@CDs}NPs, was demonstrated to yield multilayer thin films with thickness
control at the nanometer level. Characterization by means of SPR, UV-Vis spec-
troscopy, ellipsometry, and AFM showed a well-defined multilayer formation, an
accurate thickness control, and the need of specific host-guest interactions. Such
protocols can potentially be used for obtaining various structures, whose assembly
is driven by multiple supramolecular interactions. This constitutes a general
nanofabrication paradigm for the integration of organic, inorganic, metallic, and
biomolecular components while retaining the interfacing supramolecular
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specificity. The cyclodextrin (CD) self-assembled monolayers (SAMs) constitute a
molecular printboard for the positioning of thermodynamically and kinetically
stable assemblies of multivalent systems, for example, dendrimers. The
supramolecular cages generated by hydrophilic dendritic polyols can be utilized as
templates for the kinetically controlled growth of faceted silver nanoparticles with
low aspect ratios. These polyester-type polyols consist of a multifunctional core,
and the large number of terminal hydroxyl groups makes them hydrophilic.
A “green” advantage of using hydrophilic polymers is that one can avoid using
hazardous organic solvents for nanoparticle synthesis. Most of the dendritic con-
tainers reported so far use the concept of closing the dendritic box in order to keep
the guest molecules (particles) inside the dendrimer host. Folic acid (FA)- and
fluorescein isothiocyanate (FI)-modified G5 dendrimers with neutral surface charge
can specifically target to cancer cells overexpressing folic acid receptor (FAR). It is
anticipated that using FA- and FI-modified G5 dendrimers to synthesize AuDSNPs
using the developed spontaneous approach may provide a means to create an
AuNP-based multifunctional nanoplatform for cancer cell targeting and imaging.
Arginine-glycine-aspartic acid (RGD) peptide-functionalized generation 5 den-
drimers can be used as templates to form AuDENPs with a size of 3 nm, which can
specifically target tumor vasculature-related endothelial cells overexpressing aVb3
integrin. These studies have clearly indicated that PAMAM dendrimers are
promising templates for the generation of multifunctional AuDENP-based
nanoplatforms for various biomedical applications. The next to the last chapter
deals with (water-soluble) functional nanomaterials and nanoparticles as a possible
template. Their amine, hydroxyl, or carboxyl groups can be used as the conjugation
reagent for the formation of bioconjugates showing their biochemical activity
toward various, for example, glycoproteins. Among the myriad possibilities, den-
drimers (DMs) can find applications in drug delivery due to the opportunity of their
internal niches to host a variety of (bio)molecules. Incorporation of photoactive
components in either the core or the periphery of these nanostructures enriches
them with new functionalities opening new perspectives in nanomedicine.
Dendrimer modification with chemically inert polyethylene glycol (PEG) or fatty
acids is one of the most attractive ways to reduce dendrimer toxicities in vitro.
Furthermore, G4 dendrimers conjugated to Arg-Gly-Asp (RGD) were much less
toxic compared to unconjugated G4 dendrimers. Photoactivated DMs for the tar-
geted delivery of an anticancer drug were also developed based on the photocaging
strategy. For targeted imaging of cancer cells in vitro and in vivo, it would be ideal
to assemble targeting ligand-modified dendrimer molecules onto the metal
nanoparticles. Gold-based nanoparticles have been developed that strongly absorb
light in the near-infrared region, facilitating deep optical penetration into tissues,
generating a localized lethal dose of heat at the site of a tumor. The advantage of
using dendrimers as templates to prepare gold nanoparticles lies in the fact that the
surface of the particles can be modified with various functional moieties (e.g.,
targeting ligands and dyes) through dendrimer chemistry for practical biomedical
applications. The last subchapter summarizes the polymer and dendrimer templates
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as the shape-controlled synthesis of metal nanoparticles, bioconjugates, and the
stabilizers as well.

The last fifth chapter summarizes the preparation of metal nanoparticles and their
conjugates via various hard template-directed approaches, and it consists of five
subchapters. The first subchapter presents readers the literature review in detail on
the preparation of metal nanoparticles using template systems based on inorganic
matrixes. Templating can also be done against existing nanoparticles with a
well-controlled shape. In the preformed-seed-mediated method, a similar or iden-
tical seed particle becomes part of the resultant nanoparticle, whereas the template
is often a dissimilar material that does not become part of the nanoparticle. There
are also some reports on the deposition of various inorganic nanoparticles onto
silica microspheres. The second subchapter consists of three sections. The first
section describes silica as a robust, hydrophilic, and biocompatible material that can
be readily modified with diverse chemical functionality. Silica is widely used as a
template for the development of various nanostructures to its characteristic high
surface area, thermal and chemical resistance, the presence of reactive silanol
groups (Si–OH), and pores with diameters between 2 and 50 nm. Using the
diversity of silane chemistry, a silica shell, coating or template, can be tailored to
have functional groups that can include, but are not limited to, amine, aldehyde,
carboxyl, epoxy, and thiol groups. In addition to the use of silica as a structural shell
on other template materials, nanoparticles composed of silica can be prepared with
sizes that typically range between tens and hundreds of nanometers. These spatially
and dimensionally constrained structures can serve as reaction cages to control the
nucleation and growth of the particles (and impart stability), leading to the for-
mation of nanoparticles with a morphology complementary to that of the template.
Polyol process was applied to form and immobilize silver nanoparticles onto the
silica surface functionalized with thiol groups (the second section). Generally,
polyvinylpyrrolidone (PVPo) acts not only as a nucleation-promoting agent for
silver ions but also as a stabilizer for silver nanoparticles in polyol process. When
ethylene glycol solution containing silver ions and silica particles functionalized
with thiol groups was heated with reflux in the absence of PVPo, few particles were
formed and immobilized onto the silica surface. On the contrary, when the same
reaction proceeded in the presence of PVPo, silver nanoparticles were successfully
formed and immobilized onto the surface of silica particles. Silver nanoparticles can
be also synthesized by using thermal decomposition method. Ag–SiO2

(SiO2@AgNPs) nanoparticles are synthesized by using well-known Stober method
at low-temperature route for coating SiO2 nanoparticles with silver nanoparticles.
Silica nanoparticles were synthesized by hydrolysis and condensation of
tetraethylorthosilicate (TEOS) in a mixture of ethanol with water, using ammonia as
catalyst to initiate the reaction. TEM image shows SiO2 nanoparticles were
homogeneously impregnated with silver nanoparticles. Silica-silver heterogeneous
nanocomposite structures have been prepared by alcohol reduction method. The
size-controlled immobilization route is explained by following two steps: (1) Small
silver particles are firstly formed on the silica surface, and (2) these small silver
particles homogeneously grow to larger ones. These two steps are completely
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conducted in one pot by polyol process, which is attributed to the slower and more
easily controllable reaction rate of the polyol reduction method than that of general
chemical reduction method using reducing agent such as hydrazine or sodium
borohydride. Microwave-assisted synthesis of different AgNPs to MMT ratios
nanocomposite was developed. Paraformaldehyde and citric acid are used as sta-
bilizing and reducing agent for synthesizing silver nanoparticles through the
reduction in silver ions by the oxidation of hydroxyl groups of paraformaldehyde to
aldehyde groups using strong base, NaOH. The stable MMT@AgNPs nanocom-
posites exhibited card-like and ball-like homogeneous surface fractions and form
one-phase morphology. The stable MMT@AgNPs nanocomposites were synthe-
sized by microwave method. XRD analyses and TEM observations confirmed the
formation of nanoparticles on the clay surfaces. The FT-IR analysis suggested that
the interaction between AgNPs and the MMT surfaces was weak due to the pres-
ence of van der Waals interactions. The synthesized MMT@AgNPs suspensions
were found to be stable over a long time without any sign of precipitation (or
detachment). The silver ions released explain the antimicrobial properties found in
the investigated the stable MMT@AgNPs nanocomposites.

When aminopropyltrimethoxysilane (APS) monolayers were immersed into the
suspension of AuNPs, their top amino groups were protonated since the pKa of
amino groups of aminopropyltrimethoxysilane monolayers is smaller than the pH of
the suspension (the third section, the second subsection). Therefore, negatively
charged gold nanoparticles can be assembled on APS monolayers with positively
charged amino groups by electrostatic interaction. Using this concept, a binary
pattern can be generated with two groups with different affinities for gold
nanoparticles. Gold clusters nucleate and grow at defect sites on SiO2 thin films.
There is a straightforward sol-gel method for the preparation of gold nanoparticles
via in situ-doped silica aerogels using hydroxylamine as a reducing agent (the
second subsection). The monolithic gold-doped silica aerogels were comprised of
crystalline gold nanoparticles with sizes at the 5–7 nm range. Samples possessed
high surface area and pore diameters of about 15 nm. The SEM images revealed the
morphologies of the SiO2@Au composite nanoparticles, which showed distinctly
that AuNPs were attached to the surfaces of the functionalized silica microspheres.
The results revealed that the lower pH values led to a denser gold layer on silica
microspheres, while the higher pH values led to a lower gold coverage. The pre-
pared SiO2@Au composite nanoparticles using various reductants exhibited the
plasmon absorption peaks at 551 nm for sodium citrate, 551 nm for formaldehyde,
and 548 nm for sodium hypophosphite. They all had a little redshift compared with
the absorption peak of the SiO2@Au composite particles prepared at room tem-
perature. Mercapto-functionalized ordered mesoporous silica with pore sizes
ranging from 2.1/2.1 to 7.2/.59 nm (adsorption/desorption branch) are used as
matrixes for gest noble metal nanoparticles. Instead of using a post-diffusion pro-
cess, monolithic gold-silica nanocomposites were synthesized through a one-step
sol-gel reaction in the presence of a colloidal gold sol and a nonsurfactant template
in the starting precursor sol mixtures (the third subsection). After the template was
removed through calcinations, the materials exhibited mesoporosity with a high
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surface area up to 600 m2/g, a pore volume of 0.5 cm3/g and relatively narrow pore
size distributions with a pore diameter of 3–4 nm. Gold particles ranging in
diameters of 2–8 nm were homogeneously dispersed throughout the silica matrix.
The annealed gold-silica nanocomposites retain a distinctive wine-red color, which
arises from the surface plasmon resonance (SPR) of gold particles. SPR is char-
acteristic of mesoscale (2–50 nm) particle surfaces because, at this dimension, the
electron cloud can oscillate on the particle surfaces and absorb electromagnetic
radiation at a particular level of energy. Mesoporous carbon-supported gold
nanoparticles have been obtained by replication of gold-containing mesoporous
silicas. Au/SiO2 templates were prepared by contacting a functionalized SBA-15
silica material with an aqueous solution of HAuCl4, followed by chemical reduction
(the fourth subsection). Alkylammonium grafts led to the direct formation of gold
nanoparticles located in the pores of SBA-15, with a size limited by the pore
opening. Thus, gold-containing mesostructured carbons by replication of
gold-supported mesoporous silicas were prepared. The use of mercaptopropy-
ltrimethoxysilane (MPTMS) as grafting molecule afforded the possibility to control
the particle size inside the mesopores. The use of task-specific ligands with cal-
cining as post-treatment provides AuNPs that are encapsulated into the mesoporous
channels or loaded on the surface of silica spheres. Gold nanorods were observed to
grow on a Si(100) surface functionalized with MPTMS. Small gold nanoparticles
could be adsorbed onto the surfaces of silica spheres that had been premodified with
self-assembled monolayers of (3-aminopropyl)triethoxysilane. Another method was
based on the layer-by-layer adsorption of polyelectrolytes and charged gold
nanoparticles to build shell-like structures around colloidal templates whose sur-
faces had been derivatized with appropriately charged groups. Noble metal
nanoparticles can be synthesized in mesoporous silica films and in ultrathin
nanoporous films. Surface area, average pore size, and pore volume were deter-
mined for silica aerogels and gold-doped silica aerogels. In comparison with the
results obtained without SiO2, it can be noted that in the presence of silica, the rate
of formation of silver particles decreases drastically. The use of task-specific ligands
with calcining as post-treatment provides AuNPs that are encapsulated into the
mesoporous channels or loaded on the surface of silica spheres. Task-specific
ligands containing a cetylammonium moiety act as structure-directing agent with
AuNPs containing a trialkoxysilyl group. The latter co-condenses with
tetraethoxysilane (TEOS) to form mesoporous silica. The silica nanoparticles were
used as the templates of interior cores of metal nanoshells and as the interior
templates for the deposition of the external noble metal shell layer by layer.
A straightforward sol-gel method can be utilized for the preparation of gold
nanoparticles via in situ-doped silica aerogels using a reducing agent. Metal
nanoparticles were used as sacrificial templates to react with an aqueous gold salt
solution, resulting in the formation of gold nanoshells with hollow interiors and
smooth and pinhole-free surfaces, as well as homogeneous and highly crystalline
walls. Similar changes in morphology, composition, and structure were observed no
matter whether silver nanocubes, nanowires, or nanospheres were used as the
templates. Polycrystalline gold colloids can be deformed by ion irradiation
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indirectly, if they are embedded in an amorphous silica glass matrix that does
deform under the ion beam (the fifth subsection). TEM image of a gold@silica
particle before irradiation showed spherically shaped, with the 14-nm-diameter gold
core centered inside. The deformation of the silica shell is consistent with other
work on ion beam deformation of pure silica colloids. To explain the shape change
of the gold core due to the silica shell, the indirect deformation scenario was
proposed. Gold nanodots deposited on silicon are of significant importance because
this material presents a large number of applications such as subwavelength
antennas in plasmonic applications, or as catalysts for the growth of silicon
nanowires (SiNWs), or even as electrical contacts in Si nanodevices.

The third subchapter introduces the inorganic scaffolds as possible stabilizers
available for noble metal nanoclusters in five sections. Noble metal nanoparticles
were used as sacrificial templates to react with an aqueous gold precursor solution,
resulting in the formation of gold nanoshells with hollow interiors and smooth and
pinhole-free surfaces, as well as homogeneous and highly crystalline walls. In
addition, recent success in synthesizing silver nanostructures with well-defined
shapes and surfaces (e.g., nanocubes bounded by {100} (crystallographic planes))
also provides a number of model systems to systematically investigate the
template-engaged replacement reaction on the nanometer-scale—nanomaterials (the
first section). Matrix-isolation is a method to produce few-atom ligand-free metal
nanoclusters. The most widely used procedure for the preparation of gold
nanoparticles supported on the insoluble oxides solids is the
precipitation-deposition method. Rigid templates such as membranes have been
used wherein metal ions are reduced/reacted inside their nanoscale pores. An
alternative method for the synthesis of metal hybrids lies in the use of bimetallic
nanocrystals by means of seed-grow processes to obtain heterogeneous nanopar-
ticles. There is a simple and reproducible method for the activation of monodis-
persed silver nanoparticles by introducing the concentrated NaCl solution into the
AgNP dispersion (the second section). Immediately after the addition of NaCl
solution to AgNPs, there was a considerable change in the color of the dispersion of
AgNPs with corresponding changes in its absorption spectrum. The absorption
spectra obtained a very flat course without any pronounced maximum, which is
characteristic of silver particles with dimensions of about 200 nm and larger with
various shapes. The discovery of surface-enhanced raman scattering (SERS) on
colloidal silver particles started the extensive development of a new and very
sensitive analytical method enabling to detect molecules in the concentration range
from pico- to femtomoles. Some studies have shown that the highest value of
enhancement is achieved only on the silver particles of a certain size which are
referred to as “hot particles.” The most frequently used activation agents of the
silver nanoparticles prepared by the common reduction procedures include halide
ions, particularly chlorides. A simple and reproducible method for the activation of
monodispersed AgNPs was insertion of the concentrated NaCl solution into the
AgNP dispersion. Similar experiments were performed with NaBr and NaI solu-
tions. The synthetic procedure involves the preparation of small gold seed
nanoparticles (d *5 nm), and the subsequent three-step growth of seeds in an
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aqueous solution containing the capping agent (CTAB), gold ions, reducing agent
(ascorbic acid), and NaOH generates the gold nanoprisms (the third section).
A facile, high-yield synthesis of unique porous gold nanobelts by
morphology-preserved transformation from metal-surfactant complex precursor
nanobelts formed by HAuCl4, and the capping agent is discussed. Such porous gold
nanobelts combine the advantages of both 1D structures and nanoporous structures
and may be an appealing material in application areas including catalysis. The
remarkable behavior of core@shell gold@silver composite nanostructures stabi-
lized with aspartame (Asm) was reported. A seed-mediated growth procedure was
employed for the formation of Au@Ag core@shell nanoparticles. Moreover, in
addition to the synthesis and characterization of aspartame-stabilized Au/Ag
nanostructures (Au@Ag@Asm), representative in vitro experiments were carried
out as a first indication of their antibacterial properties. Bimetallic core-shell
nanoparticles allow for the exploitation of properties characteristic for
monometallic (Au and Ag) nanoparticles. Under irradiation, Au@Ag@Asm par-
ticles presented effective inhibitory microbial properties. We suggest that thanks to
the core-shell nanoparticles’ synergistic properties, the material proposed represents
attractive photothermal properties. Aspartame stabilization provides a good shelf
life for particles with a material that is nontoxic, inexpensive, and water soluble. In
addition to the traditional templates acting as spatially confined reaction media,
certain reactive solids with a specific shape can be used as sacrificial templates for
the production of metal nanocrystals, which adopt the underlying shape of the
template (the fourth section). In particular, silver nanocubes can be used as sacri-
ficial templates for the fabrication of novel gold nanocages and nanoframes through
a galvanic displacement reaction. The introduction of silver seeds can lead to fast
and high-yield syntheses of two highly anisotropic metal nanoparticles: ultrathin
metal nanowires and triangular gold nanoprisms. Low-dimensional nanoparticles
can be readily synthesized in high yields by adopting silver seed particles in
combination with an aromatic surfactant, benzyldimethylhexadecylammonium
chloride (BDAC), and gold precursor. Silver seeds play an important role for the
high-yield formation of anisotropic triangular nanoprisms. Gold seeds, on the other
hand, generate a mixture of nanoparticles with different shapes due to the lack of
shape reconfiguration mechanism. It is worth noting that the quasispherical gold
particles formed from silver seeds and silver-free growth solution show very little
defects, while gold spheres made from gold seeds at the same condition show many
defect-induced contrasts. While triangular nanoprisms could be generated with
cetyltrimethylammonium chloride (CTAC), the yield of nanoprisms was lower and
the size distribution was broader with CTAC. The use of BDAC was particularly
important for the formation of nanowires; nanowires were rarely observed in CTAC
samples. When BDAC was replaced with cetyltrimethylammonium bromide
(CTAB), a mixture of different shapes (spheres, rods, etc.) were formed instead of
triangles or wires presumably due to bromide ions interfering with silver under-
potential deposition (UPD). We have reported that ultrathin gold/silver nanowires
and sub-50-nm gold triangular nanoprisms can be readily synthesized by adopting
small silver seeds and BDAC in the seed-growth method. Large silver particles
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(over 25 nm) have been actively used for synthesizing hollow gold nanostructures
such as nanoframes or nanocages. Large silver triangular nanoprisms (� 50 nm
edge length) have been used as a template for the synthesis of gold hexagonal
bipyramids. However, small silver seed particles have rarely been exploited for
synthesizing gold nanostructures because the use of gold seeds is a natural choice
for making gold nanostructures and gold seeds are easier to make in narrow size
distribution. Here, small silver seeds are a versatile choice for generating aniso-
tropic gold nanostructures because they can undergo structure evolution through
various mechanisms including galvanic replacement reaction. The seed shape
repopulation along with the structure-directing ability of silver UPD and BDAC is
responsible for the formation of uniform triangular nanoprisms. These results
underscore the importance of the chemical nature of seeds in controlling the shape
of metal nanoparticles in the seed-growth method. Silver seeds can significantly
speed up the growth rate of ultrathin nanowires. A majority of existing synthetic
procedures for ultrathin nanowires take much longer times ranging from hours to
days because they rely on slow processes to ensure the formation of highly ani-
sotropic wires. The introduction of silver seeds and BHDAC (benzylhexadecy-
lammonium chloride) in the seed-growth method reported here opens a new
pathway to high-yield syntheses of anisotropic metal nanoparticles. A versatile
colloidal synthesis method appears to assemble noble metal NP heterodimers based
on electrostatic interactions. The phase diagrams of the relevant individual dimer
components were investigated to derive a stability zone where both components
were stable in solution despite opposite surface charge, in order to find the optimal
conditions for selective self-assembly of the targeted heterodimers. Using this
approach, we have successfully assembled plasmonic heterodimers of Au and Ag
spheres90 nm paired with Au30 nm cubes and Au50 nm rhombic dodecahedron. The
demonstrated electrostatic assembly mechanism was explained using theoretical
modeling. This analysis proved that the maximum theoretical yields for dimeric
heterostructures were achieved in the presented experiments by tuning the experi-
mental conditions in the narrow mutual-stability zone for the binary NP system and
used surfactants. TiO2 is the most promising material in the field of photocatalysis
because of its superior photocatalytic activity, chemical stability, low cost, and
nontoxicity (the fifth section). As such, its performances in photocatalytic degra-
dation of chemical pollutants and solar energy conversion have been widely studied
in the past decades, and its practical application has been seriously considered. The
most widely used procedure for the preparation of AuNPs supported on these
insoluble oxides solids is the precipitation-deposition method. A controlled growth
of AgNPs on TiO2 templates is expected in tuning the optical response of the Ag–
TiO2 hybrids. In addition, these silver nanoplates are mobile and easily stripped
from the substrates. After nucleation, the AgNPs grow through two mechanisms,
Ostwald ripening (OR) and oriented attachment (OA). TiO2 assembled with AgNPs
has received much attention because such a hybrid can effectively separate the
charges and redshift the absorption to visible light via plasmonic resonance. The
silver reduction rate is determined by the parameters related to UV irradiation,
reduction activity of TiO2 film, AgNO3 concentration of solution, etc. The growth
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model can explain the phenomenon of Ag nanoplates lying on the small AgNPs.
The growth model is consistent with the conclusion that the OA growth is facili-
tated in high-density primary particles. Similarly, the formation of silver nanoplates
using AgNO3 ethanol solution or using oil-decorated TiO2 films can also be
attributed to the increase in the Ag reduction rate due to the photodegradation of
organic molecules. According to this growth model, a smooth TiO2 film facilitates
the formation of large-scale silver nanoplates. If the brownish-gray Ag–TiO2 film is
irradiated with colored (e.g., red) light in air, the photo-oxidatively generated Ag+ is
retained in the nanopores, so that the colored (e.g., red) film turns original
brownish-gray under UV light. This should be because the silver nanoparticles
absorbing the colored (e.g., red) light form again in the nanopores. In contrast, if the
Ag–TiO2 film is irradiated with colored (e.g., red) light in water, the generated Ag+

is removed from the pores, so that the film retains its color (e.g., red) even under
UV light. It was also revealed that we can control the multicolor photochromic
behavior and the chromogenic properties by regulating irradiation conditions as
well as geometry and matrix materials of nanopores. Thus, silver nanoparticles of
various sizes and shapes should be prerequisite to displaying various colors.
Furthermore, nanopores of various sizes and shapes present in the TiO2 films act as
molds for Ag nanoparticles with various sizes and shapes. We call this a “molding
effect.” A controlled growth of silver nanoparticles on TiO2 templates is expected in
tuning the optical response of the Ag–TiO2 hybrids. The photocatalytic growth of
anisotropic AgNPs on the nanoparticulate TiO2 films in the AgNO3 ethanol solution
was reported, and the vertical growth of silver nanoplates was attributed to the
surface roughness and random features of the substrate. The oil-decorated TiO2

films successfully induce the anisotropic growth of AgNPs. The number of silver
nanoplates increases with an increase in the oil-decoration time. Two kinds of
AgNPs, isotropic nanoparticles and anisotropic nanoplates, were obtained using the
oil-decorated films. Most of the Ag nanoplates pile up over each other or lay over
the irregularly shaped AgNPs. In addition, these Ag nanoplates are mobile and
easily stripped from the substrates. The oriented attachment (OA) mechanism is a
particle-mediated mesoscopic transformation process and has been demonstrated to
be one of the important mechanisms leading to the anisotropic growth of AgNPs in
solution-phase synthesis. AgNPs synthesized by photocatalytic reduction generally
exhibit irregular spherelike shapes. By increasing the AgNO3 concentration, we
found that the increased Ag reduction rate gave rise to a change in AgNP growth,
resulting in the formation of Ag nanoplates in the product. The Ag nanoplates were
formed in the early period of coalescence, rather than gradually grew up with the
increase in the growth time.

The bioconjugates subchapter describes the morphological changes of HeLa cells
obtained by optical microscopy by the photodynamic killing effect of the Pt/TiO2

nanocomposite on the cancer cells. The live HeLa cells treated in the absence of
Pt/TiO2 nanocomposite may remain attached to the substrate with elongated shapes,
so UV irradiation on the cells with no Pt/TiO2 nanocomposite involved is harmless
to the cancer cells. The nanosemiconductor, the gold-doped nanocomposite and the
Pt/TiO2 nanocomposite have similar effects on the cancer cells. It was observed that
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in the presence of Pt/TiO2 nanocomposite, the death mode of cells is undergone by
both apoptosis and necrosis. An interesting approach to introduce theranostic
functionalities into a nanosystem is to covalently attach a palladium (Pd)-porphyrin
chelate (PdTPP) to mesoporous silica nanoparticles (MSNs) which are readily taken
up by cells. MSNs have several advantages over normal silica nanoparticles and,
thus, are used in a wide array of applications, including chemical catalysis, drug
delivery, controlled release of therapeutics, and cell labeling. Pd-porphyrin has a
long phosphorescence lifetime and has been used for in vivo oxygen sensing and
imaging. By changing the energy of photoirradiation, the functionalities of
MSN-PdTPP can be “switched” between a phosphorescence probe for oxygen
sensing/imaging (diagnostics) and a photosensitizer for PDT (therapy). The con-
clusion (last) subchapter summarizes in short hard template for the shape-controlled
synthesis of metal nanocrystals and the stabilization of hybrid nanostructures.

1.3 Nanomaterial Basics

The synthesis of nanomaterials or nanoparticles can be carried out in the solid,
liquid, or gaseous state, following two basic approaches, classified as “top-down”
and “bottom-up.” Top-down approach uses the physical and lithographic principles
of micro- and nanotechnology and achieves structure sizes in the medium to lower
nanometer range, starting from a large materials entity. On the other hand, in the
bottom-up approach, ionic, atomic, or molecular units are assembled through var-
ious processes to form structures in the nanometer range. From generation of the
constituents to their growth into a nanoentity, the bottom-up approach is governed
primarily by the chemical synthesis principles. If the process of assembling of the
starting elements into a nanoentity is understood, the bottom-up approach allows, in
principle, the design and formation of nanoparticles of any size and morphology.
Further, this approach can shed light on the atomic-/molecular-level aspects of the
morphology development and structure-property relationship in a particle. The
bottom-up colloid-chemical methods involve the precipitation of nanometer-sized
particles within a continuous solvent matrix to form a colloidal sol. These methods
are inexpensive, versatile, and technologically simple to implement. Nanoparticles
as well as nanocomposites of a wide range of materials (e.g., metals, alloys,
intermetallics, and ceramics) can be prepared by the colloid-chemical methods.

A variety of colloid-chemical strategies involving a wide spectrum of reagents
and reaction conditions has been employed in order to prepare noble metal
nanoparticles of controlled morphologies. Since the field of morphology-controlled
synthesis is in a developing stage, many of the reported methodologies are not well
established in terms of the particle yield, formation mechanism, reproducibility, etc.
Except a few cases, no straightforward relationship between the synthesis strategy
and the particle morphology has been observed. Furthermore, particles with the
same morphology can be obtained from widely varying reaction conditions and
strategies, and on the other hand, particles with a wide variety of morphologies can
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also form under a given synthesis condition. However, there are certain method-
ologies such as the preformed-seed-mediated growth approach, high-temperature
synthesis, template-based electrochemical synthesis, and photochemical techniques,
which are emerging as popular ways of developing isometric and anisometric
nanoparticles. Furthermore, formation of nanoparticles with controlled morphology
has so far remained, excepting a few cases, primarily a matter of “mix and try”
approach. Before one can reproducibly grow nanoparticles of desired shape, ori-
entation, and crystallinity, the factors that influence these parameters and the
mechanism of particle development have to be comprehensively understood.
Therefore, one of the major goals of current nanomaterials research has been to
understand how various morphologies develop in nanoparticles, starting from their
nucleation in solution.

The miniaturization of structures by conventional [11] and electron-beam
lithography [12] is reaching the theoretical limits of about 50 nm. For the further
miniaturization of chemical objects, alternative approaches must be developed.
Following Feynman’s vision, one may employ atoms and molecules as building
units for the “bottom-up” assembly and construction of architectures with
nanometer dimensions. Nanoparticles that consist of metals [13] (e.g., gold, silver,
platinum, and copper) seem to be attractive units for the engineering of such
structures. A variety of synthetic methodologies for the preparation of various metal
nanoparticles within a designed size distribution are available. Often, the metal
nanoparticles are prepared by “wet chemistry” procedures, in which clusters of
metal atoms are formed in the presence of surfactant. This capping ligand binds to
the metal atoms clusters, prevents aggregation of the particles into bulk material,
and controls the final dimensions of the noble metal nanoparticles. Many capping
(agents) systems are available: hydrophobic monolayers [14], positively or nega-
tively charged hydrophilic monolayers [15, 16], surface active (macro)molecules,
and (bio)polymer layers [17].

While most describe an upper size limit of approximately 100 nm in at least one
dimension, there is currently limited scientific evidence to strictly support this value
for all nanomaterials. What is not in dispute is that many of these nanomaterials
display unique nanoscale size-dependent properties that are of interest to various
applications. These can include, for example, intrinsic properties such as the
quantum confinement displayed by quantum dots, the paramagnetism of iron oxide,
and other metal alloy nanoparticles [50], along with the conductivity and ballistic
transport found in nanoscale carbon allotropes [51]. Beyond photophysical and
electronic properties, nanomaterials (NMs), and nanoparticles (NPs) in particular,
have extremely high surface-to-volume (S/V) ratios (e.g., at <2 nm the S/V atomic
ratio exceeds 50%), along with nontrivial surface areas [25]. This can allow for the
display of multiple biological entities on their surface which can cumulatively
provide increased avidity in certain configurations [27].

Chemists are aware of the intimate relationships among valence, stoichiometry,
molecular geometry (the way the atoms or molecules arrange themselves), and
reactivity of molecules, colloids, and solids. It has long been recognized that the
molecular morphology exerts a direct impact on the properties of polymeric

34 1 Nanofield



materials. Similarly, in nanomaterials where a few hundreds to thousands atoms (or
molecules) are combined as a single entity, the resultant particle shape is expected
to be a crucial factor in determining the properties of a nanoparticle. However, it
should be noted here that nanoparticles are often larger than molecules (and small
clusters). Therefore, the surface energy factor plays a major role in determining the
shapes of the nanoparticle, unlike the bond energy in the molecules (and clusters). It
has been experimentally and theoretically found that deviations from spherical
geometry strongly affect the properties of nanoparticles. Strict control of the particle
morphology is therefore required in order to fine-tune the properties of the
nanoparticles. Conversely, this allows for the generation of particles with new
properties from the same materials by simply tuning the particle size and mor-
phology. In addition, there are other motivations for morphology-controlled
preparation of nanoparticles. For example, an ability to engineer materials on a
nanometer length scale enables the investigation into the fundamental size- and
shape-dependent properties of matter. Furthermore, studies of the growth mecha-
nism leading to nanoparticle anisotropy are important in the elucidation of the
crystal-growth mechanism. Isotropic and anisotropic nanoparticles can also be used
as templates for further generation of novel materials. Sometimes, particle aniso-
tropy offers features and functionalities that are either difficult to obtain or not
obtained by simple size-tuning in spherical nanoparticles. For example, a slight
change in particle geometry can produce great changes in the plasmon peak posi-
tion, which can hardly be achieved in the spherical systems through a similar
change in their physical dimensions. Further, an important design criterion for
future devices is to keep the building blocks relatively small in the nanometer
regime while obtaining useful new properties. This can be accomplished by tuning
the geometry of nanoparticles. It is also necessary to fabricate nanoparticles into
one-, two-, or tree-dimensional (1D, 2D, or 3D) functional structures in order to
utilize their collective properties. The particle morphology influences the assembly
structure through their joining behaviors and mutual interaction [52, 53].
Anisotropic nanoparticles offer several crystal surfaces, different surface roughness,
and a plethora of corners, steps, edges, and defects. Since each crystallographic
plane provides different atomic arrangements and surface terminations, the particle
geometry can markedly affect the chemical and physical properties of a nanopar-
ticle. Moreover, noble metal colloids may be tuned to create wide range of sizes and
forms of nanoparticles by adjustment of local dielectric environment in the process
of nanoparticles production. Chen described way in which surface area or shape of
the gold nanoparticles (AuNPs) may be controlled [54]. Colloid of AuNPs is
usually formed by use of passivating ligands, chemical or electric reduction, with
further stabilization with capping agent, i.e., citrate [55, 56].

Sphere (and sometimes spheroidal)-shaped colloidal particles have been of broad
research interest. The present quest for shape-controlled colloidal particles can be
traced back to the work of Matijevic [57]. Later, this field has witnessed significant
advances due to numerous contributions. The high resistance to oxidation and
corrosion, the unique optical properties, and the ease of preparation of noble metal
nanoparticles (NMNPs) have made these systems interesting for fundamental
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scientific studies, including exploration of particle-growth mechanisms. NMNPs
find interesting applications in the fields of optics [58], chemical and biosensing
[59–61] catalysis [62], electronics [63], and so forth [64, 65]. Currently, NMNP
systems are being studied extensively in the context of anisotropic particles with a
variety of shapes from simple cubes to branched multipods [65, 66]. However,
noble metal nanoparticles have a high surface area that results in poor colloidal
stability and subsequent aggregation in solution [67]. To overcome this instability,
oligomeric (bio)polymers have often been used as an outer shell coating to the gold
cores, providing a steric (or sometimes electrostatic or electrosteric) barrier to
aggregation [68].

The synthesis of metal nanoparticles with well-defined size and shape can be
also classified broadly into wet and dry methods. They essentially fall into three
categories: condensation from a vapor, chemical synthesis, and solid-state processes
[69]. Other novel production techniques have been reported based on the use of
microwaves, ultrasound, and biomimetics. The interesting functional nanoparticles
with narrow size distribution and low crystalline defects have been generally
synthesized in nonpolar solvents by thermal decomposition of organometallic
species at high temperature [70]. Because many organic (macro)molecules have
specific binding properties in self-assembly processes, they are attractive materials
for nanotechnology. In recent years, nanoscale materials in the most important
types of nanomaterials, including gold, silver, and platinum, have been extensively
investigated [71], due to their unusual plasmonic [72], optical [73], chemical [74],
photoelectrochemical [75], and electronic [76] properties. Moreover, metal/metal
nanocomposites are synthesized to further improve their specific properties [77].
Most existing approaches explore the strong affinity of thiols to gold and silver [78]
and the use of disulfides [79] and thioethers [80] as capping agents as well.
Polymers functionalized with molecular recognition groups [81], thioacetate groups
[82], and tetradentate thioether ligands [83] have been used to mediate the for-
mation of spherical or related assemblies of noble metal nanoparticles. However,
the most common method is the chemical reduction of metal ions, which involves
the addition of a reducing agent to a metal salt solution in the presence of a
stabilizer. Chemical reduction in solution is advantageous over other processes,
because of its simplicity, low reaction temperature, and solubility of metal salts in
water. The most used reducing agents are sodium borohydride, ethylene glycol, and
formamide [84–86]. On the other hand, the stabilizing agents bind to the
nanoparticle surface, improving stability and wettability, which are needed to
prevent aggregation [87]. Different pathways have been proposed for the prepara-
tion of noble metal nanoparticles with tailor-made size and shape. The physical
method involves radiation reduction of silver ions by c-ray, microwave, ultraviolet,
or visible light [88–90].

Of the wet chemical processes, a reverse micelle (microemulsion) synthesis has
been demonstrated to be a viable method for producing a wide array of noble metal
colloids and metal (oxide) nanoparticles [91, 92], over a relatively narrow particle
size distribution in different organic media. The w/o microemulsion method offers a
lot of advantages with respect to others (coprecipitation in solution, sol-gel,
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flame-spray pyrolysis, laser evaporation, high-energy milling), namely the use of a
simple equipment, homogeneous mixing, high degree of particles size and com-
position control, formation of gold nanoparticles with high surface area, and the use
of soft condition of synthesis near ambient temperature and pressure [93–95]. An
emulsion is a colloidal system with one liquid dispersed in another. Emulsions are
widely used in cosmetics, food, drilling muds, and pharmaceutical products.
Emulsions are thermodynamically unstable, and surfactants or surface active
polymers are normally used to help form a kinetically stable system [96]. However,
surfactant-stabilized emulsions have a short shelf life and they may be toxic and
relatively expensive and are not environmentally friendly [96].

Pickering emulsions or solid-stabilized emulsions are colloidal emulsions that
are stabilized by particles instead of organic surfactants [97, 98]. A new interface is
created by the particles that assemble at the fluid interface, and at the same time, the
reduction of the interfacial energy brought about by the new particle-liquid interface
replaces the liquid–liquid interface and ensures the stability of the Pickering
emulsion [98]. Compared with classical emulsions which are stabilized by sur-
factants, Pickering emulsions which are stabilized by particles use less surfactants
and polymers and have increased stabilities [99]. However, particles with wetta-
bilities that are similar to oil or water can improve the stability of a Pickering
emulsion. In general, the hydrophilicity or the hydrophobicity of the particles will
determine the type of emulsions. For example, when particles are more hydrophilic,
they tend to form oil-in-water (o/w) emulsions [100]. In some cases, phase inver-
sions in emulsions may happen [101]. Sometimes, an oil-in-water-in-oil (o/w/o) or
a water-in-oil-in-water (w/o/w) multiple emulsion can be obtained when the
emulsion is emulsified by a mixture of hydrophilic and hydrophobic surfactants or
by a combination of small particles and surfactants.

Noble metal nanoparticles have been widely employed in the development of
electrochemical sensors by deploying them to form new materials that have dif-
ferent properties by virtue of having a reduced size compared with the same
materials in bulk form. NMNPs characteristically facilitate the process of electron
transfer in the surfaces of materials used in electrocatalysis [102]. Among noble
metal nanoparticles, silver and gold nanoparticles have been widely used in the
development of (bio)electrochemical sensors due to their biocompatibility with
various biomolecules. They also present antibacterial properties and excellent
conductive properties, improving the sensitivity of (bio)electrochemical sensors
with respect to analytes studied [103, 104].

Templates can be used as a matrix for a preparation of metal nanocrystals with
morphology similar or complementary to that of the template. Both soft and hard
templates can be employed for the shape-controlled synthesis of metal nanocrystals
[105]. The template can also serve as a scaffold. The metal ions are reduced within
or around the confined volume or space of the template. Self-assembled, biological,
and synthetic structures such as micelles, microemulsions, liposomes and vesicles,
viruses, etc., belong to the soft templates [106, 107]. In general, specific templates
such as metal oxides [108] or activated carbon [109] have been used to improve the
activity in the adsorption of reactants, stability of noble metal nanoparticles, and
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reusability of sensors. The adsorption reactivity of molecules on the surface of gold
nanocatalysts can be a result of the quantum effects of gold nanoparticles, which
interact with oxide supports [110]. Significant effort has been made to develop
NMNPs nanocatalytic systems that mainly include discovering adequate oxide
supports and efficient deposition methodologies [111], fabricating core@shell type
morphologies [112], and integrating active nanoparticles [113]. In particular, con-
trolled assemblies of colloidal nanoparticles are expected to exhibit collective
properties that are distinctly different from those of the corresponding individual
particles [114].

Dendrimers have been used as ideal templates or stabilizers for the synthesis and
modification of various hybrid, (noble) metal, and semiconductor nanoparticles.
Dendrimer-entrapped nanoparticles (DENPs) are formed using dendrimers as
templates, where each metal or other inorganic nanoparticle is entrapped within
each dendrimer molecule, while dendrimer-stabilized nanoparticles (DSNPs) are
formed using dendrimers as stabilizers, where each metal or other inorganic
nanoparticle is surrounded or protected by multiple dendrimer molecules on its
surface [115, 116].

Single- and multi-walled carbon nanotubes (SW- and MWCNTs) hard templates
are considered as promising materials for various applications in electrochemistry
due to their outstanding special electronic properties [117]. However, to optimize
the use of MWCNTs in various applications, it is necessary to attach either func-
tional groups or various nanoparticles onto their surfaces. It was also shown that
electronic states away from the Fermi level can contribute to the kinetics of electron
transfer between carbon nanotubes and solution [118]. In particular, defect- and
dopant-induced states enhance the electron transfer kinetics at low-dimensional
carbons [119]. Another approach to increase the efficiency of carbon
nanotube-based electrodes is the construction of hybrid structures. The combination
of MWCNTs with other nanomaterials is expected to be very useful for electro-
catalysis and consequently for the design of novel selective sensors [120].

Several different colloidal silver nanoparticles (AgNPs) were prepared in situ by
reducing the silver cations in solutions of polyamino and polyguanidino oxanor-
bornenes with sodium borohydride. Lin and coworkers reported [121] a AgNP–
nanosilicate platelet hybrid, and these were further blended with water-soluble poly
(ether)urethane (PEU). These conjugates promoted antimicrobial activity as well as
reduce the inflammatory response [121]. Santos et al. [122] introduced new AgNP
conjugates stabilized by linear polyethylenimine (L-PEI). They systematically
modified the L-PEI framework to create new ligands of polymer stabilizers. They
also tested the catalytic activity in the reduction reaction of 4-nitrophenol, and their
kinetics were fully analyzed [122]. In another very recent study by again Lin and
coworkers [123], they emphasized the importance of the existence of polymeric
coatings on both AgNPs surfaces and the surfaces they interact with in stabilizing
nanoparticles against deposition. This study suggested that although polymeric
coatings are stabilizers of AgNPs, they might stabilize AgNPs against deposition
unless the collector surface is also polymer coated [123]. Polymers reported in this
work stabilize AgNPs and kept them in aqueous solutions for more than a month.
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Compared with the amino polymers (PA), the guanidino analogues (PG) better
stabilized the silver colloids as evident from the spectroscopic data. Also, there
seems to be a polymer size dependence on stability with the shorter PG being more
effective than the longer PG. These nanoparticles could be very useful in catalytic
applications. Furthermore, the polymers PG and PA being biocompatible,
polymer-bound silver nanoparticles could be integrated into various biomedical and
biosensor applications and worth studying in the future.

Hybrid materials based on the mesoporous silica/carbon/noble metal combina-
tion have attracted the attention of many researchers due to the possibility of
combining the main features that silica- and carbon-based materials may be present
in a single material. Graphene is considered to be the newest member of the carbon
family, which consists of a single sheet of graphite containing carbon atoms linked
together by pi (p) linkages and trigonal planar geometry [124], and each atom has a
p orbital structure contributing to the formation of a delocalized electron network.
Graphene has a single atomic plane, giving it a 2D structure and thus may exhibit
metallic and semiconducting properties [125, 126], beyond excellent conductivity,
high surface area, high elasticity, adjustable band gap, biocompatibility, robustness,
and, especially, endless possibilities for modification or functionalization of its
carbon chain [127], making it an excellent substrate for the development of elec-
trochemical sensors [128].

Combining multiple components into one nanostructure is useful for various
materials with numerous applications [129]. Designing hybrids consisting of vari-
ous organic and inorganic materials has attracted great attention in the past few
years [130]. Materials used range from the noble metals, carbon nanoparticles and
nanotubes, graphene, metal oxides, and silica nanowires to small organic molecules
and polymers [131]. Among the multitude of multicomposites investigated, mag-
netic nanomaterials and noble metal-based hybrids (NMHs) attracted the most
attention due to their unique properties demonstrated theoretically and experi-
mentally [132]. Nowadays, hybrid nanomaterials comprised of two or more dif-
ferent components (core@shell, composite, alloys) with potential to perform several
technological tasks of biomedicine simultaneously, especially the
superparamagnetic/plasmonic hybrid nanoparticles [133–135], have attracted a lot
of attention. Noble metals are low cytotoxic [136] and facile for bioconjugation and
possess outstanding optical properties that could be tuned through varying their
size, shape, and thickness and composition of the shell [137]. These features make
gold nanoparticles potential candidates for novel noninvasive targeting and imaging
agents [41, 138] and photothermal therapy agents [139]. In terms of catalysis,
coupling with magnetic materials enables the nanosized noble metal-based catalysts
to be easily recycled by external magnetic field [140]. Meanwhile, the contami-
nation of the reaction solution is also avoided. For bioapplications, such as drug
delivery [141], imaging [135], and therapy [142], NMHs have significant advan-
tages over other hybrids because of the robust interaction between noble metals and
thiol groups.

The particle hybrids can be prepared by various approaches. For example, the
(core@shell) gold@SiO2 nanoparticles could be etched by heating to give other
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hybrids gold@mesoporous-SiO2 nanoparticles. The mesopores in the silica shell
were easily observed. In addition, the empty space around the gold nanoparticle in
the single-Au@SiO2 NPs expanded, which generates a distinct core-shell structure.
Although various synthetic strategies have been employed to generate core-shell
{Au@SiO2}NPs [143–145]. Nanoparticles tend to aggregate when fabricated
alone, and therefore, a supporting material is needed to grow and anchor the metal
nanoparticles, and graphene oxide (GO) has been used as a support material for
many types of NPs including Au, Ag, Pd, Pt, and Ni [146, 147]. The prepared
AuNP/GO hybrid particles were then used to stabilize Pickering emulsions.
Furthermore, the Pickering emulsions were used to fabricate AuNP/GO-supported
polystyrene microspheres and their catalytic performance for the reduction of
4-nitrophenol was investigated. This investigation provides guidance for the fab-
rication of functional materials, which may find applications in catalytic reactions
and composite materials [148].

The properties of nanocomposites (nanostructures or nanoparticles) depend on
the microscopic and macroscopic states of the composites and provide information
on the interaction of individual components inside composite material systems. In a
mixture between a dielectric and a conducting component, for example, the con-
ductivity of this mixture shows a critical behavior if the fraction of the conducting
component reaches the percolation threshold [149].

Following early developments in wet chemistry methods, such as the
well-known reduction of silver or gold salts by different reducing agents in the
presence of low molecular weight additives (surfactants) to provide colloidal sta-
bility and/or specific functionality, the use of (co)polymers is clearly an interesting
route for the fabrication of noble metal nanoparticle systems with a core@shell
microgel structure [23, 24]. The external polymeric coating of gold cores defines
both the spacing and the interactions in nanoparticle systems with this type of
architecture. We can synthesize next-generation polymer coatings for gold
nanoparticles that may feature stimulus-responsiveness (pH, temperature, ionic
strength, and light) and spontaneously form versatile supramolecular structures. The
fabrication of metal core@polymer shell nanoparticle architectures has been the
focus of research owing to potential applications in various fields of research [150–
152].

Polymer nanocomposites are an important class of materials that have numerous
applications in a number of different industrial sectors, which is why they have been
extensively studied in recent decades. Bionanocomposites are formed by the
combination of natural polymers with organic and/or inorganic solids; they show at
least one dimension on the nanometer scale. The use of bionanocomposites has
been preferred because most of the synthetic polymers are not biocompatible, so
natural polymers and biopolymers are ideal components in this type of composite
material. A slightly different approach to polymer-metal hybrid nanoparticles has
also been taken, where inorganic nanoparticles (e.g., AuNPs, magnetic nanoparti-
cles) have been attached to the surface of polymeric microparticles yielding com-
posites with demonstrated potential in cancer therapy and photovoltaic applications
[153, 154].
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Among selective and sensitive chemosensors, gold nanoparticles and silver
nanoparticles have attracted great attention as colorimetric probes, which can enable
the direct detection of analytes through the monitoring of color changes with the
naked eye as well as fluorescent and UV-Vis spectroscopy. Recently, more and
more research about AgNPs was reported. Sun et al. detected Hg2+ in blood and
wastewater with AgNPs [155]. Duan et al. have reported an investigation of a facile
colorimetric sensor for Hg2+ in aqueous solution based on the antiaggregation of
AgNPs [156]. Rastogi et al. reported a highly sensitive and selective method for the
colorimetric detection of Hg2+ in an aqueous system by using label-free AgNPs
[157, 158].

Several known properties of noble metal nanoparticles stimulated the research
reported here: (a) Upon light absorption, AuNPs can deliver energy with pinpoint
precision [159], with high efficiency, and in subpicosecond timescales. This
property has been proposed as a powerful tool for photodynamic therapy (PDT), a
light-mediated form of clinical treatment [160, 161]. (b) AgNPs have excellent
antimicrobial properties that exceed those of silver ions themselves, and it has been
proposed that the AgNP themselves are strongly anti-infective, beyond any effect
due to Ag+ leaching [162–164]. And (c) some (bio)molecules can stabilize metal
nanoparticles, such as AgNP, while they retain their anti-infective properties and
show excellent biocompatibility [165].

Noble metal-nanostructured materials have attracted considerable attention sci-
entifically and industrially, owing to their numerous applications that include surface
plasmon resonance (SPR, surface-enhanced Raman scattering (SERS), as well as
chemical and biological sensing [166–168]. The intrinsic properties of a metal
nanocrystal are determined by a set of physical parameters that may include its size,
shape, composition, and structure (e.g., solid or hollow) [65, 169]. For example, in
the case of a gold or silver nanocrystal, both computational and experimental studies
have demonstrated that their shape and structure play important roles in determining
the number, position, and intensity of LSPR modes, as well as the spectral region or
polarization dependence for effective molecular detection by SERS [28, 170].
Therefore, preparation of metal nanostructures with controllable morphologies is
essential in order to fully exploit their peculiar properties and unique applications.

Shem et al. have investigated the influence of alkylthiol chain lengths on the
LSPR properties of the AuNPs (H3C–(CH2)nc–SH (where nc represents the number
of methylene (–CH2–) groups). TEM images confirm the formation of the thiol
coated nearly monodisperse AuNPs. It has been shown that alkylthiolate-coated
nanoparticles form a 2D assembly due to a combination of electrostatic repulsion
and van der Waals interaction. The nanoparticles were suggested to form assem-
blies in solution and that a similar spatial arrangement of NPs may exist in solution.
The LSPR bands are clearly dependent on the thiol chain length, where the largest
LSPR shift was observed for the shorter chain thiol and lowest LSPR peak shift
(18 nm) was exhibited when the longer chain thiol was used [171].

A wealth of chemical methods have been developed for the synthesis of silver
and gold various nanostructures that have well-controlled morphologies, including
nanoplates [172, 173], cubes [21, 174], belts [175, 176], wires [177, 178], rods
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[179], and branched multipods [180, 181]. Silver nanoparticles have been gaining
significant research interest due to their unique shape- and size-dependent optical
[182], antimicrobial [183], and catalytic properties [184]. Nanostructures of silver
such as monodispersed nanoparticles [185], nanoprisms [186], nanocubes [187],
nanowires [188], and nanodisks [189] have potential applications in optics, catal-
ysis, and SERS detection [190]. They are usually obtained from colloidal disper-
sions and, according to the method used during the synthesis, may have a variety of
morphologies, such as nanocubes, nanoprisms, nanospheres, triangular nanoplates,
and wires [191–193]. The interest in silver nanoparticles is increasing because when
compared to their bulk counterparts, the nanoparticles possess greater surface area
per mass [194].

The synthesis of silver nanoparticles involves three broadly defined routes.
AgNPs can form in the presence of strong reducing agents, such as sodium boro-
hydride [195], hydrazine [196], and tetrabutylammonium borohydride [196].
A second route can involve the UV irradiation [197], c-irradiation [198], ultrasound
irradiation [199], or microwave [200] heating of silver ions in solution in the
presence of capping agents. A third route involves prolonged heating of silver ions
in solution in the presence of weak reducing agents, such as sodium citrate [201],
glucose [202], dimethylformamide [203], potassium bitartrate [204], ascorbic acid
[205], and polyols [177]. A wide variety of capping agents have been used to
control size, shape, stability, and solubility of silver nanostructures. Organic thiol
compounds [206] are the most commonly used capping agents to stabilize colloidal
silver. Long-chain amine [207], aniline [201], surfactant [208], carboxylates [185],
and starch [209] have been also used to stabilize silver nanostructures.

Nanomaterials can also act as a carrier for an insoluble agent such as a drug.
Alternatively, the nanomaterials can display multiple different biomolecules, thus
imbuing the composite withmultifunctionality. Indeed, one of the current engineering
goals is to create viable nanotheranostic agents where a NM would provide inherent
fluorescent or magnetic contrast while displaying multiple targeting agents such as
tumor-specific antibodies along with cell-penetrating peptides and a chemothera-
peutic agent. This nanomedicine concept is being pursued to overcome many of the
issues associated with current systematically delivered medicines [27, 210].

1.4 Nanometria and Nanotechnology

The nanometer regime covers the transition from condensed matter behavior to
atomic and molecular properties and thus is a very rich but also very demanding
area in materials science. Close to the condensed matter side, properties and
functions might still very well be scalable, whereas close to the atomic and
molecular side, the scalability is mostly lost. Properties and functions change
qualitatively or quantitatively by orders of magnitude when the dimensions become
smaller than a critical size in the nanometer range. Examples are the ballistic regime
for electron or spin transport at dimensions below the mean free path, near-field
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effects in scanning near-field optical microscopy, and quantum wells when the
dimensions are below an appropriate wavelength, novel electronic, mechanical, and
chemical properties when the number of bulk atoms becomes smaller than that of
surface atoms, quantum conduction, and Coulomb blockade. Thus, by going below
a certain size, an abundance of novel properties and functions is at one’s disposal,
or, in other words, we can functionalize materials simply by reducing their size to
the nanoscale [211].

Unlike bulk materials, nanomaterials or nanoparticles have characteristic phys-
ical, chemical, electronic, electrical, mechanical, magnetic, thermal, dielectric,
optical, and biological properties [2]. Decreasing the dimension of nanoparticles has
pronounced effect on the physical properties that significantly differ from the bulk
material. These physical properties are caused by their large surface atom, large
surface energy, spatial confinement, and reduced imperfections. Nanoparticles have
advantages over bulk materials due to their surface plasmon resonance, enhanced
Rayleigh scattering, and surface-enhanced Raman scattering in metal nanoparticles,
quantum size effect in semiconductors, and supermagnetism in magnetic nanoma-
terials. Therefore, nanoparticles are considered as building blocks of the next
generation of optoelectronics, electronics, and various chemical and biochemical
sensors [212].

Although the term “nanotechnology” had not appeared on the horizon, Feynman
said: “What I want to talk about is the problem of manipulating and controlling
things on a small scale… What I have demonstrated is that there is room-that you
can decrease the size of things in a practical way… I will not discuss how we are
going to do it, but only what is possible in principle… We are not doing it simply
because we haven´t yet gotten around to it” (Nobel Laureate Richard Feynman in
his visionary lecture “There is plenty of room at the bottom”) [213, 214]. Several
decades later, scientists have learnt that the manipulation of atoms, molecules, and
clusters on surfaces is feasible and that new fundamental physics governs the
properties of nano-objects [215]. The unique electronic, optical, and catalytic
properties of metal nanoparticles, together with the different methods available for
the preparation of nanoparticles (nano-objects) of controlled shape and size, provide
exciting building blocks for nanoscale assemblies, nanostructures, and nanodevices.
They show often radically different properties from their constituents or bulk
counterparts. Richard Feynman in his visionary lecture inspired the concepts for the
rapidly exploding research topic of nanotechnology. Nanoparticles are described
herein as discrete particles with at least one characteristic dimension: the size in
nanometers, typically in the range of *1–100 nm [216]. 1 nm is *6 times the
atom size of gold and *4.5 times the atomic spacing in noble metals. In addition to
the material composition, the size and shape are two other important factors that
determine properties of a nanoparticle.

Nanotechnology—the science and engineering of creating functional materials
and devices between 0.1 and 100 nm in scale—is the most commercially viable
technology of the twenty-first century due to its very wide applications from health
science to electronics. This new emerging technology has attracted great interest
from the scientific community around the world and is predicted to be an over—
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$1 trillion worldwide market by 2015. Early envisioning of nanotechnology was
put forward by Richard Feynman in the 1960s [213]. However, the discovery of
fullerene C60 in 1985 by Kroto et al. [217] initiated great interest in the field of
nanotechnology. Two decades after the initial discovery of fullerenes, man-made
nanostructured materials are now globally produced in the quantity of tens of tonnes
per year. Laboratory-synthesized and pilot-level plant-produced nanomaterials
include fullerenes, nanoparticles, nanotubes, nanowires, nanorods, quantum dots,
dendrimers, nanoclusters, nanocrystals, nanocoatings, and nanocomposites, all of
which exhibit significantly improved and unique properties over their counterpart
bulk materials. The applications of nanomaterials are increasing tremendously
day-by-day nearly in all industries.

In the twenty-first century, nanotechnology has become one of the most rapidly
developing fields of science and technology [218]. Numerous nanomaterials have
been manufactured to have characteristic electrical, mechanical, magnetic, thermal,
dielectric, optical, and catalytic properties [219]. The broad range of functionalities
associated with these materials has led to them being used in electronics, com-
puting, communications, materials science, transport, and energy-based sectors of
the economy, as well as by the pharmaceutical and cosmetic industries [219]. In
recent years, a great deal of attention has been drawn to the fabrication of biomi-
metic or bioinspired nanomaterials. A variety of highly organized nanoscale bio-
logical structures have evolved which have inspired researchers to design new
systems for producing novel nanomaterials, and viruses are perfect examples of
such materials.

The pace of scientific research and technological advancement in the recent
times is mostly due to the entry of nanotechnology. With the birth of nanotech-
nology, all fields of science have come up with a new dimension to the research in
their respective fields of study. However, it is of recent times it made heavy strides
and hastened the research activity in the areas of all sciences more so in the area of
life sciences. “Nanotechnology” mainly consists of the processing, separation,
consolidation, and deformation of materials by one atom or one molecule.
Nanoparticles of noble metals such as gold, silver, and platinum are widely applied
in products that directly come in contact with the human body such as shampoos,
soaps, detergents, shoes, cosmetic products, and toothpaste, besides medical and
pharmaceutical applications. Nanoparticle exhibits completely new or improved
properties as compared to the larger particles of the bulk material that they are
composed of based on specific characteristics such as size, distribution, and mor-
phology [18].

Bulk metals are electrically conducting and good optical reflectors, as caused by
the sea of freely moving delocalized electrons in the conduction band. On the other
hand, metal nanoparticles display intense colors due to surface plasmon resonance,
a feature attributed to the collective oscillation of conduction electrons upon
interaction with light (Scheme 1.1). When the size of metals is further reduced to
around 1 nm or less, down to a few atoms, the band structure becomes discon-
tinuous and is broken down into discrete energy levels, somewhat similar as the
energy levels of molecules. Therefore, these metal nanoclusters are said to have
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molecule-like properties and do not anymore exhibit plasmonic properties. They
represent the missing link between metal atoms and nanoparticles. Nonetheless,
metal nanoclusters can still interact with light via electronic transitions between
energy levels, resulting in intense light absorption and emission [220, 221].

In solid-state and condensed matter physics, the density of states (DOS) of a
system describes the number of states per interval of energy at each energy level
that are available to be occupied. Unlike isolated systems, like atoms or molecules
in gas phase, the density distributions are not discrete like a spectral density but
continuous. A high DOS at a specific energy level means that there are many states
available for occupation. A DOS of zero means that no states can be occupied at
that energy level. In general, a DOS is an average over the space and time domains
occupied by the system. Local variations, most often due to distortions of the
original system, are often called local density of states (LDOS). If the DOS of an
undisturbed system is zero, the LDOS can locally be nonzero due to the presence of
a local potential [222, 223].

The key to the future lies in the functions that we give to materials, not just in
finding “novel functional nanomaterials.” Certainly, finding new materials is always
an important part of progress, but we should also focus on the much larger domain
of novel functions that we can give to existing or modified materials. A good
example is semiconductors: They were not of widespread interest and use until the
transistor changed their destiny into being the central material in the information
technology revolution. Interfaces gave them their functions, shaping them into
ever-smaller functional components made them indispensably omnipresent as
transistors produced in billions per person and per year, and they are no doubt the
rulers of today’s technical world. These nanomaterials serve as an inspiring

Scheme 1.1 Variations of energy (E/a.u) level with the atom agglomeration and DOS. The effect
of metal particle size, single valence electron (below 0.1 nm), discrete energy levels by quantum
confinement (below 1 nm), and bulk metal freely moving electrons (above ca. 1 lm). Agn herein n
means a number of silver atoms [222]
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example of functionalizing materials. The developments of microelectronics prof-
ited very much from scalability; that is, the properties and functions do not change
significantly with size. Therefore, every step toward smaller dimensions was a
technical and commercial challenge with risks well under control. The transition to
the nanoscale, however, is discontinuous. Examples of this transition are the local
probe methods that exploit the mechanically controlled proximity to the object
under consideration and that have become indispensable as microscopes and as
measuring and modifying tools, the size of molecular components that are much
smaller than the smallest possibly achievable transistor, the properties and functions
of materials below a critical size, the continuum properties versus discrete ones, and
novel concepts inspired by living nature. It is these discontinuous steps that make
the nanoscale different, not just smaller. They pose exciting challenges and open
great opportunities and nearly unlimited possibilities, but they also carry serious
technical, commercial, environmental, and health risks [211].

The role of interfaces is rapidly increasing in science and nanotechnology, and
they are the key to new functions. Think of the simple “mechanical” interface
responsible for the lotus effect where wetting is prevented by the rapidly changing
surface curvature due to nanoparticles. Think of all the connections of a
nanometer-sized area between very different materials, for example, for electron or
spin transport. Think of the delicate interfaces that protect nanofunctional units
from the environment but allow for communication of various types with other
nanocomponents or with the macroscopic world. Interfaces are the “faces of
action,” and nanoscale materials science will be, to a great extent, “interface
science.”

The main focus of nanotechnology is to synthesize nanoparticles with pre-
dictable shape, size, polymeric coating, and fine distribution for potential
biomedical applications. Various techniques are involved in nanoparticles prepa-
ration like chemical and physical methods which may successfully produce pure,
well-defined nanoparticles, but these are quite expensive and potentially dangerous
to the environment [19]. Green chemistry-based eco-friendly methods for synthesis
of nanoparticles could be an alternative for chemical synthesis. Numerous naturally
derived materials and biopolymers have been successfully used for well-organized
and speedy green synthesis of silver [20], copper oxide [224], zinc oxide [225],
selenium [226], platinum [227], and gold nanoparticles [228–230].

Many nanogold- and nanosilver-based environmental technologies (e.g., sen-
sors, sorbents, reactants, and different agents) are under very active research and
development and are expected to emerge as the next generation of environmental
technologies to improve or replace various conventional environmental technolo-
gies in the near future [231]. For environmental applications, nanotechnology offers
the potential of novel functional materials, processes, and devices with unique
activity toward, for example, enhanced mobility in environmental media and
desired application flexibility [231]. Some of the most promising near-term real-
izations of nanotechnology are at the interface of physical, chemical, and biological
systems. Nanotechnology has been receiving increased attention in the past decade
due to its extensive applications in the field of catalysis, electronics, high-density

46 1 Nanofield



magnetic recording media, sensors, different reactive agents, and biotechnology
[232]. It is the engineering and art of manipulating matter at the nanoscale [233,
234]. Synthesis of metallic nanoparticles with controllable properties for biological,
chemical, optical, and electronic applications has been a major focus of nanoma-
terials research [234]. One of the most important considerations during the syn-
thesis of nanoparticles is surface chemistry which plays a vital role in determining
the characteristics of the NPs [235].

Nanomaterial synthesis is emerging as a crucial technology in nanotechnology to
develop building blocks for nanometer-scale devices. The synthesis of noble metal
nanoparticles with controlled chemical composition, size, and shape distributions is
an important first step toward the realization of nanotechnology. A wide variety of
physical and chemical processes have been employed for the synthesis of metal
nanoparticles [22], but these methods have certain disadvantages due to the
involvement of toxic chemicals and radiations. So the development of reliable
experimental protocols for the synthesis of nanomaterials over a range of chemical
compositions, sizes, and high monodispersity is one of the challenging issues in
current nanotechnology. There is a need to develop an environment-friendly
approach for nanomaterial synthesis and assembly that should be fast and devoid of
the use of toxic chemicals in the synthesis protocol. As a result, for the development
of clean and environmentally acceptable green procedures, nature-made systems are
fast gaining attention of the researchers.

It is well recognized that properties of metal nanoparticles depend largely on the
size, shape, composition, structure, and crystallinity. Therefore, various approaches
have been developed to control these parameters and, hence, meet the requirements
for various applications. This has been leading to the synthesis of a spectacular
variety of nanoparticles of different shapes, compositions, patterns, and function-
alities through physical, chemical, and biological methods, though nanomaterials
can be generated by physical (top-down) (such as evaporation, arc discharge, and
laser ablation) and chemical (bottom-up) approaches. The latter is one of the pre-
ferred methods for fabricating a wide variety of nanoparticles. The colloid-chemical
methods of noble metal nanoparticle preparation basically involve the (bio)chem-
ical reduction of metal salts, photochemical and electrochemical pathways, or
sonochemical/thermal decomposition of metallic precursors (salts) in aqueous or
organic solvents in the presence of a variety of additives such as surfactants,
reducing agents, ligands, polymers [236].

In particular, it is the myriad of properties such as the ease of synthesis, func-
tionalization, small size, nontoxicity, stability, interesting optical, and electrical
properties that make the nanomaterials so attractive. Their capacity to carry high
payloads has drawn attention to gold nanoparticles as potential sensing, delivery,
and imaging agents [237–239]. The facile ability to functionalize gold nanoparticles
with stabilizing ligands has made them very attractive for biomedical applications
[240]. The modification of gold nanoparticles with polymeric capping agents such
as polyethylene glycol, amino- or mercaptodextrans affords long-circulating
nanoparticles, known as nanocarriers, that are desired for passive targeting to
tumor and inflammatory sites [241]. The production and applications of noble metal
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nanoparticles have rapidly been increased, since their novel physical and chemical
properties are not only different from those of bulk substances, but also metal
nanoparticles exhibit specific colors due to localized surface plasmon resonance
(LSPR) [242]. The colors of gold and silver nanoparticles result from changes of
LSPR induced by their size and shape. In particular, the applications of these
nanoparticles have widely been investigated, since they exhibit some profitable
properties such as catalysis [243], antibacterial agent [244], nanoparticle colorant
[245], nanopaste for electrical circuits and electrodes [246], and substrates for
surface-enhanced Raman scattering [247].

Noble metal nanoparticle chemistry and physics has emerged as a broad new
subdiscipline in the domain of colloids and particle surfaces. The unusual optical
properties of small gold and silver particles, their size-dependent electrochemistry,
and their high chemical stability have made them the model system of choice for
exploring a wide range of phenomena including self-assembly, biolabeling, electron
transfer theories, phase transfer, DNA melting and assays, and crystal growth.
These nanoparticles when stabilized or protected by a shell of thiolate ligands
display good stability toward aggregation and other modes of decay, which enables
attempts at isolating different nanoparticle sizes and the exploration of how
nanoparticle properties depend on size (including quantization effects). Gold
nanoparticles with fewer than 300 gold atoms can display distinct optical and
electronic properties compared to the bulk metal or even to larger nanoparticles.
The thiolated nanoparticle stability further enables treating the ligand shell as a
chemical platform that can be manipulated to exhibit desired reactivities, poly-
functionalization, and optical properties. The consequence for the past couple of
decades has been a very active field of basic nanoscience research and applications
of these nanoparticles. An important aspect of gold nanoparticles has been the
breadth of their impact applications ranging from photonic device fabrications, to
sensing of organic and biomolecules, to charge storage systems [248].

The synthesis of noble metal nanoparticles is a focus of current interest as they
exhibit unique properties due to their unique size and shape [249, 250]. Because of
their stability, oxidation resistance, and biocompatibility [251], noble metal
nanoparticles find wide applications in a number of areas. However, their charac-
teristic properties can be tailored for potential application by controlling the size
and shape of the nanoparticles [252]. Thus, new methodologies for designing
shape-controlled synthesis of gold nanoparticles are essential for the advancement
of nanotechnology [253, 254]. Synthetic chemical methods for obtaining noble
metal nanoparticles of different sizes and shapes are being continuously modified
and improved. Conventionally, nanomaterials of different shapes and sizes having
reasonably good monodispersity are usually synthesized by reducing a gold salt
with sodium citrate or sodium borohydride, followed by surface modification of the
produced particles with suitable capping ligands, occasionally using an organic
solvent, which often raises environmental questions [255]. At the same time, these
approaches produce multishaped nanoparticles requiring purification by different
approaches [256, 257]. Thus, there is a constant drive for new methodologies to
produce the shape-controlled synthesis of gold nanoparticles.
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Generally, nanoparticles are divided into spherical and nonspherical. No com-
monly accepted nomenclature and classification exist for nonspherical nanocol-
loids. Nanomaterials are generally classified according to their composition (mono-,
bimetallic, multimetallic, metal oxide, magnetic, semiconductor, hybrid, functional,
composite, etc.), size, and/or shape/morphology. Glotzer and Solomon attempted to
put forward several possible classifying principles as a way of unifying the prac-
tically infinite number of different particle shapes and types that are already made or
will be made in the near future [258]. One can classify anisometric nanomaterials
into three families according to their growth dimensionality: (i) 1D nanoparticles
growth confined in two dimensions, i.e., major growth occurred in one dimension
(e.g., rods, wires, tubes); (ii) 2D nanoparticles growth confined in one dimension
(e.g., planar triangles, hexagons, plates, disks, ribbons belts); and (iii) 3D
nanoparticles where major growth occurred in all three dimensions [e.g., Platonic,
Archimedean, and Poison shapes such as tetrahedra, octahedra, decahedra, icosa-
hedra, cubes, prisms, nanocages, or branched nanoparticles (bipod, tripod, tetrapod,
multi, bumpy, thorny, sea urchin, etc.)]. Figure 1.1 shows a few examples of 1D,
2D, and 3D nonspherical NMNPs.

Characterization is an important step in the morphology-controlled synthesis of
nanoparticles that includes assessment of composition, morphology, dimensional-
ity, and physical (such as optical and spectroscopic characteristics) and chemical
properties (such as surface charge and functionality). Size (diameter, length, width,
and height), volume, aspect ratio, perimeter, projected area, surface roughness, etc.,
are typical morphology parameters that are assessed [26]. Multiple techniques are
often applied in tandem for comprehensive characterization of nanoparticle systems
[259]. These include separation-based, scattering, microscopy, spectroscopy, mass

Fig. 1.1 A few representative examples of nonspherical 1D, 2D, and 3D noble metal
nanoparticles synthesized by the colloid-chemical synthetic approach. The TEM or SEM images
of nanoparticles: nanorods, nanoshuttles, nanobipyramids, nanowires, nanotubule, triangular
nanoplates, nanocubes, ribbons, and star-shaped particles [236]

1.4 Nanometria and Nanotechnology 49



spectroscopy, and thermal techniques. The colloid-chemical synthesis, for example,
often results in nanoparticles with a distribution in size, shape, composition, etc.
Determination of these distributions is important in order to improve the synthesis
protocols and assess their effects on the overall property of the particle ensemble.

Commonly used light scattering techniques provide information about particle
size, size distribution, and relative dispersion directly in the reaction medium but do
not provide direct information on the morphology of particles. The nanometer-scale
architecture of the particle-based surfaces has been characterized by a wide range of
analytical techniques including atomic force microscopy (AFM) [260], field
emission scanning electron microscopy (FESEM) [261], transmission electron
microscopy (TEM) [262], near-field scanning optical microscopy (NSOM) [263],
scanning tunneling microscopy (STM) [264], and photon STM [265]. Microscopy
techniques are based on visualizing a sample using light, electrons, or a scanning
probe [266]. Traditional optical light microscopy (sometimes referred to as bright
field microscopy) and its myriad of fluorescent derivatives were until recently,
however, unable to resolve nanoscale features <200 nm due to diffraction limita-
tions. As a result, they found limited application in the characterization of indi-
vidual NM-conjugates. Conventional TEM is used for the determination of size,
size distribution, and the number density of the particles easily and accurately.

Nanoparticle purity is important when it comes to more precise determination of
optical and electronic properties, in assessing structure-function relationships in
toxicology studies and for determining the functional role of the ligand on the
nanoparticle surface. A number of techniques can be used to purify nanoparticles
such as extensive washing with solvents or fractional crystallization. In cases where
the nanomaterials and ligands are water-soluble, dialysis has shown to be effective.

1.5 Techniques, Procedures, and Approaches

Separation and purification techniques separate the nanomaterials (NMs) and their
conjugates from the original reactants and by-products [25]. While certain nano-
materials, such as those that are magnetic, provide inherent properties that make
purification relatively simple (i.e., collection using a permanent magnet) [267],
most rely on several commonly utilized methods to minimally separate the unbound
additives from the NM products. Characterization is an important step in the
morphology-controlled synthesis of nanoparticles. It is essential in order to validate
the synthesis, decipher the evolution of particle morphologies, and improve the
synthesis protocols [26]. Multiple techniques are often applied in tandem for
comprehensive characterization of nanoparticle systems [259]. The ultimate test of
successful NM-conjugation is of course functionality in the desired application, and
while the very nature of activity infers the presence and activity of the ligand
(surfactant, biomolecule, etc.) on the NM surface, this does not reflect any specific
details of the underlying NM-conjugate architecture. A variety of well-developed
techniques which already have been successfully applied to the characterization of
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bare nanomaterials are now being extended to examining NM-conjugates. These
include separation-based, scattering, microscopy, spectroscopy, mass spectroscopy,
and thermal techniques. In general, the separation techniques are relatively cheap
and widely available. Some are already routinely used to purify NP-conjugates and
can also be quite effectively used for characterization purposes. Indeed, they have
been shown to be particularly useful for confirming molecular attachment to the
NM surface and providing information on approximate hydrodynamic radius,
NM-to-ligand (surfactant, (bio)molecule) conjugation ratio, and insight into
post-production degradation (i.e., stability) [27].

The particle size and concentration are important parameters of nanotechnology
area. Current methods for determining NMNP size can be divided into several
subcategories. The first is light scattering methods that include dynamic light
scattering (DLS), static light scattering (SLS) [268, 269], and small-angle X-ray
scattering (SAXS) [270]. The second category is the microscopy method including
atomic force microscopy (AFM), transmission electron microscopy (TEM) [271],
and scanning electron microscopy (SEM). The third is the localized surface plas-
monic resonance (LSPR) method, which takes advantage of the fact that the LSPR
features of AuNPs depend on the size, shape, and concentration of the AuNPs [28,
29]. A more recent method is electrospray-differential mobility analysis (ES-DMA)
that involves the conversion of AuNP suspension into the gas phase using elec-
trospray ionization. In ES-DMA, the charged particles are sorted based on their
electrical mobility and the number average diameter is measured after counting
[272]. While TEM, SEM, and AFM images allow direct AuNP visualization [271,
273], these measurements require tedious sample preparation, sophisticated
equipment, and lengthy and often subjective data analysis to determine particle size
and size distribution. Since only a small population of the nanoparticles is probed,
the results are statistically less representative [274].

The size of nanoparticles can also be determined by the fractionation processes.
They are usually effective in controlling the particle sizes over a wide range.
Particularly, gold nanoparticles functionalized with thiol ligands behave similarly as
charged biomolecules and thus can be easily fractionated using traditional
biomolecular separation methods, such as gel electrophoresis [275], capillary
electrophoresis [276], membrane filtration [277], and size exclusion chromatogra-
phy [278]. In most of these approaches, gold nanoparticles of different sizes were
separated from each other as a result of different electrophoretic migration velocities
in gel matrices. Although a high resolution of about 1–5 nm has been achieved
[279, 280], chromatography- and electrophoresis-based technologies still suffer
from the inherent low throughputs and the low recovery, caused by the nonspecific
interaction between AuNPs and supporting substrates. In comparison, size-selective
precipitation is more effective and applicable for high-throughput fractionation of
nanoparticles [281]. This technique utilizes the balance between the size-dependent
van der Waals attraction of nanoparticles and the capping ligand-induced
solubilization/dispersion of AuNPs in certain solvents. When the ligands are not
sufficiently solvated by the solvent, nanoparticles aggregate and precipitate from the
solution. Larger particles have stronger van der Waals attractions between them and
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therefore are subject to greater driving force for precipitation [282]. Thus, size
differentiation of NMNPs can be achieved through precise tuning of the solvent
property (e.g., the solvent composition) or the solvent conditions (e.g., the solvent
pressure and temperature [283]) in supercritical fluid-based separations. Mirkin’s
group reported a size-selective precipitation in aqueous media based on the intrinsic
particle size-dependent aggregation/dissociation properties of DNA functionalized
AuNPs [284]. Fractional precipitation has often been used for size and shape
estimation of nanoparticles. Researchers are employing established separation
techniques, which have been commonly applied to separate small species such as
viruses, organelles, or macromolecules. For example, density-gradient centrifuga-
tion has been used to separate differently shaped gold nanoparticles [285].

Chromatography techniques separate based upon the differing affinities of the
multiple sample components for the chosen chromatographic mobile and/or
stationary/solid phases. The actual separation mechanism depends on the chro-
matographic method utility, but, in all cases, care should be taken to limit non-
specific interactions with the stationary phase or denaturation due to solvents which
can be problematic for sensitive or labile biomolecules. Ion-exchange, size exclu-
sion, and affinity chromatography, run under either gravity or low-pressure con-
ditions, are commonly applied to nanomaterial conjugate purification and can even
be extended to materials of quite large mass [30]. High-performance liquid chro-
matography (HPLC) [286] coupled with reverse-phase ion-exchange [287], size
exclusion (SEC) [31], and stationary phases have been extensively used for
purification of nanomaterial conjugate from excess (bio)molecules. Size-exclusion
chromatography [288] has also shown its feasibility for the separation of various
metallic nanoparticles according to their size and shape. Chromatography tech-
niques, in particular HPLC coupled with anion exchange or reverse-phase columns,
has demonstrated the exquisite ability to resolve nanomaterial conjugates with
different nanomaterial-to-ligand ratios, providing both the distribution and overall
average ratio of NM-to-molecule per sample [289]. In an especially challenging
characterization example, Mullen and coworkers recently demonstrated the use of
reverse-phase HPLC to investigate poly(amidoamine) (PAMAM) dendrimers
modified with alkyne ligands which are important for subsequent conjugation using
click chemistry (Fig. 1.2) [290]. Distinct peaks within each HPLC trace were
observed, and deconvolution revealed the different dendrimer-ligand species
allowing them to be quantified.

Field flow fractionation (FFF) encompasses a family of analytical techniques in
which the sample is introduced into a pressure-driven mobile phase contained
within an open channel (no stationary phase) demonstrating a parabolic flow pro-
file, and an alternate field is applied perpendicular to the direction of flow [291].
The principles of separation are dependent on the applied field, but the technique
has demonstrated the ability to purify NM-conjugates from both unmodified NM
and free molecules [32]. FFF provides information on charge, size (peak height
position), and size distribution (peak width) [32]. FFF has already been used by a
number of researchers to provide size information on various unmodified
nanoparticles, including AuNPs and AuNPs modified with PEG ligands [292].
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Centrifugation is a relatively simple and cheap technique that can be used to
purify functionalized nanomaterials and their conjugates from unconjugated ligand
(molecule). Depending on the density, size, and structure of the nanomaterials and
molecules, application can sometimes be as straight forward as using a benchtop
centrifuge to separate functionalized NMs from the reaction mixture and then either
removing the soluble conjugate or, alternatively, resuspending the conjugate pre-
cipitate in the buffer of choice. For smaller NMs, or those with a lower density,
ultracentrifugation may also be useful for separation and purification.

Analytical ultracentrifugation (AU) can be used to estimate the colloidal stability
of gold colloids. The two principle modes used in AU are sedimentation velocity
and sedimentation equilibrium. While the technique can be applied to the purifi-
cation of NM-conjugates, it is more commonly used for characterization of these
composites. To establish the utility of analytical ultracentrifugation, we can estimate
sedimentation coefficients for two different sizes of gold nanocrystals from different
sources and compared the results to measured S-values. The theoretical sedimen-
tation coefficient (S), for a smooth, compact, and spherical particle, is given by
Eq 1.1:

S ¼ Mw 1�tqsð Þ=NA6pgsrf ð1:1Þ

where Mw is molecular weight, t is the partial specific volume of the particle, qs is
the density of the solvent, NA is Avogadro’s number, pηs is the viscosity of the
solvent, r is the radius of the particle, and f is the frictional coefficient (f = 1 for a
sphere). In the case of a nonspherical particle, the frictional coefficient can alter the
S-value substantially [293].

Assuming a spherical particle, a gold nanocrystal density of 17 g/cm3 in Eq. 1.1
[294], and using the diameter and polydispersity as determined from TEM, theo-
retical S-values were estimated in ranges for sample A (650–1010 S, d * 10.1 nm)
and sample B (940–2260, d * 13.8 nm), respectively. The nanocrystals were then
analyzed with AU. Figure 1.3 shows S-value distributions calculated from van
Holde-Weischet analysis of the resulting AU data from samples A and B. The
smaller nanocrystals in sample A (Fig. 1.3, curve 1) show a sedimentation

Fig. 1.2 Chromatographic
techniques. HPLC trace
monitored at 210 nm of
sample G5-… is shown. Five
different peaks (0–4) were
observed in the sample’s trace
[27, 290]
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coefficient range between 500 and 1200 S, with a peak at approximately 670 S. The
measured and theoretical S-values are therefore in good agreement, considering the
severity of the assumptions made for the theoretical calculations.

An important advantage of AU in nanocrystal analysis is that it is a nonde-
structive method; samples can be recovered after sedimentation, permitting further
analysis or purification. The dashed line in Fig. 1.3 illustrates this feature directly.
After sedimentation, sample A was recovered, resuspended, and rerun in the AU
under the same conditions. The samples show a broad (>500) S-value distribution.
Larger S-value species, presumably aggregated material, cannot be resuspended in
the recovered sample and therefore disappear from the analyzed data. The prepared
nanocrystals in sample B (curve 3) have a larger diameter and therefore a larger
S-value than the purchased nanocrystals in sample A.

The S-value of the recovered sample (Fig. 1.3, curve 2) is comparable to the
initial sample, having a maximum of 660 S. The most significant change is the
decrease in the amount of larger species (or aggregates) at higher S-values, pre-
sumably due to difficulty in their resuspension after the initial sedimentation. These
data illustrate that the integrity of the sample is not disrupted by sedimentation, and
samples can thus be recovered for further use and analysis. Compared to sample A,
the larger gold nanocrystals in sample B (Fig. 1.3, curve 3) have a broader and
higher S-value range, 1000–2500 S, with a peak at 1380 S. This breadth is
expected given the larger 3.0 nm standard deviation in size for sample B. For
sample A, we find that theoretical S-values are in reasonably good agreement with
the experimentally obtained S-values. In effect, these sedimentation data capture the
polydispersity of gold nanocrystals and accurately reflect the distribution of sizes
seen from TEM data.

Analytical ultracentrifugation is also a fractionating technique that allows
determination of molar mass and particle size distribution with high statistical
relevance as every particle contributes to the sedimentation profile [295]. The
particle size distribution of the Ag–PfFt (the ferritin protein—from the hyperther-
mophilic archaeon Pyrococcus furiosus) nanoconjugate [296] was calculated by

Fig. 1.3 S-values derived for
sample A (d * 10.1 nm,
curve 1) and sample B
(d * 13.8 nm, curve 3). The
relative frequency (RF) of
different S-values is plotted.
Sample A (black line, 1) and a
recovered sample rerun in the
AU under the same conditions
(dotted line, 2) [293]
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taking into account the densities of the protein (1.35 g/cm3) and of bulk silver
particles (10.5 g/cm3) and the thickness (2 nm) of the protein shell [297, 298]. The
size distribution of the Ag–PfFt solution thus calculated has its maximum at 2.1 nm
and a standard deviation of 0.4 nm (Fig. 1.4). Together with the high stability
reported above, the high homogeneity of AgNPs encapsulated in PfFt shown by
these studies is one of the required, as well as difficult to achieve, features of AgNPs
for practical applications [296].

Microfluidic and increasingly nanofluidic devices have much to offer researchers
from improved synthesis to characterization as well as reduced sample volumes.
Stravis and coworkers recently demonstrated a nanofluidic size exclusion device for
on-chip nanoparticle size separation and characterization [299]. Currently, the
device is capable of separating particles in the 80–620 nm range with a step size
resolution of 18 nm, although potential exists down to <10 nm.

A number of electrophoretic methods have demonstrated wide utility in the
characterization of nanoparticles and their (bio)conjugates [300]. Gel and capillary
electrophoresis (GE and CE) are the two principle types of electrophoretic tech-
niques commonly applied to the purification of nanoparticles and their conjugates
[300]. Gel electrophoresis monitors the electrophoretic mobility of charged species
in a gel matrix, typically agarose or polyacrylamide, when an electric field is
applied across it. For both nanoparticles and NP-conjugates, the overall size, shape,
and charge density influences the direction and distance moved in the gel [301].
Capillary electrophoresis [302] and gel electrophoresis [303] have also shown their
feasibility for the separation of various metallic nanoparticles according to their size
and shape. Separated NP-sample bands can also be extracted from the gels for
subsequent application or further characterized using techniques such as AFM,
mass spectrometry [304].

Fig. 1.4 Particle size
distribution (PSD) of AgNPs
encapsulated in PfFt. The
solid (curve 1) and dotted
(2) lines were estimated from
the AU and SAXS data,
respectively [296]
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A systematic approach to studying the mobility and physicochemical properties
of metal nanoparticles is gel electrophoresis. Several studies involving quantum
dots have shown how hydrodynamic radius [305], ligand density [306], and chain
length influence mobility [307]. Other groups have used electrophoresis for the
analysis of AuNPs, including glycocationic-modified AuNPs [308], DNA-AuNP
conjugates [287], and human serum albumin (HSA)-modified AuNPs [309].
Hanauer et al. used electrophoresis for efficient separation of PEGylated gold
nanoparticles and AuNPs based on size, shape, and functionalization [310]. Gel
electrophoresis has also been used to determine the extent to which a gold
nanoparticle surface is capped by monofunctional methoxy-PEG (mPEG-SH)
ligands (ligand density) [311]. The stability and aggregation of dispersions are
affected by the zeta potential of those colloidal dispersions [312]. Zeta potential (f)
is a scientific term for the electrokinetic potential in a colloidal system. The zeta
potential indicates the degree of repulsion between adjacent similarly charged
particles in dispersion and is therefore related to the stability of that dispersion. The
zeta potential of dispersion can be used to investigate how charged particles affect
the behavior of dispersion such as aggregation, flow, sedimentation, and filtration
[312]. When the magnitude of the potential is small, attraction exceeds repulsion
and the dispersion will break and flocculate.

When metallic fillers are dispersed in an insulating matrix, percolation theory
predicts that the DC conductivity of the composite in the vicinity of the percolation
threshold varies as follows [313]:

ra x� xcð Þt ð1:2Þ

where x is the weight percent of the conductive phase; xc is the critical concen-
tration at the percolation threshold; and t is a critical exponent that depends only on
the dimensionality of the percolation system with values typically at 1.3 and 2.0 for
two and three dimensions, respectively [314]. This dependence produces a straight
line with a slope equal to t in a double log–log plot of the electrical conductivity
versus x − xc.

Ferguson analysis of gel electrophoretic data can be further used to infer the f
(electrokinetic) potential of NP-conjugates, as demonstrated for AuNP-DNA and
QD-MBP bioconjugates [315, 316]. The mobility of the unknown sample in the gel
series can be converted either to its retardation coefficient to yield its f potential
[316]. The f potential is commonly determined by applying an electric field across a
sample and measuring the velocity at which charged species move toward the
electrode; this is proportional to the f potential [305]. The f potential can also be
used to infer particle stability with a value of ±30 mV often selected as an arbitrary
delineation of stability. Values >30 mV indicate stability, while values <30 mV
represent particles with a tendency toward agglomeration or instability [317].
The magnitude of the zeta potential, thus, indicates the degree of electrostatic
repulsion between adjacent, similarly charged particles in dispersion. For molecules
and particles that are small enough, a high zeta potential will confer stability; i.e.,
the solution or dispersion will resist aggregation. When the potential is small,
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attractive forces may exceed this repulsion and the dispersion may break and
flocculate. So, colloids with high zeta potential (negative or positive) are electrically
stabilized while colloids with low zeta potentials tend to coagulate or flocculate.
Many factors can influence NP stability (and hence the f potential) including pH,
concentration, ionic strength of the solution, temperature, radiation, and the nature
of the surface ligands. f potential measurements have been used to study the
stability and particle size of biofunctionalized nanoparticles as a function of pH
[318], the surface coverage of ligands bioconjugated to AuNPs [319], and various
capping agents [305]. In other words, the zeta potential f is the potential difference
between the dispersion medium and the stationary layer of fluid attached to the
dispersed particle.

Scattering techniques exploit the scattering of radiation (e.g., light or energetic
particles) through its interaction with a sample. Depending on the scattering tech-
nique applied, information about the nanoparticle structure, morphology, hydro-
dynamic size, and aggregation state as well as the molecular conformation and the
NP-conjugate stability post-production can be obtained. Fluctuations in the scat-
tered light intensity, due to the Brownian motion of the particles, are used to
determine the particle diffusion coefficient which is then related to its hydrodynamic
radius via the Stokes-Einstein relationship [320]. Dynamic light scattering (DLS)
has a size range of *10–1000 nm, respectively; however, its sixth power depen-
dence on scattering versus particle size means that wide NP-conjugate size distri-
butions can obscure the presence of smaller materials in the sample [320].
Similarly, analytical ultracentrifugation can be used for characterization of NPs and
their (bio)conjugates (Fig. 1.5).

Of all the scattering techniques available, DLS, also known as photon correlation
spectroscopy (PCS), is probably the most commonly used for characterizing the
hydrodynamic size of NPs and their conjugates, given that it is simple, noninvasive,
nondestructive, and relatively cheap to apply (Fig. 1.6) [305].

One key advantage of light scattering (e.g., SLS or DLS) and LSPR-based
methods is their ability to probe the gold nanoparticle in situ, that is, the AuNP in
solution, eliminating the tedious sample preparation required for imaging-based
methods. Unfortunately, DLS and SLS suffer from poor robustness and accuracy.
For example, large uncertainties in particle size analysis can occur in both DLS and
SLS induced by variations in the viscosity and refractive index of the solvent,
particulate contaminants in the sample, and fluctuations in the solution temperature.
Although DLS proves to be a useful tool for monitoring slow aggregation pro-
cesses, Khlebtsov et al. reported that false peaks appear in the size range of 5–
10 nm in DLS measurements of colloidal AuNPs [269]. A critical limitation of the
LSPR method is its insensitivity to small changes in particle size, which is par-
ticularly problematic for AuNPs smaller than 35 nm in diameter [324]. Theoretical
calculations have shown that the change in the peak LSPR wavelength is less than
5 nm when the particle size changes from 5 to 35 nm in diameter [324]. Because of
their limited reliability, light scattering and LSPR methods are better suited to study
big changes in AuNP sizes induced by AuNP aggregation than to determine the
exact particle size.

1.5 Techniques, Procedures, and Approaches 57



The concentration of particle gold in solution, for example, can be measured by
inductively coupled plasma-optical emission spectroscopy (ICP-OES). The distri-
bution of gold particle sizes can be determined by TEM and DLS. The average
number of gold atoms in a particle, Nav,atoms, is a further important parameter
determining the properties of colloid solution. It can be evaluated from the Gaussian
fit to the distribution of particle diameters [34]:

Fig. 1.5 Analytical
ultracentrifugation for
characterization. Progression
of the sedimentation
coefficient (S) distribution
(Conc.rel/a.u. vs. S) for bare
10 nm gold particles and
10 nm AuNPs modified with
thymidine homo-oligomers
decreasing from 30 bases
(SH-T30) to 5 bases (SH-T5)
in size (Conc.rel/a.u.). Curve
1 (SH-T30), 2 (SH-T20),
3 (SH-T10), 4 (SH-T5), and
5 (bare AuNPs) [321, 322]

Fig. 1.6 Dynamic light
scattering for characterization.
Hydrodynamic diameter (dh)
of noble metal particle-based
bioconjugates as a function of
the average number (Naver.prot)
of proteins (His5 or luc6) per
nanoparticle [305, 323]
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where Vatom is the volume of a gold atom, 0.0169 nm [325]. The Gaussian distri-
bution was characterized by mean, l (10.39 nm), and standard deviation, r
(0.78 nm). The number density of particles in the protein/metal conjugation
preparations was thus calculated to be *3.8 � 1012 particles/mL.

The number of gold atoms in each nanoparticle (Nap) was also calculated
according to Eq. (1.4) [326], where a refers to the edge of a unit cell
(*0.40786 nm) and d refers to the diameter of the AuNP:

Nap ¼ 2=3ð Þp d=að Þ3 ð1:4Þ

The concentration of AuNPs measured by the number of nanoparticles (CAuNP)
was calculated using Eq. (1.5), where nfinal refers to the final concentration of
HAuCl4 precursor:

CAuNP ¼ nfina=Nap ð1:5Þ

The concentration of the surfactant on the surface of AuNPs (CDD) was calcu-
lated according to Eq. (1.6), where S refers to the area of the stabilizer (DDAB)
polar head (*0.65 nm2) [327]:

CDD ¼ 2CAuNP pd2=S
� � ð1:6Þ

The concentration of the original prepared AuNPs (d * 9 nm) was calculated as
10 nM (6.02 � 1012 particles/ml). They showed maximal absorption about *1.07
at 540 nm. The nitrogen on the surface of AuNPs was calculated as 9.4 lM.

The polydispersity index is dimensionless and scaled such that values smaller
than 0.05 are rarely seen other than with highly monodisperse samples.
A polydispersity index of 0.1 is suggested as a suitable limit of monodispersity, and
values greater than 0.7 indicate that the sample has a very broad size distribution
[328].

Assuming a spherical shape and a uniform fcc structure (from high-resolution
TEM analysis) [329], the average number of gold atoms (Nap) for each type of
nanosphere was also calculated by Eq. (1.7), where q is the density for fcc gold
(19.3 g/cm3) and Mw stands for atomic weight of gold (197 g/mol) [330]:

Nap ¼ pqd3=6 Mw ¼ 30:89602 d3 ð1:7Þ

The molar concentration of the nanosphere solutions was calculated by dividing
the total number of gold atoms (Ntotal, equivalent to the initial amount of gold salt

1.5 Techniques, Procedures, and Approaches 59



added to the reaction solution) over the average number of gold atoms per
nanosphere (Nap) according to Eq. (1.8), where V is the volume of the reaction
solution in liter and NA is Avogadro’s constant. It is assumed that the reduction
from gold(III) to gold atoms was 100% complete. The concentrations of each
diluted solution may be calculated from this initial concentration according to their
relative concentration:

C ¼ NTotal=NapVNA ð1:8Þ

The Scherrer equation, in X-ray diffraction and crystallography, is a formula that
relates the size of submicrometer particles, or crystallites, in a solid to the broad-
ening of a peak in a diffraction pattern. It is used in the determination of size of
particles of crystals in the form of powder [35]. Scherrer Eq. (1.9) can be written as:

t ¼ Kk
b cos h

ð1:9Þ

where s(d) is the mean size of the ordered (crystalline) domains, which may be
smaller or equal to the grain size; K is a dimensionless shape factor, with a value
close to unity. The shape factor has a typical value of about 0.9, but varies with the
actual shape of the crystallite; k is the X-ray wavelength; b is the line broadening at
half the maximum intensity (FWHM), after subtracting the instrumental line
broadening, in radians. This quantity is also sometimes denoted as D(2h) and h is
the Bragg angle.

The Scherrer equation is limited to nanoscale particles. It is not applicable to
grains larger than about 0.1–0.2 lm, which precludes those observed in most
metallographic and ceramographic microstructures. It is important to realize that the
Scherrer formula provides a lower bound on the particle size. The reason for this is
that a variety of factors can contribute to the width of a diffraction peak besides
instrumental effects and crystallite size; the most important of these are usually
inhomogeneous strain and crystal lattice imperfections. If all of these other con-
tributions to the peak width were zero, then the peak width would be determined
solely by the crystallite size and the Scherrer formula would apply. If the other
contributions to the width are nonzero, then the crystallite size can be larger than
that predicted by the Scherrer formula, with the “extra” peak width coming from the
other factors. The concept of crystallinity can be used to collectively describe the
effect of crystal size and imperfections on peak broadening.

The number of silver atoms per nanoparticle (nap), particle radius (rp), or silver
nanoparticle/TAPP ratio can be also estimated by following (1.10) and (1.11)
equations [331].

n ¼ 4
3
pr3p qAg=MwAg

� �
NA ð1:10Þ
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= TAPP½ � ¼ Ag nanoparticle½ �= TAPP½ � ð1:11Þ

where qAg is the density of silver, MwAg is the molecular weight of silver, [Ag0] is
the concentration of silver atoms (assuming complete reduction), and TAPP is tetra
(4-aminophenyl) porphyrin. The approximate diameter, � 10 nm, of the Ag
nanoparticles is estimated by the position of the surface plasmon peak, � 390 nm.
This estimate is in agreement with TEM measurements that indicate a distribution
of Ag nanoparticle sizes � 7–20 nm in diameter.

Li et al. have reported that the asymmetric distribution of the AgNPs’ size can be
well fitted with the extreme function [332]:

y ¼ A exp �exp �zð Þþ zþ 1ð Þ ð1:12Þ

where y is the percentage of the AgNPs with the size of x:

z ¼ x� xcð Þ=r ð1:13Þ

xc AgNP is the feature size at the most probable value, and r is the standard
deviation. The feature size (xc) is *80 nm at 5 min growth time, for example
(Fig. 1.7). With the increase in growth time (t), the feature size is on the increase
(Fig. 1.7). The average size (d) of AgNPs fits the relation:

d3 � d30 ¼ kt ð1:14Þ

indicating that the Ostwald ripening (OR) mechanism dominates the crystal growth
of AgNPs (Fig. 1.8) [333]. Such Ag–TiO2 hybrids have been reported in the
photocatalytic synthesis of AgNPs and adopted in the studies related to
LSPR-assisted TiO2 photocatalysis and SERS [334].

Small-angle X-ray scattering (SAXS) and small-angle neutron scattering
(SANS) have been applied to elucidating information on the structure, morphology,

Fig. 1.7 Distribution of the AgNPs’ size estimated with the extreme function Eq. (1.12). The left
panel number of particles (Np/a.u.) and the inset at top-right corner—typical SEM image, the size
distribution of AgNPs grown on fresh TiO2 films in the AgNO3 solution. The right panel (curves
1–4) 10 min (xc = 124 nm, r = 39 nm), 16 min (xc = 133 nm, r = 51 nm), 30 min (xc = 150
nm, r = 67 nm), and 60 min (xc = 203 nm, r = 171 nm) [332]
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and characteristic intra-assembly spacings of a variety of polymer and biological
based nanomaterials [335]. The principle mechanistic difference between SAXS
and SANS is that X-rays are scattered by the electrons while neutrons are scattered
by the nucleus. This has a direct impact on what can be observed and the magnitude
of the observation (e.g., in neutron scattering, the scattering factor of carbon and
hydrogen is of approximately equal magnitude but opposite sign while with X-rays,
there is about a sixfold difference between carbon and hydrogen). A study by
McKenzie and coworkers demonstrated a microscale flow system for simultaneous
in situ monitoring of SAXS and UV-Visible spectra [336]. The system was used for
the real-time size determination of thiol stabilized AuNPs (0.8–5 nm), and while no
bioconjugates were investigated here, the technique could quite readily be applied
to the characterization of nanoparticles and their conjugates. SANS was also used in
combination with DLS and static light scattering (SLS) to elucidate the structure
and core morphology of nanoparticles [337].

Energy-dispersive X-ray fluorescence (EDXRF) and energy-dispersive X-ray
spectroscopy (EDX, EDS)) are all acronyms for instruments that use X-ray
fluorescence to obtain elemental composition of materials such as soils, solids,
sludges, liquids, or powders. Elemental analysis is the process of either qualitatively
(which elements) or quantitatively (concentration levels of each element) identi-
fying composition of a sample of material. From ppm (parts per million) to per-
centages, it is possible to obtain a complete breakdown of the composition of
known or unknown material with instruments that use EDXRF, EDX, or EDS
technology. Each of these acronyms refers to the same basic analytical technique
which uses some form of X-ray excitation in order to obtain chemical characteri-
zation of a sample. The acronyms EDS and EDX are typically used when
describing SEM systems that, when integrated with EDS/EDX, allow one to obtain
the structure, texture, chemical, and elemental composition of a sample. It can be
written as SEM/EDS or SEM/EDX.

Fig. 1.8 Fluorescent
fluctuations fitted to an
autocorrelation function used
to determine diffusion
coefficients, binding kinetics
between unilamellar vesicles,
and fluorescently labeled
peptides: (1) 90% bound
peptide, (2) 74, (3) 57, (4) 15
and (5) 0 [27]
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The energy-dispersive X-ray fluorescence spectrometer, for example, irradiates
the sample with X-rays and measures the energy (wavelength) and intensity of the
generated fluorescent X-rays to determine the type and content of the elements
comprising the sample. X-ray fluorescence spectrometry permits the nondestructive
elemental analysis of solid, powder, and liquid samples as well as rapid, nonde-
structive testing for harmful elements in printed circuit boards and other electronic
devices.

Neutral impact collision ion scattering spectroscopy (NICISS) uses detection of
backscattered projectiles to determine concentration depth profiles of the elements.
The NICISS technique uses noble gas ions (usually He+) of energy 1–5 keV. When
the projectile ions are within a few angstrom of the surface, they are neutralized and
proceeded to penetrate into the surface. The projectiles may be backscattered (at an
angle of up to 180°) upon collision with a target atom. This backscattering causes
the projectiles to lose energy proportional to the mass of the target and is of the
order of a few hundred eV. The final energy of the projectiles is determined via time
of flight (TOF). Hence by knowing the initial and final energies of the projectile, it
is possible to determine the identity of the target atom. The projectiles also expe-
rience an additional energy loss while penetrating through the bulk of the order of a
few eV per angstrom. Hence, the depth that each target atom was hit can also be
determined. From the TOF spectrum, it is then possible to gain the concentration
depth profiles of the elements present in the sample. NICISS is able to probe to a
depth of approximately 20 nm with a resolution of only a few angstrom.

Rutherford backscattering spectrometry (RBS) is an analytical technique used in
materials science. Sometimes referred to as high-energy ion scattering (HEIS)
spectrometry, RBS is used to determine the structure and composition of materials
by measuring the backscattering of a beam of high-energy ions (typically protons or
alpha particles) impinging on a sample. The energy loss of a backscattered ion is
dependent on two processes: the energy lost in scattering events with sample nuclei
and the energy lost to small-angle scattering from the sample electrons. The first
process is dependent on the scattering cross section of the nucleus and thus on its
mass and atomic number. The second energy loss process, the stopping power of
the sample electrons, does not result in large discrete losses such as those produced
by nuclear collisions. Instead, it creates a gradual energy loss dependent on the
electron density and the distance traversed in the sample. In practice, then, a
compositional depth profile can be determined from an RBS measurement. The
elements contained by a sample can be determined from the positions of peaks in
the energy spectrum. Depth can be determined from the width and shifted position
of these peaks, and relative concentration from the peak heights. This is especially
useful for the analysis of a multilayer sample, for example, or for a sample with a
composition which varies more continuously with depth.

Fluorescence correlation spectroscopy (FCS) is similar to DLS in that it mea-
sures signal fluctuations due to diffusion, aggregation, interactions, etc., and has
already been successfully applied to accurately estimate the hydrodynamic radius of
fluorescent nanoparticles and fluorescent beads [36]. With the use of confocal
microscopy, a laser interrogates a sample containing a small number of particles
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and the fluorescent fluctuations observed within a confined optical volume are fitted
to an autocorrelation function that can then be used to determine diffusion coeffi-
cients (Fig. 1.8). The diffusion coefficient can be correlated to the particle hydro-
dynamic radius via the Stokes-Einstein equation. In terms of NP-conjugates, FCS
has also been used to determine binding kinetics between 100 nm unilamellar
vesicles and fluorescently labeled peptides [338]. This technique has even been
extended to observing metal-enhanced fluorescence (MEF) resulting from
Cy5-labeled DNA hybridizing to DNA-modified silver nanoparticles by using the
modified technique of fluorescence lifetime correlation spectroscopy [27]. Popular
derivatives of FCS include dual-color FCS, which allows the user to cross-correlate
data from two different fluorescent channels simultaneously [339] and Förster
resonance energy transfer (FRET)-FCS, commonly called single-pair or particle
(sp)FRET.

X-ray diffraction (XRD) is typically used to provide structural information about
crystalline samples. It is also frequently used to characterize materials containing
nanosized components embedded in an extended biological matrix, such as those
found in tissue scaffolds and bone cements [39] or nanobioconjugate layered
materials such as nanobiohybrids [340] where analysis of d-spacing changes upon
bioconjugation between layers of the nanomaterial can be used to assess reaction
completion or investigate the biomolecular orientation [341].

Raman and Krishnan observed that certain molecules scatter a small fraction of
light which is different from the energy of the incident beam [342]. The scattered
photons either gain or lose energy due to the vibrational and rotational modes of the
molecules, which is known as Raman scattering, and the resulting Raman spectrum
(scattering intensity vs wavelength) is characteristic of the chemical structure of the
molecule. Albrecht and Creighton later recognized surface-enhanced Raman scat-
tering (SERS) and reported the mechanism of enhancement based on the now
well-known electromagnetic effect and chemical effect, respectively [343]. The
electromagnetic field enhancement is due to the excitation of localized surface
plasmons within the metal, which enhances the incident electric field intensity |E2|
in the vicinity of the metals by 102–104 [344].

Raman techniques commonly applied to characterization include Raman spec-
troscopy and SERS. Raman spectroscopy measures the inelastic scattering of
monochromatic radiation (UV, visible, or near IR) by a sample. The incident light
becomes either Stokes or anti-Stokes shifted in wavelength resulting in sharp fin-
gerprint Raman bands that are characteristic of the sample and complementary to
infrared (IR) spectroscopy. This technique can be used to detect the effect of the
surrounding environment on the molecule. Various types of surface
enhancement-based techniques have been used to enhance the signal ranging from
the magnetooptic Kerr effect in Fe3O4 nanoparticles [345] to surface-enhanced
infrared absorption [346]. UV-V is absorption [347], fluorescence [348], circular
dichroism [349], and Raman spectroscopy [350]. Among these techniques,
surface-enhanced Raman spectroscopy has been particularly popular recently as
people are still discovering better enhancement by experimenting with the surface
structure and type of metals.
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Surface-enhanced Raman scattering is an ultrasensitive vibrational spectroscopic
technique that can be used for the detection of molecules on or in close proximity to
the surface of metal nanostructures. The enhancement usually originates from
chemical and electromagnetic (EM) contributions [37]. When a dye resonant with
the interrogating laser is investigated, a further enhancement that results in
surface-enhanced resonance Raman scattering (SERRS) [37] can be achieved. EM
enhancement depends on the large local field enhancements that occur close to
metallic surfaces when localized surface plasmon (LSP) resonances are excited and
is the dominant enhancement mechanism in the case of a nonresonant absorbate
[351]. “Hot spots” are the regions where the EM field is significantly enhanced
beyond the average field intensity surrounding a nanoparticle and results in much
greater SERS activity from these areas [352].

Furthermore, research on SERS has turned from roughened metal surfaces to the
use of well-defined metallic nanoparticles to better understand and control the
enhancement. Gold and gold nanoparticles are the most commonly used because of
their strong LSPR band in the visible range. Researchers have studied the effect of
the size, shape, and composition of the metal NPs on the SERS signal with the
metal NPs dissolved in solution with the analyte or with the metal NPs attached to
solid supports. It is well accepted that “hot spots” exist where the Raman
enhancement is particularly strong at sharp regions of the metal with a high cur-
vature or between metal nanoparticles coupled together. Some studies have even
demonstrated single molecule sensitivity with SERS. Molecules that are not Raman
active can be detected with SERS by using Raman labels and for molecules which
cannot bind chemically to a metal surface, but dwell within close proximity to the
metal surface, a partition layer can be used to increase the concentration of the
analyte in close proximity to the metal surface [37]. Carbon nanotubes, for example,
exhibit strong Raman scattering which has been found to be sensitive to isotope
composition [353].

Spectroscopic techniques exploit the interaction of electromagnetic radiation
with a sample material resulting in the wavelength-dependent absorption, and in the
case of fluorescence re-emission, of radiation. Typically, a wavelength-dependent
spectrum is produced with characteristic absorption/emission peaks inherent to the
sample. The intrinsic UV-Visible absorbance properties of many nanoparticles can
be used to monitor pertinent properties, such as concentration, size, and aggregation
state. Both direct and in-direct analysis of UV-Visible spectroscopy data can also
provide information on the NP-conjugate. Direct characterization is possible when
the molecule has a distinct UV-Visible profile that remains discernible upon con-
jugation to the nanoparticle.

Fluorescence spectroscopy in both steady-state and time-resolved modes offers a
powerful and sensitive technique for determining a number of the parameters
associated with the immobilization of molecules to a nanoparticle surface including
fluorophore local environment, molecule-NM coupling ratio, conformational state,
and, in some instances, intra-assembly molecular distances [354]. Fluorescence
techniques are of course limited to NP-bioconjugate components that have some
form of either intrinsic or extrinsic fluorescence (or fluorescence quenching)
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capacity. Obviously if conjugation of a fluorophore to the NP is desired as part of
the final application, then fluorescence is an excellent method to determine the
average number of fluorophores per nanoparticle, as demonstrated for cellulose and
viral NMs [355].

Förster resonance energy transfer (FRET), fluorescence resonance energy
transfer (FRET), resonance energy transfer (RET), or electronic energy transfer
(EET) is a mechanism describing energy transfer between two light-sensitive
molecules (chromophores). A donor chromophore, initially in its electronic excited
state, may transfer energy to an acceptor chromophore through nonradiative dipole–
dipole coupling. The efficiency of this energy transfer is inversely proportional to
the sixth power of the distance between donor and acceptor, making FRET
extremely sensitive to small changes in distance (Scheme 1.2). Measurements of
FRET efficiency can be used to determine whether two fluorophores are within a
certain distance of each other. Such measurements are used as a research tool in
fields including biology and chemistry. FRET is analogous to near-field commu-
nication, in that the radius of interaction is much smaller than the wavelength of
light emitted. In the near-field region, the excited chromophore emits a virtual
photon that is instantly absorbed by a receiving chromophore. These virtual photons
are undetectable, since their existence violates the conservation of energy and
momentum, and hence, FRET is known as a radiationless mechanism. Quantum
electrodynamical calculations have been used to determine that radiationless
(FRET) and radiative energy transfer are the short- and long-range asymptotes of a
single unified mechanism [38].

Scheme 1.2 Jablonski diagram of FRET with typical timescales
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Förster resonance energy transfer is an increasingly popular microscopy tech-
nique used to measure the proximity of two fluorophores. Resonance energy
transfer occurs only over very short distances, typically within 10 nm, and involves
the direct transfer of excited state energy from the donor fluorophore to an acceptor
fluorophore as an alternative to fluorescence emissive decay from the donor. Upon
transfer of energy, the acceptor molecule enters an excited state from which it
decays emissively (always of a longer wavelength than that of the acceptor emis-
sion). Thus, by exciting the donor and then monitoring the relative donor and
acceptor emissions, either sequentially or simultaneously, one can determine when
FRET has occurred and at what efficiency. Since fluorophores can be employed to
specifically label biomolecules and the distance condition for FRET is of the order
of the diameter of most biomolecules, FRET is often used to determine when and
where two or more biomolecules, often proteins, interact within their physiological
surroundings. Since energy transfer occurs over distances of 1–10 nm, a FRET
signal corresponding to a particular location within a microscope image provides an
additional distance accuracy surpassing the optical resolution (*0.25 mm) of the
light microscope. Aside from spatial proximity, for efficient FRET to take place the
FRET dye pair must also exhibit significant overlap of the donor’s excitation
spectrum with the acceptor’s absorption spectrum. Herein though lies one of the
experimental paradoxes of FRET. The spectral profiles of the FRET pair cannot be
so separated that we have poor overlap, yet one wants to avoid “cross talk” between
the two imaging channels; i.e., ideally, the donor emission filter set must collect
only the light from the donor and none from the acceptor and vice versa. In practice,
this can be somewhat realized by employing short bandpass filters that collect light
from only the shorter wavelength side of the donor emission and the longer
wavelength side of the acceptor emission. This can limit somewhat the photon flux
from both donor and acceptor during a typical exposure, especially when we bear in
mind that these measurements are best performed under conditions of reduced
excitation power, such that we do not accelerate the rates of bleaching.

A number of researchers have used gold nanoparticle acceptors as quenchers in
energy transfer studies with fluorescent donor species, and the resulting putative
surface energy transfer (SET) process observed has been shown to have a non-
traditional r4 distance dependency, allowing in essence the ability to extend the
reach of the molecular ruler [356]. In the process of FRET, initially a donor
fluorophore absorbs the energy due to the excitation of incident light and transfer
the excitation energy to a nearby chromophore, the acceptor. Energy transfer
manifests itself through decrease or quenching of the donor fluorescence and a
reduction of excited state lifetime accompanied also by an increase in acceptor
fluorescence intensity. Scheme 1.2 is a Jablonski diagram that illustrates the cou-
pled transitions involved between the donor emission and acceptor absorbance in
FRET. In the presence of suitable acceptor, the donor fluorophore can transfer its
excited state energy directly to the acceptor without emitting a photon.

There are few criteria that must be satisfied in order for FRET to occur. These
are as follows: (i) the fluorescence emission spectrum of the donor molecule must
overlap the absorption or excitation spectrum of the acceptor chromophore
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(Fig. 1.9). The degree of overlap is referred to as spectral overlap integral (J).
(ii) The two fluorophore (donor and acceptor) must be in the close proximity to one
another (typically 1–10 nm). (iii) The transition dipole orientations of the donor and
acceptor must be approximately parallel to each other. (iv) The fluorescence life-
time of the donor molecule must be of sufficient duration to allow the FRET to
occur. Förster [357] showed that the efficiency of the FRET process (EFRET)
depends on the inverse sixth power of the distance between the donor and acceptor
pair (rDA).

When an electron in a molecule with a singlet ground state is excited (via
absorption of radiation) to a higher energy level, either an excited singlet state or an
excited triplet state will form. A singlet state is a molecular electronic state such that
all electron spins are paired. That is, the spin of the excited electron is still paired
with the ground state electron (a pair of electrons in the same energy level must
have opposite spins, per the Pauli exclusion principle). In a triplet state, the excited
electron is no longer paired with the ground state electron; that is, they are parallel
(same spin). Since excitation to a triplet state involves an additional “forbidden”
spin transition, it is less probable that a triplet state will form when the molecule
absorbs radiation. Intersystem crossing is a radiationless process involving a tran-
sition between two electronic states with different spin multiplicity (Scheme 1.3).

One can approximate the fluorescence decays by considering them equal to a
sum of exponential functions to get lifetime according to the equation [358].

D tð Þ ¼
Xn
i¼1

aiexp �t=sið Þ ð1:15Þ

where si are the fluorescence lifetimes of various fluorescent forms and ai are the
pre-exponential factors depending on the molar extinction coefficients of the
respective fluorophores. The mean lifetime is defined as:

Fig. 1.9 Absorption and
fluorescence spectra of an
ideal donor–acceptor pair.
Weak blue colored region is
the spectral overlap between
the fluorescence spectrum of
donor (absorption: red full
line; emission: dotted red
line) and absorption spectrum
(absorption: blue full line;
emission: dotted line) of
acceptor [357]
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sav ¼
Xn
i¼1

f isi ð1:16Þ

where fi = aisi/Rjajsj, and the amplitude-weighted lifetime is calculated as:

sh i ¼
Xn
i¼1

aisi ð1:17Þ

The fitting procedure uses an iterative fitting procedure based on the Marquardt
algorithm [359]. Deviation from the best fit is characterized by the reduced
chi-square statistic, v2, calculated by measuring the “noise” at a time t and applying
a special procedure developed for the case of the stroboscopic optical boxcar [360].
Steady-state fluorescence and fluorescence binding experiments were performed
with 295 nm excitation wavelength to select tryptophan (Trp) residues. The dis-
sociation constants were calculated from the saturation curves using the method
described in Ref. [361].

The intensity decay of the molecules provides an easy accuracy for the deter-
mination of averaged lifetimes. Fluorescence resonance energy transfer parameters
can be estimated using steady-state information. The FRET efficiency (E) was
determined by measuring the decrease of the fluorescence intensity of the donor (D,
protein) in the presence of acceptor (A, emodin):

E ¼ 1� F=F0 ð1:18Þ

where F0 represents the maximum of the fluorescence emission intensity of the
protein in the absence of ligand and F the maximum of the fluorescence emission

Scheme 1.3 Diagram illustrating the radiation (fluorescence and phosphorescence) and radia-
tionless [internal vibrational redistribution (IVR), internal conversion (IC) and intersystem crossing
(ISC)] processes
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intensity of the 1:1 protein-ligand complex. The Förster critical radius, r0 = 0.2180
(j2UDn

−4JD−A)
1/6, is the D–A distance corresponding to an energy transfer effi-

ciency of 50%. j2 = 0.66 as the orientation factor, UD = 0.15 as the quantum yield
of the Trp, and n = 1.33 for the refraction index of the medium were used. JD–A is
the spectral overlap integral between the excitation spectrum of A and the emission
spectrum of the D.

The overlap integral JD–A was calculated using the expression:

JD�A ¼ C
Z1
0

ID kð ÞEA kð Þk4dk ð1:19Þ

where ID is the emission spectrum of the D, EA is the excitation spectrum of the A,
and C is the normalization factor. The distance between D and A, rD–A, was cal-
culated using the relation:

rD � A ¼ 1=E � 1ð Þ1=6 r0 ð1:20Þ

and the FRET rate constant, kET, was calculated according to:

kET ¼ 1
sD

r0=rð Þ6 ð1:21Þ

Thermal techniques can aid in determining the amount of conjugated molecule
as well as both the nanoparticle and the molecule’s (polymer’s) thermal stability.
Typically, for techniques such as differential scanning calorimetry (DSC), micro-
gram amounts of sample are required for analysis (depending on composition).
Thermal gravimetric analysis (TGA) is a method that utilizes a high-precision
balance to determine changes in the weight of a bulk sample relative to changes in
temperature and has been used to characterize a variety of nanoparticles func-
tionalized with biomolecules, including AuNPs functionalized with dendrons,
hydroxyapatite grown on Au-fibrin NPs, as well as the amount of paclitaxel bound
to a nanoparticle drug delivery system [40]. DSC and isothermal titration
calorimetry (ITC) are other thermally based methods that can provide bulk infor-
mation about the NP-conjugate. DSC is used to study various material transitions
including melting, crystallization, glass transition, and decomposition. Subsequent
analysis can indicate the state of the NP-conjugate including the stability of the
biomolecule and structural information on both the NP and molecule including
underlying crystallinity and how the different components are interacting with each
other. DSC has also been used to help elucidate the structure and stability of surface
coatings of NP-conjugates as well as the state of their therapeutic payloads. For
example, DSC has been used to probe the stability of lipid bilayers when the
bilayers were embedded with silver NPs [362]. ITC provides further potential to
investigate the stoichiometry, affinity, and enthalpy of the NM-biomolecule
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interaction, as demonstrated by studying the corona layering mechanism for various
polymeric NPs and binding proteins.

Thermophoresis or thermodiffusion involves localized heating of a sample and
monitoring the resulting motion of the particles due to the temperature gradient
[306, 363]. Sperling and coworkers compared thermophoresis to various other
analytical techniques for their ability to determine the size of various
PEG-functionalized quantum dots (QDs) [306]. They found that the reported par-
ticle diameters were highly dependent upon the particular technique applied along
with the underlying physical principles and assumptions used to determine particle
size.

The thermal gravimetric and differential thermal analysis (TG-DTA) obtained in
nitrogen gas provided additional evidence for the relationship between the redox
reaction and structural stability. As expected, the TG-DTA of [Na(H2O)2]0.25MoO3,
for example, showed two stages of weight loss with distinct endothermic peaks at
100 and 240 °C, which were assigned to the dehydration on the external surface
and the interlayer [364].

A recent comparison of four techniques, AFM, FESEM, TEM, and NSOM,
concluded that a combination of at least one scanning probe method (AFM, NSOM)
and one accelerated electron method (TEM, FESEM) is required to obtain the most
accurate information regarding the nanometer-scale architecture of the
particle-based surfaces [365]. Sample preparation is also a key and crucial factor for
obtaining good AFM imaging. The formation of self-assembled monolayers
(SAMs) on various surfaces such as glass [366], silicon [367], and gold [368] has
been previously examined. The morphologies and crystallographic data of the
three-dimensional nanoparticle superlattices are determined using scanning electron
microscopy (SEM), high-resolution transmission electron microscopy (HRTEM),
transmission electron diffraction (TED), and small-angle X-ray diffraction (XRD).
As nanoparticles are too small to be seen by conventional optical microscopes,
SEM and scanning probe microscopy (SPM), such as scanning tunneling micro-
scopy (STM) and atomic force microscopy, as well as TEM are used for size and
topography characterization of metal nanoparticles. The basic concept of SPM
techniques is the detection of interactions between a scannable nanoscale probe and
a nearby surface, in order to map and measure local surface properties. STM
technique has been used for imaging the atomic structure of supported NMNPs
[369]. Atomic force spectroscopy (AFM) can also be used for surface force
information, fabrication of nanosystems, sensing, etc. [370]. Contact-mode AFM
technique is used to obtain lattice resolution, whereas the noncontact mode can give
the atomic resolution of surfaces. Unlike other microscopy techniques, AFM can be
used for both dry and wet samples of individual ensembles and clusters of
nanoparticles at ambient conditions.

Characterization of the morphology and the internal structure of nanocrystals are
routinely done by microscopy techniques [371]. These techniques are based on
visualizing a sample using light, electrons, or a scanning probe [266]. Traditional
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optical light microscopy (sometimes referred to as bright field microscopy) and its
myriad of fluorescent derivatives were until recently, however, unable to resolve
nanoscale features <200 nm due to diffraction limitations. As a result, they found
limited application in the characterization of individual NP-conjugates.

Conventional TEM is used for the determination of size, size distribution, and
the number density of the particles easily and accurately. However, TEM often
provides only partial information about the actual particle shape. The various
profiles observed in the images may correspond to various projections of a particle.
For example, a truncated octahedra with {111} and {100} facets seen along a [372]
axis perpendicular to the sample show a square profile [373]. A square outline can
also mean a cube or square pyramid. When the same nanocrystal sits on one of its
edges between two {111} facets, the particle image presents a rhomboid shape with
two corners cut off [373].

The electron diffraction pattern obtained from high-resolution TEM (HRTEM)
and sometimes selected-area electron diffraction (SAED) techniques may provide
information regarding the atomic structure of the particles, lattice plane fringes, and
the nature of the facets such as twinning, twinning planes, surface reconstruction.
Energy-dispersive X-ray analysis (EDAX) available with analytical TEM or SEM
and X-ray photoelectron spectroscopy (XPS) can be used to determine surface
elemental and surface compound composition. In combination with HRTEM, ele-
mental mapping emerges as a very useful technique for imaging nanoparticles at
high magnification to determine their local compositions at specific areas of interest
[236, 374].

TEM and SEM readily obtain single particle resolution and are more frequently
applied to characterizing the nanoparticle core along with core@shell size and/or
structure. Both techniques rely on the wave nature of electrons to directly illuminate
a sample in either transmission or reflectance modes, respectively, and generate an
image [266]. Since SEM uses electrons to image a surface in reflectance mode, it is
mainly used to image nanoparticle core materials [139] but has the added advantage
of a larger imaging field of view than the TEM [375]. SEM has less resolving power
for features <20 nm than TEM, although the technology is steadily improving even
in this area. SEM is often combined with energy-dispersive X-ray spectroscopy
(EDX) analysis to confirm elemental composition of the nanoparticle [376].
Environmental SEM (ESEM) does allow sample imaging under low pressure, fairly
high humidity, and without the requirement of a conducting overcoat but has found
limited use to date for the study of NPs and their bioconjugates [377].

However, the particle sizes obtained with different techniques vary widely,
illustrating the difficulties in reliable AuNP characterization. The differences are
particularly large for the 30, 50, and 90-nm citrate-capped AuNPs, where the
polydispersities are relatively high. These differences can be attributed to the
inherent bias associated with different techniques. For example, the DLS particle
sizes are consistently larger than those obtained with other techniques [274].
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Nominal particle sizes 10 and 50 nm estimated by following techniques:

10:1 TEM; að Þ; 8:8 TEM; bð Þ; 9:7 MBIð Þ; 11:6 DLS; cð Þ; 19:3 DLS; dð Þ and 10 LSPRð Þ
ð1:22Þ

49:6 TEM; að Þ; 38:4 TEM; bð Þ; 40:2 MBIð Þ; 46:7 DLS; cð Þ; 54:1 DLS; dð Þ and 51 LSPRð Þ
ð1:23Þ

where

(a) TEM particle sizes provided by the vendors,
(b) TEM CSPI (cross-sectional perimeter integration) approach,
(c) DLS particle sizes based on mass histogram, and
(d) DLS particle sizes based on intensity histogram.

This may be related to the fact that DLS measures the hydrodynamic radius of
the AuNP and its surface adsorbates. Because the AuNP surface is usually coated
with citrate or other stabilizing agent in the solution, DLS measurement is expected
to give larger particle sizes. The deviation of the DLS results, in particular the ones
obtained with intensity histograms from that of TEM, might also have resulted from
the artifacts related to DLS measurement procedure or data analysis. The relatively
larger LSPR particle sizes are not surprising either as the molar extinction coeffi-
cients of larger nanoparticles are significantly higher than those of smaller
nanoparticles. Importantly, the results obtained from the TEM analysis using the
CSPI method and the 2-mercaptobenzimidazole (MBI) adsorption method are
remarkably similar for all the AuNPs we tested. The largest relative difference
between the particle sizes from these two methods is less than 10%. In addition,
AuNP surface areas per unit volume of AuNP solutions determined with these two
methods are consistently larger than that obtained with other techniques with the
only exception being the DLS result for the 90-nm AuNP. This result provides
critical cross-validation of these two analytical methods. It should not be surprising
because by design the CSPI method and ligand adsorption method can both
accommodate some morphological irregularity of the AuNPs. However, compared
to the TEM CSPI method, the MBI adsorption technique is much simpler to
implement. The excellent agreement between the TEM CSPI results and that
obtained with MBI ligand adsorption method indicates that the MBI packing
density on the AuNPs is independent of the particle size of AuNPs in the size
ranging from 10 to 100 nm in diameter. This result is consistent with what was
reported by Elzey et al. who demonstrated that the packing densities of 3-mer-
captopropionic acid (MPA) on AuNPs are the same for AuNPs in the size range
from 5 to 100 nm [378]. MBI and MPA adsorption results suggest that the dif-
ference in the curvature of AuNPs with diameter equal to or larger than 5 nm does
not have significant impact on the organothiol packing density. This result is not
surprising, given the subsquare-nanometer footprint of MBI and MPA on the AuNP
surfaces [378, 379].
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The AuNP solution was characterized with the MBI adsorption method and
ICP-OES determination of the Au3+ concentration, and the results were compared
with data obtained using the other techniques [274]:

Particle size in nm (method) is:

10:2 TEM; að Þ; 9:5 MBIð Þ; 12:6 DLS; cð Þ; 15:9 DLS; dð Þ and 12:6 LSPRð Þ
ð1:24Þ

AuNP concentrations in nM are:

13 TEM; að Þ; 16 MBIð Þ; 7 DLS; cð Þ; 3:4 DLS; dð Þ and 8 LSPRð Þ ð1:25Þ

Surface area per unit volume AuNP in cm2/ml is:

25:6 TEM; að Þ; 27:4 MBIð Þ; 20:7 DLS; cð Þ; 16:4 DLS; dð Þ and 20:7 LSPRð Þ
ð1:26Þ

Again, TEM analysis by CSPI and the MBI adsorption method give the smallest
particle size and highest AuNP surface area per unit volume of AuNP solution.

The LSPR particle sizes were determined from the peak UV-Vis absorption
wavelength (kSPR) using the formula reported by Haiss et al. [324], while the LSPR
AuNP concentrations were calculated according to Liu et al. [330]. It should be
noted that the equivalent spherical particle size and AuNP concentration for this
MBI adsorption method are calculated on the assumption that all the nanoparticles
are spherical and monodispersed, which is the same assumption used by the current
AuNP LSPR method.

Dark-field microscopy (DFM) and near-field optical microscopy allow direct
examination of single particles, providing deeper understanding of the optical
properties of individual nanoparticles [41]. Silver and gold nanoparticles, due to
their localized surface plasmon resonance modes, absorb and scatter light so
intensely that single nanoparticles are easily detected by eye using DFM. Rayleigh
scattering spectra of single metal particles can be recorded with an optical micro-
scope using either total internal reflection or dark-field illumination, allowing
measurement of the single-particle spectral properties [380]. Experimental tech-
niques, such as electron energy loss spectroscopy (EELS), have been proven to be
successful in imaging localized optical excitations with high resolution to reveal
their dramatic spatial variation over single nanoparticle by using photons and
electron beams [42, 43]. Another surface probe microscopy technique, near-field
scanning optical microscopy (NSOM also known as SNOM), breaks the optical
resolution limit of light microscopy by placing the detection probe extremely close
(at distances much smaller than the wavelength of light) to the surface to be
analyzed. Scanning near-field optical microscopy (SNOM), which combines the
SPM technique with the principle of the near-field optical method, has been applied
to obtain spectroscopic information with nanometer spatial resolution [381]. NSOM
has the advantage of combining optical and/or spectroscopic data with
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high-resolution surface topographical information. Contrast properties, such as
phase contrast, polarization, fluorescence, staining, that are available through tra-
ditional optical microscopy are also available with NSOM.

SEM and its variants, such as field emission (FE)-SEM and ultrahigh-resolution
FESEM, can produce high-resolution images of sample surfaces [174]. EE-SEM
involves the analysis of the energy distribution of primary electrons that are
inelastically scattered upon interaction with the specimen in the TEM [382].

The discrete dipole approximation (DDA) technique has been extensively used,
and the mathematical formalism, advantages, disadvantages, and recent develop-
ments of this technique have been thoroughly described [44]. In the present
application, the DDA technique calculates the extinction spectrum by representing
the SiO2-encapsulated gold prism structure with a cubic array of polarizable
dipoles. The polarizability of each dipole is a function of the local dielectric con-
stant, either gold or SiO2. Each dipole is polarized upon application of an elec-
tromagnetic plane wave and then self-consistently coupled to determine overall
particle optical properties such as extinction.

Mass spectrometry (MS) is an analytical chemistry technique that helps identify
the amount and type of chemicals present in a sample by measuring the
mass-to-charge ratio and abundance of gas-phase ions. A mass spectrum (plural
spectra) is a plot of the ion signal as a function of the mass-to-charge ratio. The
spectra are used to determine the elemental or isotopic signature of a sample, the
masses of particles and of molecules, and to elucidate the chemical structures of
molecules, such as peptides and other chemical compounds. Mass spectrometry
works by ionizing chemical compounds to generate charged molecules or molecule
fragments and measuring their mass-to-charge ratios. In a typical MS procedure, a
sample, which may be solid, liquid, or gas, is ionized, for example, by bombarding
it with electrons. This may cause some of the sample’s molecules to break into
charged fragments. These ions are then separated according to their mass-to-charge
ratio, typically by accelerating them and subjecting them to an electric or magnetic
field: Ions of the same mass-to-charge ratio will undergo the same amount of
deflection.

Nuclear magnetic resonance (NMR) spectroscopy and magnetic resonance
imaging (MRI) measure the intrinsic magnetic moment of certain nuclei, typically
either hydrogen (1H) or carbon (13C), in the presence of an applied magnetic field
[383]. NMR spectroscopy is an analytical chemistry technique used in quality
control and research for determining the content and purity of a sample as well as its
molecular structure. For example, NMR can quantitatively analyze mixtures con-
taining known compounds. For unknown compounds, NMR can either be used to
match against spectral libraries or to infer the basic structure directly. Once the
basic structure is known, NMR can be used to determine molecular conformation in
solution as well as studying physical properties at the molecular level such as
conformational exchange, phase changes, solubility, and diffusion. In order to
achieve the desired results, a variety of NMR techniques are available. NMR
spectroscopy, thus, can provide physical, chemical, structural, or environmental
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information about the species under study as well as information concerning the
dynamic interactions of many molecules, including proteins and nucleic acids.

Nanoparticle purity is important when it comes to more precise determination of
optical and electronic properties, in assessing structure-function relationships in
toxicology studies and for determining the functional role of the ligand on the
nanoparticle surface. A number of techniques can be used to purify nanoparticles
such as extensive washing with solvents or fractional crystallization. In cases where
the nanomaterials and ligands are water soluble, dialysis has shown to be effective.

Dialysis, filtration, extraction, and differential precipitation represent the most
common methods applied to NP-(bio)conjugate purification. Dialysis and mem-
brane filtration methods in particular are relatively cheap, commercially available,
and simple to use. Both use some form of permeable or semipermeable membrane
with a given size or molecular weight cutoff (MwCO) value to separate the bio-
molecule from the NP-conjugate. In the case of dialysis, the membrane containing
the sample to be purified is immersed in a large excess volume of liquid and species
of Mw < membrane MwCO (typically the biomolecule) flow in the direction of
high to low concentration [384]. Filtration devices can be gravity driven, but
generally centrifugation is used to increase the speed and efficiency of the process
[385].

Diafiltration has been shown to be an effective method for purifying
water-soluble nanoparticles with low polydispersity, high purity, minimal waste
generation, and improved yield [386]. In addition, ultracentrifugation using PES
(polyethersulfone) membrane-supported concentrators with selected nominal
MwCOs minimizes membrane blockage and is also 98% effective in separating
biomolecules from nanomaterials [387].

Chemical extraction and differential precipitation are other potentially efficient
but largely underused purification techniques. In a relatively simple strategy that
highlights the possibilities available, Zhang and coworkers recently used a biphasic
cap exchange extraction method to generate amino acid functionalized QDs [388].
The purification and separation of water-soluble thiolated 3-nm AuNPs is possible
according to Sweeney et al. [386]. In this procedure, the solution of AuNPs is
removed using a peristaltic pump through a diafiltration membrane. Small molecule
impurities or small NPs are eluted in the permeate, while the large nanoparticles are
retained. The expanded view is that of a hollow-fiber-type diafiltration membrane
depicting the elution of small impurities and nanoparticles and the retention of
larger particles. Kornberg’s group [389] introduced the precipitation method in
order to obtain Au102(MBA)44 (p-mercaptobenzoic acid (MBA)). The prepared
MBA-protected AuNPs were precipitated by the addition of ammonium acetate or
NaCl and methanol and then collected in a microfuge by several centrifugation
steps to yield purified Au102(MBA)44.

1H-NMR spectroscopy and thin-layer chromatography (TLC) were used to
assess the amount of excess precursor molecules or impurities in the samples. For
example, representative TLCs of unpurified and purified Au–GSH and Au–GSH–
(Trp)2 nanoparticles as well as free amino acids and GSH (glutathione) were shown.
Two spots were observed in the TLC with unpurified nanoparticles corresponding
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to AuNPs, free amino acids, or GSH, whereas only one spot was observed with
purified nanoparticles. This was also observed with all the peptide-capped AuNP
derivatives, demonstrating that TLC is a convenient method to confirm nanoparticle
purity. UV-Vis and fluorescence spectroscopies were also used to confirm the
absence of tryptophan (Trp), methionine (Met), histidine (His), and dansylated
arginine (DanArg), which absorb in the UV-Vis region (200–330 nm). Analysis
was performed on samples collected after ultracentrifugation. No characteristic
absorption in this region of free ligands was observed. Analysis of the permeate by
fluorescence also showed no spectroscopic evidence of unconjugated Trp (kex =
280 nm, kem = 356 nm) and DanArg (kex = 330 nm, kem = 541 nm) ligands.
These techniques confirm that ultracentrifugation produces highly pure materials
[390].

The 1H-NMR spectra of unpurified peptide-stabilized AuNPs exhibited a com-
plicated spectrum with sharp signals corresponding to protons of the
peptide-capped AuNPs and free amino acids, which is consistent with free ligands
present in the sample [386]. In contrast, the concentrated pure peptide-capped
AuNPs in 100% D2O showed line broadening and loss of splitting patterns from
proton–proton coupling, making it difficult to assign any proton signals. To confirm
conjugation of terminal amino acids, the 1H-NMR spectra of samples were taken of
AuNPs etched with cyanide in water and then dissolved in methanol. These samples
showed proton signals between 7 and 8 ppm corresponding to amines, amides, and
aromatic protons. For example, the 1H-NMR spectra of etched Au–GSH–(Trp)2 in
methanol showed characteristic signals of the –CH groups of Trp (7.70–7.35 ppm)
shifted downfield from free tryptophan, amide protons on the peptide backbone
(8.03 ppm), and the amine group of Glu residue (8.55 ppm). Note that the amide
proton signal is small because of its rapid exchange rate [391]. When compared to
etched Au–GSH and free oxidized GSH, Au–GSH–(Trp)2 showed a set of multi-
plets between 3.55 and 2.90 ppm that corresponds to the –CH and –CH2 groups of
glutamic acid (Glu), cysteine (Cys), and Trp on the peptide backbone. The –CH
bond (–NH–CH–C(O)–) of Trp was shifted downfield from free Trp and overlaps
with the D2O signal. While the high signal-to-noise ratio and the baseline made it
difficult to perform integration, these spectral changes in 1H-NMR are consistent
with amide bond formation upon Trp coupling to the Glu and glycine
(Gly) residues. Although there were small unidentified signals that indicate non-
bonded impurity, based on the splitting pattern, the predominant product was
determined to be the disulfide species, Trp2–GS–SG–Trp2, which has a white
appearance [390].

Reported herein is a ligand adsorption method for determining the surface areas,
concentrations, and sizes of colloidal AuNPs, using 2-mercaptobenzimidazole
(MBI) as the probe ligand [274]. The general principles for the determination of the
surface area and particle size of AuNPs using quantitative ligand adsorption are
outlined below. The amount of MBI adsorbed per milliliter of AuNP solution, CMBI

(nanomoles per milliliter of AuNP solution), was determined as the difference
between the amount of MBI added and the excess MBI in the supernatant. The
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surface area (Sarea) afforded per milliliter of AuNP solution (in square centimeters
per milliliter of AuNP solution) is then calculated using Eq. 1.27 (see also
Eq. 1.26):

Sarea ¼ CMBI=PMBI ð1:27Þ

where PMBI (0.574 nmol/cm2) is the MBI packing density on AuNPs. The equiv-
alent spherical particle diameter dAuNP, that is, the diameter of the AuNPs that are
assumed perfectly spherical and monodispersed, can be calculated with Eq. 1.28.
dAu (19.3 g/cm3) is the density of gold and a = 60 was obtained from unit con-
versions. The total gold ion content (CAu

3+ in parts per million) is experimentally
quantified by inductively coupled plasma-optical emission spectroscopy (ICP-OES)
after digestion of a known volume of AuNP solution with aqua regia.

dAuNP ¼ aPMBIC3þ
Au =CMBI qAu ð1:28Þ

The AuNP concentrations (CAuNP) can also be easily calculated using Eq. 1.29.
The results of this ligand adsorption method are compared with those obtained
using the DLS, LSPR, and TEM methods for a series of commercial citrate-capped
AuNPs with nominal particle sizes of 10, 30, 50, and 90 nm in diameter:

CAuNP ¼ 3:17� 103 C3þ
Au =D

3
AuNP dAu

� � ð1:29Þ

The advantage of this cross-sectional perimeter integration (CSPI) method is that
the AuNP does not have to be perfectly spherical, as long as the cross section of the
AuNP can be approximated to be circular. After determining the surface areas of
individual AuNPs, the average equivalent spherical AuNP diameter d is determined
using Eq. 1.30:

dCSPI ¼ p
Sarea=pð Þ ð1:30Þ

where Sarea is the average surface area of the AuNPs analyzed using the CSPI
method [274].

The results show that the amounts of MBI adsorbed onto AuNPs are essentially
the same over the entire investigated pH range (over three pH units), indicating the
applicability of this MBI adsorption method for general AuNP characterization. The
near-perfect linear correlation between the amounts of MBI adsorbed and the
volume fraction of AuNPs indicates that this ligand adsorption method can be used
to predict the AuNP surface area afforded by AuNPs in the sample volume or the
nanoparticle concentration if the equivalent AuNP size is known (Fig. 1.10).

The diffraction band centered around at 2h of 15°, 21.6°, 25.3°, and 29.3°
correspond to reflections of graphene (002), Au (111), Ni (111), and Ni (200),
respectively (for graphene sample coated with 2.5 nm Au, Fig. 1.11, left panel). In
this X-ray spectra, diffraction peak corresponding to substrate Si is not observed as
X-rays effectively stopped in Ni layer for a grazing angle of 0.3°. A continuous shift
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Fig. 1.10 AuNP
concentration dependence of
MBI adsorbed onto AuNPs.
The AuNP solutions were
prepared by mixing the
concentrated 30-nm AuNPs
with water to yield AuNP
volume fractions (vf) from 0.2
to 1 [274]

Fig. 1.11 Stacked XRD
pattern of graphene peak with
different Au film thickness
(pristine (1), 0.5 nm Au (2),
and 2.5 nm Au (3) (left panel)
and graphene peak (Gp)
position and relative strain
(erel)(%) with respect to
pristine sample versus Au film
thickness (right panel) [394]
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in the graphene peak position toward the lower 2h angle with increase in Au film
thickness is observed. The positions of all other peaks in the spectra remain same.
The graphene peak position versus Au film thickness is plotted in Fig. 1.11, right
panel. A continuous shift in peak position in Fig. 1.11, right panel, clearly indicates
that the lattice constant of graphene increases with increase in Au content on surface
of graphene. The change in lattice constants in diffraction spectra results from the
strain arising due to interaction of deposited gold atoms with graphene [392]. The
peak shift is toward the lower 2h angle, and therefore, the strain is compressive in
nature. The strain in graphene lattice can be calculated quantitatively by differen-
tiating Bragg’s law. According to Bragg’s law:

2d sin h ¼ nk ð1:31Þ

where d is interlayer spacing, h is Bragg diffraction angle, n is an integer, and k is
X-ray wavelength. The strain (ɛ) in graphene lattice is calculated by differentiating
Bragg’s law with respect to d and h, keeping k constant and Eq. (1.31) becomes
[392]

2d cos hdhþ 2 sin hdd ¼ 0 ð1:32Þ

e ¼ Dd=d ¼ �Dh cot h ð1:33Þ

e ¼ d � d0ð Þ=d0 ¼ �Dh cot h ð1:34Þ

here d0 is the interlayer spacing in the unstrained lattice, d is the interlayer spacing
of strained lattice, and Dh is the shift in the X-ray reflection resulting from strain.
The values of strain (ɛ) calculated using Eqs. (1.31–1.34) are 0.19, 0.35, and 0.54%
for 0.5, 1.2, and 2.5 nm gold film thickness, respectively. Thus, engineering of the
strain in graphene is possible by simply adding the gold content on graphene. The
origin of stress generation in substrate upon which thin film is deposited arises from
intrinsic stresses in thin films [393].

In the early stage of growth known as nucleation or pre-coalescence, the film
consists of individual islands or nuclei. The nature of chemical bonding of atoms at
the surface is different from that of interior atoms in islands. Due to the difference in
bonding, equilibrium interatomic distance between surface atoms is different from
interior atoms. As a result, interior atoms exert a force on surface atoms known as
surface stress. This surface stress exerts a pressure equal to the difference between
the pressure of island and surrounding vapor known as Laplace pressure [395]
(DP):

DP ¼ 2f
r

ð1:35Þ

where f is surface stress and r is the radius of spherical island. In the
pre-coalescence regime, Laplace pressure on the surface induces compressive stress
in the islands and this compressive stress is measured by substrate curvature [396].
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The nonlinear a-relaxation can be well described by the Vogel-Fulcher-
Tammann (VFT) relationship:

rdc ¼ r0exp �D=T � T0ð Þ ð1:36Þ

where r0 is the pre-exponential factor; Dmc is a material constant; and T0 is the
so-called Vogel temperature related to the glass transition temperature [397]. From
the fitting of the experimental data to this model, T0 can be calculated and the glass
transition temperature (Tg) can be assigned as previously described [398] (where T0
is 50 K below Tg) [399].

Preformed-seed-mediated growth is a popular colloid-chemical method for the
preparation of a wide variety of noble metal nanoparticles [45, 374, 400, 401]. In
the seeding growth, fine metal particles are first produced by reducing metal ions
with a suitable reducing agent. These fine metal particles are called seed particles,
since in a subsequent step they are added to growth solutions containing the same or
different metal ions along with other additives such as dopants, ligands, and sur-
factants. Here, the metal ions of the growth solutions are reduced at the surface of
the seeds via heterogeneous nucleation during the particle-growth reaction. By
varying the concentration and nature of the seeds in the growth solution, NMNPs of
different size and shape can be prepared. This seed-mediated growth protocol has
been known for decades and has been used to prepare spherical particles of desired
sizes through step-wise enlargement [402]. This approach has been used to syn-
thesize a spectacular variety of shapes such as linear, bent, planar, 3D, and branched
geometries, from various metals. Amount and features of the seed (such as internal
structures, facets, composition, size) can be varied to produce various different
shapes [403]. A variant of preformed-seed-mediated growth method is the “in situ
seeding method.” In this approach, a small quantity of relatively strong reducing
agent is introduced into the reaction medium, in which a mild reducing agent is
already present. The purpose of the strong reducing agent is to initiate homoge-
neous nucleation in the reaction medium. The growth of the seed created in situ
from the reduction of metal ions by the strong reducing agent is then carried
forward by the mild reducing agent present in the reaction medium.
Nanorods/nanowires, rectangle-, cube-, or tetrapod-like gold nanoparticles and
silver nanoplates and disks have been synthesized in aqueous solution at room
temperature by this method [404]. Furthermore, Sajanlal and Pradeep reported an
electrical-potential-assisted preformed-seed-mediated growth method providing
uniform equilateral triangular gold nanoparticles [405]. Duraiswamy and Khan
have reported a dual-stage continuous-flow seedless method that leverages the
unique advantages of microfluidic reactors to spatially and temporally segregate the
in situ synthesis of incipient nanoparticle seeds, which are subsequently grown by
further addition of reagents within microfluidic droplets [406]. This method might
overcome the challenges posed by both seeded and one-pot seedless methods, and
allows facile gold nanocrystal synthesis and screening with tunable particle shape
and size in rapid “on-demand” fashion.
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An alternative way to produce metallic nanoparticles avoiding the use of
organometallic precursors is the polyol method. This simple, one-step, nonaqueous
method produces metal or alloy nanoparticles either in powder or film form using
readily available and environmentally benign metal salts. The reduction of metal
precursors is usually carried out in refluxing ethylene glycol, which serves both as
solvent and as reducing agent for the formation of metal nanoparticles without the
problems from hydrolysis and oxidation encountered in aqueous media. The
method has been successfully applied to prepare finely dispersed metallic particles,
bimetallic powders, or thin films including Cu, NiCo, NiFe, and MoS2 [407].

Solution plasma, a novel technology, has potentials for advancement in pro-
duction of nanomaterials and decomposition of organic-based compounds as well
as control of microorganisms and has been expected to be developed as a green
strategy due to its unique characteristics [408, 409]. Plasma can be created in liquid
under atmospheric conditions, and it is beneficial in the aspects of minimal usage of
chemical agents, short process time, and easy handling [410]. Since plasma is
generated in aqueous solution by supplying high voltage, a variety of radicals (H∙,
O∙, OH∙), gases (H2, O2, H2O2), electrons, and radiation (UV rays) could be
generated via association, excitation, and ionization of water molecules during
discharge [411, 412]. The outputs of solution plasma can be controlled by changing
various factors, i.e., physical parameters of power supply (voltage, frequency, duty
ratio, and electrode geometry) and chemical parameters of discharge media (po-
larity and pH). With high energetic and active outputs, reaction rate can be
enhanced, making it superior to commercial chemical reactions. Although various
active species are generated physically, selective reaction can be achieved. For an
example, hydrogen radicals play a crucial role in the formation of nanometallic
particles by reducing metal ions to nanoparticle precursors, making usage of
chemical reducing agent unnecessary.

Liquid chemistry initiated by microplasma at the plasma-liquid interface is
ultimately responsible for the nucleation and corresponding synthesis of AuNPs in
liquid. Several studies have reported on the reaction mechanisms leading to AuNP
synthesis from the reduction of HAuCl4 in aqueous solution; salt reduction was
generally attributed to plasma electrons [413], hydrogen radicals in liquid [414],
hydrated electrons eaq

− [414], and hydrogen peroxide [415].
In order to synthesize surfactant-free AuNPs, atmospheric pressure microplasma

is generated at the surface of a gold (III)-chloride-trihydrate (HAuCl4 � 3H2O)
aqueous solution [416]. The interactions of the gas-phase plasma with the solution
initiate liquid-based reactions that determine the nucleation and growth of AuNPs
from the reduced gold precursor (HAuCl4). The plasma-liquid interface is possibly
represented by a gas/water vapor plasma environment where electrons are believed
to be responsible for initiating reactions that then cascade into the liquid solution.
This method can be easily implemented in a continuous-flow process, compared to
batch-based chemical synthesis, which would bring about unprecedented and
industrially viable nanomanufacturing capabilities. Overall, the features offered by
this microplasma-liquid system could allow the synthesis to be highly environ-
mentally friendly, low cost, and accessible to a wide range of nonspecialist users.
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Room-temperature ionic liquids are attracting much interest in many fields of
chemistry and industry, due to their potential as a “green” recyclable alternative to
the traditional organic solvents. They are nonvolatile and provide an ultimately
polar environment for chemical synthesis. Some ionic liquids are immiscible with
water and organic solvents, giving biphasic ionic liquid systems, which enables
easy extraction of products from the ionic liquid. The miscibility with organic
solvents or water is mostly dependent on the appropriate anions.

Electric discharge technique is one of the classical colloid preparation methods.
The electrochemical method of nanoparticle preparation induces chemical reactions
in an electrolyte solution via the use of an applied voltage. This technique has the
advantage of being compatible with a wide variety of materials. Metallic
nanoparticles have been prepared by electrochemical pathways with and without
the use of nanoporous hard templates. Hard templates consist of nanoporous
materials such as track-etched polymers and anodized aluminum oxides [46, 417,
418]. Electrochemical deposition is carried out by coating one face of the mem-
brane with a metal film, which acts as a cathode for electroplating. Appropriate
metal ions are then electrochemically reduced and deposited within the pores of the
template membranes [419, 420].

Sonochemistry has been proven to be an effective route for the synthesis of
nanoparticles [421]. The chemical effects of high intensity ultrasound derive from
cavitation: formation, growth, and collapse of a bubble in the liquid, leading to
localized hot spots with high temperature, high pressure, and extremely rapid
cooling rates [422]. Such a remarkable environment provides a platform for the
growth of materials with an abundance of energy with extremely fast kinetics,
promoting chemical reactions. The advantages of sonochemistry include nonhaz-
ardous, rapid reaction rate, controllable reaction conditions, and the ability to form
nanoparticles with uniform shapes, narrow size distribution, and high purity.

There are two general methods for producing a polymer shell around noble metal
nanoparticles: the “grafting to” and the “grafting from” methods. In the “grafting
to” method, a polymer molecule is grafted (covalently bonded) to the surface of the
AuNP [47]. In the “grafting from” method, however, the preferred polymer is
grown from the surface of the nanoparticles via a process known as
“surface-induced” of “surface-initiated” polymerization [423, 424]. To generate a
polymer shell using the “grafting from” method, a polymerization initiator is
immobilized on the surface of the AuNPs, and preferred monomers are polymerized
on the surface of the particles using the immobilized initiators. This process typi-
cally leads to a high polymer chain density on the surface of the nanoparticle
because the relatively small initiator molecules can completely cover the gold
surface. Furthermore, the uniformity and thickness of the polymer shell can also be
controlled, allowing the fabrication of well-designed composite nanoparticles.

The cryo-electron-tomography [425] was used to locate the forming gold par-
ticles in 3D (Fig. 1.12). This technique has definitive advantages over classical
TEM since it allows the direct visualization of the vesicles in a fully hydrated
environment, which maintains the shape and structure of the ethosomes, and
therefore allows the use of tomographic reconstruction techniques. The gold
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particle within the ethosome membrane can be either inserted into the bilayer but
protruding from it and being exposed to the polar environment [Fig. 1.12(left
panel)] or embedded into the lipid bilayer and interacting with the internal sides of
the two monolayers [Fig. 1.12(right panel)].

Top-down approaches, such as photolithography, e-beam lithography (EBL),
and Focused ion beam (FIB), offer high fidelity and high controllability in terms of
design and prediction. However, top-down approaches are low throughput and need
expensive instruments. Some bottom-up approaches based on self-assembly, such
as nanosphere lithography [426, 427], anodized aluminum oxide (AAO) template
[428], and block copolymer lithography [429], can produce high-resolution (sub)-
nanostructures over a large area with a low cost, but it is difficult to obtain highly
uniform and controllable structures of arbitrary symmetries across whole area [48].
The details of fabrication of the hybrid mold have been reported by Masuda et al.
[430]. Scheme 1.4 shows the hybrid mold fabrication process. AAO template
surface was first modified with alkyl silanes by vapor-phase deposition.
A polydimethylsiloxane (PDMS) support was placed on resist film spin coated on a
silicon wafer. After the PDMS kept contacting with the resist film, the PDMS was
removed from the silicon wafer and then placed against the AAO template. The
sample was exposed to UV radiation in nitrogen ambient. After a brief exposure to
O2 plasma, the surface of the hybrid mold was coated with a self-assembled
monolayer of silane by vapor-phase deposition. The resulting mold was ready to be
used for UV-curing imprint process. These issues of conventional fabrication
techniques can be solved by nanoimprint lithography (NIL) which is a
high-throughput fabrication technique capable to replicate nanopatterns from a
master mold over a large area with nanometer precision and high fidelity at a low
cost [431–433].

Fig. 1.12 Cryo-electron-tomography and proposed models of the ethosome-nanoparticles
hybrids. (Left panel) Possible model of the hybrid with the particle exposed to the internal and
external ethosome environment (a, left panel). Possible sandwich model of the hybrid with the
particle protected by the hydrophobic sides of lipid bilayer (right panel) [425]

Scheme 1.4 Schematic of the hybrid mold fabrication process [48]
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Ion implantation is the commonly used technique to introduce dopants into
(nano)materials irrespective of chemical solubility of the dopant material. However,
the implantation process is always accompanied with sputtering causing the mod-
ification of the surface morphology. Despite the increasing interest in Ge,
sputtering-induced structure formation on Ge has been studied to a much lesser
extent and also less understood. Irradiation of Ge surface with keV ion energies
results in amorphization of the material at fluences �5 � 1013 ions cm−2 [434]
followed by void formation within the amorphous layer with increasing fluence and
finally the transformation to a sponge-like surface over a critical fluence of
�1015 ions cm−2 [435]. Although the spongy or porous morphology is the most
common feature of ion-sputtered Ge surfaces, some recent studies [436] show that
the heavy ion (Bi and its clusters) sputtering at energies � 10 keV can generate a
different morphology, e.g., dotlike pattern on Ge. Irradiation of Ge by inert gas ions
at sub-keV energy with simultaneous supply of Au, Al, or Ge can also produce
various types of nanostructures as reported by Miyawaki et al. [437].

AuNPs with precise number of gold atoms and ligands such as Au140(SC6)53
(SC6 = hexanethiol) [438] and Au144(SCH2CH2Ph)60 [439] have been synthesized
using the Brust-Schiffrin method. Murray’s group [440, 441] has prepared
Au25(SCH2CH2Ph)18 by a modified version of the Brust-Schiffrin procedure. In this
synthesis, AuCl4

− was phase-transferred from water to toluene, reacted with
HSCH2CH2Ph, and then reduced by adding aqueous NaBH4. The crude product
Aum(SCH2CH2Ph)n (between 1 and 2 nm) was purified by precipitation. For
instance, the clusters Au25(SCH2CH2Ph)18 and Au140(SCH2CH2Ph)53 were isolated
from the crude product by precipitation in acetonitrile, Au25(SCH2CH2Ph)18 being
soluble in acetonitrile unlike Au140(SCH2CH2Ph)53. The formation of [oct4N

+]
[Au25(SCH2CH2Ph)18

− ] was confirmed by 1H NMR, UV-Vis, and mass spectrom-
etry [442].

In order to probe the immobilization of 1,2-dioleoyl-3-trimethylammonium
propane (DOTAP)-AuNP complex on the gold, highly sensitive electrochemical
impedance spectroscopy (EIS) technique that indicates the changes at the
electrode/film/electrolyte interface is used. The impedance data are modeled using
the equivalent [Rs(C1R1)(C2R2)W] circuit, in which Rs is solution resistance; C1R1

are capacitance and resistance of the gold electrode; C2R2 are capacitance and
resistance of the lipid-AuNP layers; and W is Warburg element. Surface coverages
from Nyquist plot are calculated using two different relations:

hRIS ¼ 1� RAu
CT=R

SAM
CT

� �
and hPIS ¼ 1� rW=m�rwð Þ ð1:37Þ

which is proposed for partially covered monolayers [443]. In these relations, rw is
the Warburg diffusion coefficient obtained for the unmodified electrode and m is the
slope of the Z′ versus x−1/2 plot in the higher frequency region [444].

The conventional method of AgNP synthesis requires the reductive reaction to
occur in an oil bath, which must be held at a constant temperature of � 80 °C for
5 h (on average). Due to excessive heating and extended reaction time, more
eco-friendly means of AgNP synthesis are desired. An alternative green AgNP
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synthesis technique employs the use of microwaves. In general, microwave (MW)
heating is better than a conventional oil bath when it comes to consistently yielding
nanostructures with smaller sizes, narrower size distributions, and a higher degree
of crystallization [445]. Heating samples with microwaves is a practical method for
the greener synthesis of nanomaterials. MW heating is advantageous as it has
shorter reaction times, reduced energy consumption, and better product yields
which prevents the agglomeration of the particles formed. Nadagouda and Varma
[445] have discussed the production of silver nanostructures at length through a
MW-assisted synthetic approach which shows that the one-pot synthesis of metallic
nanostructures in solutions can be conducted efficiently via MW heating. Silver,
gold, platinum, and gold-palladium nanostructures have been prepared through this
method, which illustrates the generality of this approach. Through MW heating
conditions, spherical nanoparticles can be prepared within a few minutes and single
crystalline polygonal plates, sheets, rods, wires, tubes, and dendrites can also be
formed. By altering some experimental parameters such as the concentration of
metallic precursors, surfactant polymers, and solvents, or the operational temper-
ature, parameters such as morphology and nanostructure size could be controlled.
Other than the elimination of the oil bath, MW-assisted techniques, in conjunction
with benign reaction media, can also drastically reduce chemical wastes and
reaction times in several organic syntheses and chemical transformations [446].

As a heating method, microwave irradiation has found a number of applications
in chemistry and recently shown a very rapid growth in its application in materials
science due to its unique reaction effects such as rapid volumetric heating and the
consequent dramatic increase in reaction rates [447]. As a quick, simple, and
energy-efficient heating method, the microwave irradiation was combined with
many conventional methods such as a traditional hydrothermal method and a
solvothermal process [448] and has been widely used in many fields such as
molecular sieve and inorganic complex preparations, organic reactions, and catal-
ysis and lately extended to the synthesis of nanocrystalline particles. Microwaves
are electromagnetic waves and being used for the development of different mate-
rials. In microwave applications, heating is caused by the interaction of permanent
dipole moment of molecules with high-frequency electromagnetic radiation. In
comparison with conventional heating, this method shortens reaction time by factor
of approximately 20 with uniformly spread through the entire bulk of the reaction
medium.

According to the extended Derjaguin-Verway-Landau-Overbeek theory
(DVLO), the interaction energy between two nanoparticles A and B can be divided
into three contributions (for bottom-up building of nanoparticles (hetero)dimers)
[449]:

VAB
T ¼ VAB

elec þVAB
VdW þVAB

solvT ð1:38Þ

The last term in Eq. 1.38 (VAB
solv) is the solvation repulsion potential, describing a

short-range repulsive interaction that depends on the properties of the solvent. This
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interaction, even at very short interparticle distances, is of the same order of
magnitude as the thermal energy and decays very fast as the interparticle distance
increases. The second term (VAB

VdWÞ accounts for the contribution of van der Waals
and London attraction forces to the interaction energy. This contribution can be
neglected for long distances but becomes significant as the interparticle distance
decreases, reaching more than 10 kBT. The first term in Eq. 1.38 (VAB

elec) is related to
electrostatic interactions between the electric double layers of the NPs and depends
on the electric surface potential of the NPs (i.e., the zeta potential) [449]. This
contribution determines the limiting behavior of the interaction energy for large
interparticle distances, and the sign depends on the surface charges of the particles.
In the case of particles with the same charge, this interaction is repulsive (VAB

elec > 0)
and creates an energy barrier for aggregation, while for particles oppositely
charged, the electrostatic contribution is attractive (VAB

elec < 0).
From the theoretical point of view, the formation of multimers can be understood

considering a stepwise aggregation process. We have calculated the pairwise in-
teraction energy for the combination of AuNPs (sphere90 nm, NP-A) and Pd
nanocubes25 nm (NP-B) forming multimers. In this case, the electrostatic interac-
tions between the multimers ABn and one NP-B are attractive for low
NP-B-occupancy numbers (A, AB, AB2, and AB3). However, they become
repulsive if the number of NP-B’s in the multimer is larger than 3. Moreover, the
energy barrier for aggregation becomes higher than the thermal energy for occu-
pancy numbers larger than 4. Therefore, we can conclude that the formation of
multimers with large number of NP-Bs is energetically disfavored, and the yield of
such structures is expected to be low. This theoretical result is consistent with the
results observed during the self-assembly experiments and DLS characterization. In
the presence of irreversible aggregation, the formation of nanoparticle aggregates
can be related to the collision rates depending on the NPs interaction energy and on
the cross section of collision. If we consider that the driving force for aggregation
has an effective volume of action (ma), and assuming that the average distance
between two NPs of type A is sufficiently large, we can infer that if n NP-B are
within effective volume of action of one particle NP-A, they will lead to the
formation of an aggregate of the type ABn. Under these conditions, the relative
amounts of single NPs as well as dimeric and multimeric aggregates can be
expressed as:

bPA ¼ e� B½ �mað Þ ð1:39Þ

P̂AB ¼ B½ �mað Þe� B½ �mað Þ ð1:40Þ

bPm ¼ 1� bPAþ bPAB

� �
ð1:41Þ

where [B] is the concentration of NP-B and ma is the effective volume of action of
NP-A that can be obtained from the experimental data. The agreement between the
theoretical data (calculated from Eqs. 1.39–1.41) and the experimental values
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determined in the self-assembly experiments suggests that this set of equations
accurately describes the formation of the aggregates, especially for low concen-
trations of NP-B (Fig. 1.13). The major features of these equations are shown in
Fig. 1.13. The fraction of single NP-As decreases monotonically while increasing
the concentration of NP-B (Fig. 1.13, curves 1 and 3). The relative abundance of
dimeric heteroaggregates (AB) initially increases and reaches a maximum when the
average number of NP-Bs within the effective volume of action is equal to 1
(Fig. 1.13, curve 2). It is interesting to notice that according to Eq. 1.40, the relative
yield of dimeric aggregates is theoretically expected to be lower than 37%.
Therefore, we can conclude that the maximum yields of dimers obtained in the
optimal experimental conditions (ranging from 30 to 40%) correspond to the the-
oretical limit of our electrostatic self-assembly method. Moreover, these yields are
comparable with other state-of-the-art methods for self-assembly of NP hetero-
dimers (see Chap. 5, Schemes 5.14 and 5.15) [450]. The Poisson fluctuation model
describing the population of single NP-A as well as dimeric and multimeric
aggregates was found to be universal for the combinations of NPs A and B
investigated.

1.6 Bionanostructures

The field of optical diagnostics comprises a variety of techniques designed to
characterize the relationship between the optical and biological properties of tissue.
Through the detection of changes in light after interaction with tissue, optical
technologies provide information on the physiologic condition of the tissue at a
molecular level. The utilization of spectroscopic techniques for the detection of
cancerous and precancerous lesions is based on the analysis of specific light-tissue
interactions to assess the state of biological tissue. As tissue undergoes the car-
cinogenic sequence from normal to neoplasia, complex morphological and

Fig. 1.13 Experimental
(dots) and theoretical (lines)
population abundance for (1)
single Au sphere90 nm, (3)
heterodimers Au
sphere90 nm−Pd cube25 nm,
and (2) multimers Au
sphere90 nm−Pd cube25 nm; as
a function of the average
number of Pd cube25 nm in the
effective volume of action of
Au sphere90 nm Bh i ¼ B½ �mað Þ
[451]
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molecular transformations occur that modify the manner in which light is absorbed
and reflected in the tissue. Spectroscopic techniques such as fluorescence spec-
troscopy, light scattering spectroscopy, and Raman spectroscopy utilize the unique
spectral patterns that are created as tissue progresses toward cancer to offer the
potential to detect diseased tissue during the initial stages of carcinogenesis [452].

Fluorescence spectroscopy is based on the biological emission of fluorescent
light from tissue exposed to ultraviolet or short wavelength visible light. Light is
formed by packages of energy termed photons. When tissue is exposed to light,
photons may be absorbed, reflected, or scattered by specific molecules within the
tissue. As light illuminates the targeted tissue, these biomolecules, termed fluor-
ophores, absorb the energy in the illuminating light and respond by emitting
fluorescent light of lower energy (and longer wavelength). The change in wave-
length then allows fluorescent light to be differentiated from illuminating light (UV
or Vis light). Each group of fluorophores will respond to specific excitation
wavelengths and, in turn, emit a different range of wavelengths resulting in a
spectral pattern that ideally represents the biochemical and metabolic status of the
tissue undergoing optical interrogation. As tissue undergoes the biochemical and
morphological progression to neoplasia, the concentration and distribution of the
fluorophores is transformed. Though complex, tissue autofluorescence patterns
reflect changes in tissue composition and have been shown to be capable of dis-
tinguishing benign from malignant tissue [453].

Fluorescent imaging systems utilize spectroscopic principles to capture
fluorescence emission spectra from a larger tissue sampling area than is possible
with point spectroscopy. The acquisition of an image requires tissue illumination
with a light source, often in the near UV to green range [454].

Elastic scattering spectroscopy, also known as diffuse reflectance spectroscopy,
utilizes the principle of white light (400–700 nm) reflectance to determine the
structural characteristics of illuminated tissue. Dysplastic change is often charac-
terized by enlarged nuclei, crowding, and hyperchromicity. These changes lead to
characteristic reflectance spectra used to identify the structural composition of tissue
and aid in clinical diagnosis [455].

Raman spectroscopy is a novel optical technique employed to provide detailed
information about the molecular composition of tissue. In contrast to elastic scat-
tering spectroscopy, Raman spectra are generated from the molecule-specific
inelastic scattering of light. Following exposure to a light source (generally
near-infrared light 700–1300 nm), a minute fraction of the scattered light undergoes
a wavelength shift due to the energy transfer between incident photons and tissue
molecules. The wavelength shift (and change in energy) is achieved when the
incident photon alters the vibrational state of an intramolecular bond. Though
Raman spectroscopy is sensitive to a wide range of specific biomolecules such as
proteins, lipids, and nucleic acids, the Raman effect only compromises a small
fraction (1 in a million) of scattering events and signals may be weak and difficult to
implement [456].

Optical coherence tomography (OCT) is an innovative optical imaging technique
designed to provide high-resolution (� 10–20 nm) cross-sectional images of
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microscopic subsurface tissue structures. As the optical analogue of high-frequency
B-scan ultrasonography, a imaging technique that detects backscattered sound
waves, OCT images are generated by measuring the intensity of backscattered light
after tissue is probed with a low-power near-infrared light source (wavelengths
ranging from 750 to 1300 nm). Despite this high resolution, OCT imaging is
limited by a depth of penetration of 1–3 mm [457].

Narrowband imaging (NBI) is a recently developed optical technique designed
to enhance the visualization of microvasculature on the mucosal surface. Developed
to improve the quality of endoscopic images, NBI systems limit the depth of light
penetration into tissue through red, green, and blue optical interference filters.
These three filters divide the visible wavelength ranges into three shorter wave-
length bands, while increasing the relative contribution of blue-filtered light. The
increased contribution of blue light is fundamental to creating a narrowband image,
as blue light corresponds to the peak absorption of hemoglobin. The resulting image
demonstrates preferential enhancement of the vascular network of the superficial
mucosa. To differentiate normal from dysplastic tissue, the microvascular patterns
present in the narrowband image are analyzed [458].

Advances in bioengineering and the continued refinement of optical detection
techniques have led to the development of multimodal optical detection systems.
These multimodal devices often function in real time to provide complementary
diagnostic information and wide tissue surveillance capability. The ultimate goal of
the optical detection systems centers on the achievement of an “optical biopsy.”

The synthesis and properties of biomolecule-nanoparticle hybrid systems as well
as the organization of these systems as functional devices are shown in Scheme 1.5.
We follow their properties and the methods to assemble two-dimensional and
three-dimensional nanoparticle structures on surfaces, and we describe the opera-
tion of these biomolecule-nanoparticle structures as functional devices. Specifically,
one can discuss the use of the systems as sensors, as building blocks for electronic
circuitry, and as electronic and optoelectronic elements. We highlight the findings

Scheme 1.5 The conceptual generation of biomolecule-nanoparticle conjugates to yield func-
tional devices [215]
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of the past few years that have already established the core elements of the new
research area—nanobiotechnology. The combination of nano-objects, nanotools,
and nanotemplates [459–461] with biomolecules yields new facets of bioelectronics
to open new horizons of nanobioelectronics.

The convergence of biotechnology and nanotechnology has led to the devel-
opment of hybrid nanomaterials that incorporate the highly selective catalytic and
recognition properties of biomaterials, such as proteins/enzymes and DNA, with the
unique electronic, photonic, and catalytic features of nanoparticles. The conjugation
of NPs and other nano-objects (e.g., nanorods, nanoshells, and carbon nanotubes)
with biomolecules is an attractive area of research within nanobiotechnology [462–
464]. Biomolecules are fascinating macromolecular structures in terms of their
unique recognition, transport, and catalytic properties. The conjugation of NPs with
biomolecules could provide electronic or optical transduction of biological phe-
nomena in the development of novel biosensors [465–467]. Enzymes, antigens and
antibodies, and biomolecular receptors have dimensions in the range of 2–20 nm,
similar to those of NPs; thus, the two classes of materials are structurally
compatible.

Modern efforts in biotechnology involve the application of combinatorial
methods for the synthesis of new biocatalysts or drugs. The simultaneous analysis
of many pathogens, mutants, or therapeutic drugs is a major challenge in bioana-
lytical chemistry. Thus, the unique optical or electronic properties of metal NPs are
of key interest for the development of high-throughput techniques for the parallel
analysis of numerous components in samples. The possibility to control and tune
these unique optical and electronic properties of metal NPs through their dimen-
sions paves the way to the application of NPs as versatile analytical probes. That is,
the application of size-controlled noble metal nanoparticles as libraries of probes for
different analytes promises a great potential in future biosensing assays.

Nanotechnology is garnering widespread recognition not only as a scientific
subdiscipline, but an entity in its own right that encompasses physics, chemistry,
and biology. It seems that nanotechnology is increasingly gaining a foothold in
clinical medicine, especially in oncology. Nanoparticles, such as superparamagnetic
iron fluids and quantum dots, are emerging as viable contrast agents to be used in
medical imaging platforms, for instance computed tomography (CT) or magnetic
resonance imaging (MRI) [468]. QDs display superior fluorescent properties with
less photobleaching compared with conventional chromophores [469]. In the past
few years, with the advent of nanotechnology, there has been a dramatic increase in
the development of novel nanoparticulate materials. Nanometer-sized particles such
as magnetic iron oxides, gold, and semiconducting nanocrystals (quantum dots)
possess novel magnetic and optical properties that can be used as imaging probes.
However, their surface hydrophobicity or poor colloidal stability at physiological
conditions frequently renders them inappropriate for clinical use. Carbon nanotubes
(CNTs) are allotropes of carbon in a honeycomb-like lattice, and they are essen-
tially “rolled up” sheets of graphene with internal diameters of 1 nm [470].

The fabrication of nanodevices as probes is complex, most likely the assembly of
building blocks including nanoparticles, nanowires, nanotubes, and substrates [471,
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472]. Typical examples of nanodevices are nanofluidic arrays and protein nano-
biochips. One of the most promising uses of nanofluidic devices is isolation and
analysis of individual biomolecules, such as DNA, which could lead to new
detection schemes for cancer [473].

Devices based on nanowires are emerging as a powerful and general platform for
ultrasensitive, direct electrical detection of biological and chemical species.
Lieber’s group developed the silicon (Si) nanowire field-effect devices in which
distinct nanowires and surface receptors are incorporated into arrays. The surface
chemistry of nanowire devices can affect the electric changes, which is the basic
mechanism of this approach for the development of a viable multiplexed detection
technology. The Si-nanowire probes have been used for detection of various bio-
logical species and their interactions, including small molecules, proteins, DNAs,
viruses, and even neuronal signals [474–476]. There are three key steps for the
fabrication of a nanowire device array: first, the couple of aldehyde propy-
ltrimethoxysilane (APTMS) and Si-nanowires to present terminal aldehyde groups
at the nanowire surface; second, the conjugation of aldehyde groups with mono-
clonal antibodies (mAbs) to endow with the specificity; third, the block of unre-
acted free aldehyde groups by reaction with ethanolamine [477]. Selective
interaction of cancer biomarkers with surface-linked mAbs will produce a con-
ductance change in the corresponding receptor-modified Si-nanowire devices but
not in devices lacking of the specific antibodies. For example, the results showed
that the conductance change was directly proportional to the solution of
prostate-specific antigen (PSA) concentration from *5 ng/mL down to 90 fg/mL.
Using Si-nanowire devices functionalized with mAbs for PSA, carcinoembryonic
antigen (CEA), and mucin-1, respectively, one can achieve the multiplexed,
real-time, label-free biomarker detection with sensitivity to the femtomolar level.
The nanodevices were also successful for the detection of PSA in donkey and
human serum samples with high sensitivity and selectivity [477]. The capability of
Si-nanowire probes for multiplexed real-time monitoring of protein markers with
high sensitivity and selectivity in clinically relevant samples opens up substantial
possibilities for diagnosis and treatment of cancer and other complex diseases. For
example, the combination of Si nanoprobes and microfluidic purification chips may
provide point-of-care diagnostics for the specific and quantitative detection of
disease biomarkers in physiological fluid samples, positioning this technology for
rapid translation to clinical settings [478].

For in vitro diagnostics, because the intrinsic complexity of the plasma pro-
teome, the heterogeneity of human diseases, and the rapid degradation of proteins in
sampled blood, it is very necessary to do the in situ test of blood within a short
period of time. Fan et al. developed a device so-called integrated blood barcode
chip (IBBC) to integrate on-chip plasma separations from microliter quantities of
whole blood with rapid in situ measurements of multiple plasma proteins [479]. The
immunoassay region of the chip is a microscopic barcode, integrated into a
microfluidics channel and customized for the detection of many proteins and/or for
the quantification of a single or few proteins over a broad concentration range.
The IBBC enabled on-chip blood separation and rapid measurement (with 10 min)
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of a panel of plasma proteins from tiny amount of blood sample. Although the issue
of sensitivity may be of concern, this device is inexpensive, noninvasive, and
robust, which may represent a realistic in vitro diagnostic platform for point-of-care
use, particularly in remote locations [480].

Nanoparticles have been of significant interest over the last decade as they offer
great benefits for drug delivery to overcome limitations in conventional
chemotherapy [210]. They can not only be formed in a range of sizes (1–1000 nm)
but also be made using a variety of materials including polymers (e.g.,
biodegradable polymeric nanoparticles, dendrimers), lipids (e.g., solid-lipid
nanoparticles, liposomes), inorganic materials (e.g., metal nanoparticles, quantum
dots), and biological materials (e.g., viral nanoparticles, albumin nanoparticles). In
addition, they can be tailored to simultaneously carry both drugs and imaging
probes and designed to specifically target molecules of diseased tissues.
Nanoparticles for anticancer drug delivery had reached the first clinical trial in the
mid-1980 s, and the first nanoparticles (e.g., liposomal with encapsulated doxoru-
bicin) had entered the pharmaceutical market in 1995. Since then, numerous new
nanoparticles for cancer drug delivery have been approved and/ or are currently
under development due to their many advantages. Their advantages include
enhancing solubility of hydrophobic drugs, prolonging circulation time, minimizing
nonspecific uptake, preventing undesirable off-target and side effects, improving
intracellular penetration, and allowing for specific cancer-targeting [481]. For
example, nanoparticles via either passive targeting or active targeting have been
shown to enhance the intracellular concentration of drugs/genes in cancer cells
while avoiding toxicity in normal cells. In addition, the targeted nanoparticles can
also be designed as either pH-sensitive or temperature-sensitive carriers.

Although targeted nanoparticles have emerged as one strategy to overcome the
lack of specificity of conventional chemotherapy, there are also potential risks and
challenges associated with this novel strategy. For instance, some cancer cell types
would develop drug resistance over the drug treatment course, thereby rendering
drugs released from the targeted nanoparticles to be ineffective. Combined thera-
pies, such as the use of targeted nanoparticles for delivering both chemotherapeutics
and gene therapeutics, might be effectively delivered and specifically targeted to
cancer cells and tissues to overcome this drug resistance and to stop the tumor
growth. Another strategy to overcome this drug resistance is to develop multi-
functional targeted nanoparticles.

Besides developing new materials and selecting appropriate materials for each
specific treatment, other factors need to be optimally selected in order to design
better targeted nanoparticles. These factors include the particles size, shape, sedi-
mentation, drug encapsulation efficacy, desired drug release profiles, distribution in
the body, circulation, and cost. For instance, in the case of particle size, it has been
well-known that the clearance rate of very small nanoparticles might be high, and
most of these nanoparticles might end up in the liver and spleen, thus making the
use of targeted nanoparticles impractical and ineffective. On the other hand, larger
nanoparticles might be too big to go through small capillaries for drug delivery.
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Thus, selecting the right materials and particle size is another important aspect in
targeted NPs for cancer therapy [482].

Nanomaterials that interact with light provide a unique opportunity for appli-
cations in biophotonic nanomedicine. Image-guided therapies could be designed
based on multifunctional noble metal nanoparticles (Scheme 1.6). Such NPs have a
strong and tunable surface plasmon resonance absorption in the near-infrared region
and can be detected using multiple imaging modalities (magnetic resonance
imaging, nuclear imaging, and photoacoustic imaging). These novel nanostructures,
once introduced, are expected to home in on solid tumors either via a passive
targeting mechanism (i.e., the enhanced permeability and retention effect) or via an
active targeting mechanism facilitated by ligands bound to their surfaces. Once the
NPs reach their target tissue, their activity can then be turned on using an external
stimulus. For example, photothermal conducting NPs primarily act by converting
light energy into heat. As a result, the temperature in the treatment volume is
elevated above the thermal damage threshold, which kills the cells. This process,
termed photothermal ablation therapy (PTA), is effective, but it is also unlikely to
kill all tumor cells when used alone. In addition to PTA, photothermal conducting
NPs can also efficiently trigger the release of drugs and activate RNA interference.
A multimodal approach, which permits simultaneous PTA therapy, chemotherapy,
and therapeutic RNA interference, has the potential to completely eradicate residual
diseased cells [483].

To assist i.v. applied anticancer agents in achieving proper circulation times and
tumor concentrations, and to improve the balance between their efficacy and their

Scheme 1.6 Selective accumulation of nanoparticles in tumor followed by NIR laser irradiation.
(1) Detection processes (PET, PAT, MRI, optical…) and (2) phototherapy (PTA therapy,
light-activated drug release) [483]
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toxicity, a large number of drug delivery systems have been designed and evaluated
over the years [484]. Clinically relevant examples of such nanometer-sized carrier
materials are liposomes, polymers, micelles, polymer and metal particles and
antibodies (Scheme 1.7). These nanomedicine systems primarily aim to improve
the circulation time of the conjugated or entrapped active agent and to improve its
tumor accumulation by means of enhanced permeability and retention (EPR)-
mediated passive drug targeting (Scheme 1.8). The latter, on the other hand, are
primarily designed to improve target cell recognition and target cell uptake and to
improve the efficacy of the attached active agent by means of active drug targeting.
In addition to this, various different types of hybrid systems have been developed
over the past two decades, including antibody-modified liposomes or
peptide-functionalized polymers, which are intended to combine passive and active
targeting, to initially localize to tumors by means of EPR, and to subsequently
stimulate tumor cell-specific uptake by selectively binding to surface receptors
(over) expressed by cancer cells.

Upon i.v. injection, a low molecular weight anticancer agent is generally rapidly
cleared from the circulation, and only low levels of the drug accumulate in tumors

Scheme 1.7 Schematic of some drug targeting systems. Liposomes, polymers, and polymer
coatings, linkers allowing for drug release and for sheddable stealth coatings, targeting ligands,
antibody fragment, radionuclides, and conjugated or entrapped active agents [485]
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and in tumor cells (Schemes 1.7 and 1.8). At the same, due to its small size, its high
hydrophobicity, and/or its large volume of distribution, significant levels of the
agent accumulate in healthy tissues. Upon encapsulation in (or conjugation to) a
long-circulating and passively tumor-targeted drug delivery system, the concen-
tration of the active agent in tumors can be increased substantially (by means of the
EPR effect), while its accumulation in healthy organs and tissues can be attenuated.
Upon the incorporation of targeting ligands, such as antibodies and peptides, the
interaction between the drug and/or drug delivery system and cancer cells can be
improved, resulting in a more selective target site localization and/or target cell
uptake [485].

Passively and actively targeted nanomedicine formulations have been used to
treat various different diseases. PEGylated proteins, for instance, have been
approved for improving the treatment of hepatitis (PegIntron), of acromegaly
(PegVisomant), and of severe combined immunodeficiency (SCID; Adagen) [486].
Liposomal nanomedicines are, for example, routinely implemented in the man-
agement of fungal infections (AmBisome) and of lymphomatous meningitis
(DepoCyt) [487]. By far, the most progress in this regard, however, has been made
in the field of oncology. Two different liposomal doxorubicin formulations, i.e.,
Myocet (unPEGylated) and Doxil (PEGylated; Caelyx in Europe), are for instance
being used to treat Kaposi sarcoma, multiple myeloma, metastatic breast cancer and
ovarian carcinoma, and liposomal vincristine (Onco-TCS) to treat non-Hodgkin’s
lymphoma [488]. PEGylated L-asparaginase (Oncaspar) and poly
(styrene-co-maleic acid)-modified neocarzinostatin (SMANCS) have been imple-
mented in the treatment of acute lymphoblastic leukemia hepatocellular carcinoma,
respectively, and albumin- and poly(L-glutamic acid)-based paclitaxel (i.e.,
Abraxane and Xyotax) in the management of breast and nonsmall cell lung cancer
[489]. Examples of antibody-based actively targeted nanomedicines approved for
clinical use are Zevalin (yttrium-90-labeled ibritumomabtiuxetan) and Ontak (de-
nileukin diftitox), which are used for non-Hodgkin’s lymphoma and cutaneous
T-cell lymphoma, respectively [490].

Scheme 1.8 Principles of passive and active drug targeting to tumors [485]
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Many nanogold(silver)-based environmental technologies (e.g., sensors, sor-
bents, reactants) are under very active research and development and are expected
to emerge as the next-generation environmental technologies to improve or replace
various conventional environmental technologies in the near future [231]. Some of
the most promising near-term realizations of nanotechnology are at the interface of
physical, chemical, and biological systems. Because many biomolecules have
specific binding properties in self-assembly processes, they are attractive materials
for nanotechnology.

The OEO acetal ligand group was converted to aldehyde by gentle acid treat-
ment, followed by the reaction with sugar derivatives having p-aminophenyl
moieties at the C-1 position (p-aminophenyl-b-D-lactopyranoside: Lac) in the
presence of (CH3)2NHBH3 and gold salt. Reaction of the prepared Lac-derivatized
gold nanoparticles with bivalent galactose-binding lectin (ricinus communis
agglutinin, RCA120) [491] was followed as a function of time through optical
changes in the surface plasmon band in the UV-Vis spectrum. These solutions were
initially a pinkish-red color due to the well-dispersed nature of the particles. After
introduction of the RCA120 lectin in PBS (phosphate buffer saline), the color
gradually changes from red to purple. In line with this directly observable change in
appearance, significant differences in the optical spectra over time were observed,
specifically a broadening and redshift in the particle surface plasmon resonance
from 523 nm to longer wavelength. This is attributed to distance-dependent
changes in the optical properties of three-dimensionally aggregated gold nanopar-
ticles cross-linked by RCA120 lectin which recognizes lactose residues on the
OEOylated gold surface. Images of two-dimensional, single-layer aggregates
revealed close-packed assemblies of the colloids with uniform particle separations
of about 20 nm, which corresponds to the length of the combination of lectin and
PEO linker. The aggregation by the RCA120 lectin was reversible, recovering the
original dispersed phase and color by addition of excess galactose. Notably, the
degree of aggregation was proportional to lectin concentration, allowing the system
to be utilized to quantitate lectin concentration with nearly the same sensitivity as
enzyme-linked immunosorbent assay (ELISA).

1.7 Conclusion

Noble metal nanoparticles appeared early in human history, probably since the fifth
century BC in China and Egypt for medical or decorative purposes, which persisted
until now. The synthesis of nanomaterials or nanoparticles was summarized to be
carried out in the solid, liquid, or gaseous state, following two basic approaches,
classified as “top-down” and “bottom-up.” A variety of colloid-chemical strategies
involving a wide spectrum of reagents and reaction conditions has been employed
in order to prepare noble metal nanomaterials of controlled morphologies. The
nanometer regime covers the transition from condensed matter behavior to atomic
and molecular properties and thus is a very rich but also very demanding area in
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materials science. Nanotechnology is garnering widespread recognition not only as
a scientific subdiscipline, but an entity in its own right that encompasses physics,
chemistry, and biology. Properties and functions change qualitatively or quantita-
tively by orders of magnitude when the dimensions become smaller than a critical
size in the nanometer range. The key to the future lies in the functions that we give
to materials smart properties, not just in finding “novel functional nanomaterials.”
Certainly, finding new materials is always an important part of progress, but we
should also focus on the much larger domain of novel functions that we can give to
existing or modified materials. Nanotechnology is the culmination of many facets of
developments in the nanorealm, including nanofabrication, nanomachineries,
quantum devices, molecular machines, molecular computers. Colloid-chemical
synthesis very often results in a mixture of nanoparticles, and constant efforts must
be directed to gain exquisite control of the size and the shape of various types of
nanoparticles. Achieving high yield and successful scaling up of the synthesis
process is necessary for the synthesis to be commercially viable. New tools will be
required to characterize noble metal nanoparticles more comprehensively and
adequately. Nanoparticles of the same chemical composition but with different
morphologies can show considerably different physicochemical properties. This
warrants individual nanoparticle characterizations. Single-particle techniques have
appeared to be very valuable tools for direct exploration of structure-property
relationships. It is not clear how nanoparticles evolve from the seed nuclei. Studies
on the nucleation and seed formation in the context of shape control in nanopar-
ticles deserve immediate attention. Formidable challenges exist for direct real-time
monitoring of the events of development from precursors to final particle formation,
such as defect formations, surface-interface interactions of auxiliaries, diffusion and
incorporation kinetics of growth units. Development of simple, nondestructive
characterization tools for direct visualization of morphology development in reac-
tion medium will certainly be a milestone in the field of nanoscience. Advances in
theory and computational techniques are essential for a quantitative understanding
of the morphology development and associated properties. This will open up new
avenues in the development of nanoparticles of desired size and shape. Clearly, the
bottom-up colloid-chemical syntheses are likely to emerge as powerful and eco-
nomical design tools for morphology control in nanoparticles. However, most of the
methods are limited to synthesis in small quantities and often have poor yield of a
given morphology. Colloid-chemical synthesis very often results in a mixture of
nanoparticles, and constant efforts must be directed to gain exquisite control of the
size and the shape of various types of nanoparticles. Achieving high yield and
successful scaling up of the synthesis process are necessary for the synthesis to be
commercially viable. At the same time, there is need for the development of
advanced techniques for separation or elimination of the unwanted shapes.

Herein, separation and purification techniques are reviewed for the separation of
the nanomaterials (NMs) and their conjugates from the original reactants and
by-products. Characterization includes assessment of composition, size, volume,
aspect ratio, perimeter, projected area, surface roughness, morphology, dimen-
sionality, and physical and chemical properties. These include scattering,
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microscopy, spectroscopy, mass spectroscopy, thermal techniques. Current methods
for determining NMNP size include light scattering methods such as dynamic light
scattering (DLS), static light scattering (SLS), and small-angle X-ray scattering; the
microscopy methods include atomic force microscopy (AFM), transmission elec-
tron microscopy (TEM), and scanning electron microscopy (SEM); the localized
surface plasmonic resonance (LSPR) method; and the fractionation, centrifugation,
and chromatographic methods. X-ray diffraction (XRD) is typically used to provide
structural information about crystalline samples. Förster resonance energy transfer
(FRET), fluorescence resonance energy transfer (FRET), resonance energy transfer
(RET), or electronic energy transfer (EET) is a mechanism describing energy
transfer between two light-sensitive molecules (chromophores). Thermal techniques
can aid in determining the amount of conjugated molecule as well as both the
nanoparticle and the molecule’s (polymer’s) thermal stability. Typically, for tech-
niques like differential scanning calorimetry (DSC), microgram amounts of sample
are required for analysis. Thermal gravimetric analysis (TGA) is a method that
utilizes a high-precision balance to determine changes in the weight of a bulk
sample relative to changes in temperature. The electron diffraction pattern obtained
from high-resolution TEM (HRTEM) and sometimes selected-area electron
diffraction (SAED) techniques may provide information regarding the atomic
structure of the particles, lattice plane fringes, and the nature of the facets such as
twinning, twinning planes, and surface reconstruction. Energy-dispersive X-ray
analysis (EDAX) available with analytical TEM or SEM and X-ray photoelectron
spectroscopy (XPS) can be used to determine surface elemental and surface com-
pound composition, and so on. Some are already routinely used to purify
NP-conjugates and can also be quite effectively used for characterization purposes.
Spectroscopic techniques, such as fluorescence spectroscopy, light scattering
spectroscopy, optical coherence tomography, and Raman spectroscopy, utilize the
unique spectral patterns that are created as tissue progresses toward cancer to offer
the potential to detect diseased tissue during the initial stages of carcinogenesis.
Nanoparticles, such as superparamagnetic iron fluids, noble metal nanoparticles,
and quantum dots, are emerging as viable contrast agents to be used in medical
imaging platforms, for instance CT or MRI. Small nanoparticles display superior
fluorescent properties with less photobleaching compared with conventional chro-
mophores. Nanoparticles have been of significant interest over the last decade as
they offer great benefits for drug delivery to overcome limitations in conventional
radiation or chemotherapy. Image-guided therapies could be designed based on
multifunctional noble metal nanoparticles. Such NPs have a strong and tunable
surface plasmon resonance absorption in the near-infrared region and can be
detected using multiple imaging modalities (magnetic resonance imaging, nuclear
imaging, and photoacoustic imaging). These novel nanostructures, once introduced,
are expected to home in on solid tumors either via a passive targeting mechanism
(i.e., the enhanced permeability and retention effect) or via an active targeting
mechanism facilitated by ligands bound to their surfaces. A variety of techniques
designed to characterize the relationship between the optical and biological prop-
erties of tissue is discussed. Through the detection of changes in light after
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interaction with tissue, optical technologies provide information on the physiologic
condition of the tissue at a molecular level. The utilization of spectroscopic tech-
niques for the detection of cancerous and precancerous lesions is based on the
analysis of specific light-tissue interactions to assess the state of biological tissue.
Spectroscopic techniques, such as fluorescence spectroscopy, light scattering
spectroscopy, and Raman spectroscopy, utilize the unique spectral patterns that are
created as tissue progresses toward cancer to offer the potential to detect diseased
tissue during the initial stages of carcinogenesis. Advances in bioengineering and
the continued refinement of optical detection techniques have led to the develop-
ment of multimodal optical detection systems. These multimodal devices often
function in real time to provide complementary diagnostic information and wide
tissue surveillance capability. The ultimate goal of the optical detection systems
centers on the achievement of an “optical biopsy.” We have seen that the progress
has been rapid and inspiring toward the innovative synthesis methods and
sophisticated characterization techniques. It seems that nanotechnology is increas-
ingly gaining a foothold in clinical medicine, especially in oncology. We finish off
by showing new directions research is taking in this new and fascinating area.

Glossary

Biomarker, or biological marker generally refers to a measurable indicator
of some biological state or condition. The
term is also occasionally used to refer to a
substance the presence of which indicates
the existence of a living organism.

Fluorophore (or fluorochrome, simi-
larly to a chromophore)

is a fluorescent chemical compound that
can re-emit light upon light excitation.
Fluorophores typically contain several
combined aromatic groups, or planar or
cyclic molecules with several p bonds.

Immunodeficiency (or immune
deficiency)

is a state in which the immune system’s
ability to fight infectious disease and can-
cer is compromised or entirely absent.

Monoclonal antibodies (mAb or
moAb)

are antibodies that are made by identical
immune cells that are all clones of a unique
parent cell. Monoclonal antibodies can
have monovalent affinity, in that they bind
to the same epitope (the part of an antigen
that is recognized by the antibody).
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Non-Hodgkin lymphoma (sometimes
called NHL, or just lymphoma)

is a cancer that starts in cells called lym-
phocytes, which are part of the body’s
immune system.

Photothermal therapy (PTT) refers to efforts to use electromagnetic
radiation (most often in infrared wave-
lengths) for the treatment of various med-
ical conditions, including cancer. This
approach is an extension of photodynamic
therapy, in which a photosensitizer is
excited with specific band light. This acti-
vation brings the sensitizer to an excited
state, where it then releases vibrational
energy (heat), which is what kills the tar-
geted cells.

Premalignant (precancerous)
lesions

are morphologically atypical tissue which
appears abnormal under microscopic
examination, in which cancer is more
likely to occur than in its apparently nor-
mal counterpart.
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Chapter 2
Noble Metal Nanoparticles

Abstract To synthesize noble metal nanomaterials in controlled sizes and
dimensions, various approaches and mechanisms have been developed. The suc-
cessful utilization of noble metal nanoparticles (NMNPs) relies on the availability
of synthetic methods generating nanoparticles with the desired characteristics,
namely high solubility in water, adequate morphology, and surface functionalities.
Control over the shape and size of the nanoparticles is usually achieved through the
careful selection of the experimental conditions, namely reducing agents, type and
concentration of precursors, reaction time, temperature, UV light, (co)solvent, and
capping agents. Depending on the reduction potentials of the metal precursor and
the reducing-agent systems, reduction can occur at room temperature or at elevated
temperatures. In general, citrate plays a role as a stabilizing agent with preparations
of gold nanoparticles requiring relatively high temperatures due to its weak
reducing strength. The use of amine–borane complexes is essential for the syntheses
of monodisperse metallic nanoparticles. Upon the addition of strong reductants,
such as NaBH4, metal cations are reduced rapidly, resulting in an immediate color
change of the reaction mixture. Rationally designed molecular building blocks
allow for the precise control of particle size and morphology of the supramolecular
aggregate, and various defined structures, including spherical micelles, rodlike
micelles, or vesicles. Molecules which control the overall crystal growth are known
as “capping agents,” the term frequently used for specific adsorption of
surface-active molecules on selective crystal planes of a particular geometry.
Additives such as surfactants, polymers, foreign ions, ligands, and impurities pre-
sent in the reaction medium have been observed to play important roles in con-
trolling the morphology of particles produced. Surfactants, ligands, or polymers
were commonly added as stabilizers to impart stability to nanoparticles against
aggregation, since colloidal particles tend to aggregate to decrease the overall
surface area and energy. In a typical liquid-phase synthesis, the nanoparticle for-
mation process undergoes three distinct stages as follows: (1) reduction and gen-
eration of active nuclei; (2) formation of seed particles upon collision of active
nuclei; and (3) formation of larger nanoparticles via a growth process, which may
be Ostwald ripening or aggregation. The nanoparticle growth is generally catego-
rized by two processes: diffusion-controlled Ostwald-ripening and
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aggregation/coalescence. Nowadays, a molecule which can act both as a reducing
and capping agent is preferred so that the reaction takes place in one step and there
is no need for an external reducing agent. Multifunctional amines and
nitrogen-containing polymers have also been tested for the synthesis of nanopar-
ticles. Poly(ethylene oxide)-poly(propylene oxide)-based block copolymers are well
known as dispersion stabilizers and templates for the synthesis of mesoporous
materials and nanoparticles. Coordination chemistry offers simplicity, stable
bonding, and ligand-metal specificity, enabling ligand-bearing components to be
assembled into supramolecular structures using appropriate metal ions. This
approach is particularly compatible with surface chemistry, as binding of metal ions
activates the surface toward ligand binding, and vice versa. Some stabilizing agents
can also be used as a reducing agent. Ionic liquids (ILs) are a viable option as
stabilizing agents because of their ionic character and can be easily made
task-specific as phase-transfer catalysts due to their tunable nature. Ligand
exchange reactions have proven a particularly powerful approach to incorporate
functionality in the ligand shell of thiol-stabilized nanoparticles and are widely used
to produce organic- and water-soluble nanoparticles with various core sizes and
functional groups. NMNPs can be intercalated into the gallery regions of mont-
morillonite and formed hybrid framework. Models of particle (crystal) development
consider two basic steps: nucleation and growth. The creation of a new phase from
a metastable state is nucleation. Seed-mediated growth method has been demon-
strated to be a powerful synthetic route to generate a range of different types of
metal nanoparticles. This method separates the nucleation and growth stage of
nanoparticle syntheses by introducing presynthesized small seed particles into a
growth solution typically containing a metal precursor, reducing agent, surfactants,
and some additives. Dissolution of silver nanoparticles, for example, occurs through
oxidation of metallic Ag and release of Ag+ into solution (or dissolution rate is
accelerated). Release of Ag+ is determined by intrinsic physicochemical properties
of silver nanoparticles and by those of the solution. Parameters that either enhance
or suppress silver nanoparticle dissolution are ionic strength, pH, dissolved oxygen
concentration, temperature, dissolved complexing ligands (organic matter, sulfur,
chlorine), silver surface coating, shape, and size. The surfactants find their way to
various environmental segments and thus pose serious health hazards. Several
different polymer-based anticancer agents have been approved for clinical use, for
passive tumor targeting. Prominent examples of macromolecular drug carrier sys-
tems evaluated in patients are poly(ethylene glycol), poly(L-glutamic acid), poly[N-
(2-hydroxypropyl)methacrylamide], and their copolymers. Copolymers based on N-
(2-hydroxypropyl)methacrylamide (i.e., HPMA) were used to improve the
tumor-directed delivery of doxorubicin.

Keywords Noble metal nanoparticles � Reductants � Surfactants � Capping
agents � Ligands � (Co)polymers � Particle nucleation and growth � Dissolution �
Ionic liquids and biohybrids
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Abbreviations

3D Three-dimensional
AA Ascorbic acid
AFM Atomic force microscopy
AgNPs Silver nanoparticles
AuNPs Gold nanoparticles
AuNRs Gold nanorods
BDAC Benzyldimethylhexadecylammonium chloride
[BMIM][BF4] 1-butyl-3-methylimidazolium tetrafluoroborate
BSA Bovine serum albumin
CHIT Chitosan
CMC Critical micellar concentration
CMT Critical micellar temperature
CTAB Cetyltrimethylammonium bromide
CTAC Cetyltrimethylammonium chloride
DMEM Dulbecco’s minimum media
DMF N,N-dimethylformamide
DNA Deoxyribonucleic acid
DSC Differential scanning calorimetry
fcc Face-centered cubic
FDTD Finite-difference time domain
F-faces Flat faces
FTIR Fourier transform infrared spectroscopy
GCE Glassy carbon electrode
GFLG Glycylphenylalanylleucylglycine
GO Graphene oxide
GSH Glutathione
HAADF High-angle annular dark field
HCPA Hexachloroplatinic acid
HPMA N-(2-hydroxypropyl)methacrylamide
HRTEM High-resolution TEM
HSA Human serum albumin
HTAB Hexadecyltrimethylammonium bromide
ILs Ionic liquids
K-faces Kinked faces
LB Langmuir–Blodgett
LbL Layer-by-layer
LCST Lower critical solution temperature
LED Light-emitting diode
LMWT Low molecular weight thiol
LSPR Localized surface plasmon resonance
MC@AgNPs Silver nanoparticle-decorated microcapsules
MC@AuNPs Gold nanoparticle-decorated microcapsules
MC@PtNPs Platinum nanoparticle-decorated microcapsules
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MCs Microcapsules
MES 2-(N-morpholino)ethanesulfonic acid
MIES Metastable impact electron spectroscopy

techniques
MMT Montmorillonite
MNPs Metal nanoparticles
NaBH4 Sodium borohydride
NaPA Sodium polyacrylate
NaOC2H5 Sodium ethoxide
NMNPs Noble metal nanoparticles
NMs Nanomaterials
NPs Nanoparticles
NRs Nanorods
o/w Oil-in-water
PA Polyacrylate
PAM Polyacrylamide
PAN Polyacrylonitrile
PBS Phosphate buffer saline
PCS Photon correlation spectroscopy
PDPAEMA Poly2-(diisopropylamino) ethyl methacrylate
PEG-SH Thiol-PEG
PEO Poly(ethylene oxide)
PEO-b-PDHPMA-b-PDPAEMA (poly(ethyleneoxide)-b-poly

(2,3-dihydroxypropyl methacrylate)-b-poly[2-
(diisopropylamino) ethyl methacrylate]

PIC Polyion complex
Pl Pullulan
pNIPAM Poly(N-isopropylacrylamide)
POSS Polyhedral oligomeric silsesquioxane
PPDO (poly(p-dioxanone)
PPO Poly(propylene oxide)
PtNPs Platinum nanoparticles
PTPS Amphiphilic polyhedral oligomeric silsesquio-

xane-containing thiol groups
PVA Poly(vinyl alcohol)
PVP Polyvinylpiridine
PVPo Polyvinylpyrrolidone, poly(N-vinyl-2-pyrrolidone)
SERS Surface-enhanced Raman scattering
S-faces Stepped faces
sMNPs Spherical metal nanoparticles
SPB Surface plasmon band
SPEEK Sulfonated poly(ether–ether) keton
SPL Scanning probe lithography
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SPR Surface plasmon resonance
STM Scanning tunneling microscopy
TEM Transmission electron microscope
TGA Thermal gravimetric analysis
TMPTA Trimethylolpropane triacrylate
tTEM Real-time TEM
UPD Underpotential deposition
UPS Ultraviolet photoelectron spectroscopy
UV Ultraviolet
VOCs Volatile organic chemicals
XANES X-ray absorption near-edge spectroscopy
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
c Surface energy

2.1 Introduction

The rapid development of nanotechnology worldwide is accompanied by massive
generation and usage of engineered nanomaterials (NMs) or nanoparticles
(NPs) even though the potential nanostructure impacts of these materials are largely
unknown. The interest in nanomaterials is a result of the extreme dependence of
properties (electronic, magnetic, optical, mechanical, etc.) on particle size and shape
in the 1–100-nm regime. These interesting new properties at the nanoscale are the
basis of the nanomaterial’s various applications. Reducing a material’s size to the
nanometer length scale (which is the length scale of the electronic motion that
determines the material’s properties) makes it sensitive to further reduction in size
or a change in shape. The molecular design of functional materials at nanoscale
supports innovation expected to revolutionize present technology and overcome
societal challenges including sustainable energy supply, information storage, and
the advancement of medical treatments. Research involving the use of different
types and designs of nanomaterials continues to evolve with the growth of nan-
otechnology for in vivo applications in such fields as drug delivery, medical
imaging, diagnostics, and engineering technology.

Noble metal nanoparticles (NMNPs) can be prepared by both “top–down” and
“bottom–up” approaches. For “top–down” procedures, a bulk state metal is sys-
tematically broken down to generate metal nanoparticles of desired dimensions. In
this case, particle assembly and formation is controlled by a pattern or matrix.
However, the “top–down” method is limited concerning the control of the size and
shape of particles as well as further functionalization [1]. In contrast, in the “bot-
tom–up” strategy, the formation of nanoparticles originates from individual mole-
cules (atoms), because it involves a chemical or biological reduction [2]. Classical
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procedure for nanoparticle synthesis is based on the chemical reduction of metal
salts with sodium citrate (Turkevich method) and requires high temperature.
Biological reduction is considered a green approach and leads to stable nanopar-
ticle, but they are not uniform and are synthesized fairly slowly. A number of
techniques have been used for producing metal nanoparticles, including
vapor-phase techniques [3], sol-gel methods [4], sputtering [5], coprecipitation [6],
chemical reduction [7], sonochemical reduction [8], laser ablation [9], annealing
from high-temperature solutions [10], metal evaporation [11], Ar+ ion sputtering
[12], sonoelectrochemical reduction [13], and solvothermal and
surfactant-templated solvothermal reactions. Furthermore, two main colloidal
methods are broadly employed for the preparation of NMNPs: (co or nano)pre-
cipitation and chemical reduction. In some cases, the presence of surfactant (cap-
ping agent) is required to control the particle nucleation, growth, and stability.
Typically, the coprecipitation reactions involve the thermal decomposition of
organometallic precursors and the precipitation of new reaction materials or com-
pounds [14]. The chemical reduction occurring in colloidal assemblies is another
approach for the formation of size- and shape-controlled nanoparticles [15].
A major benefit of chemical methods is their relatively inexpensive investment of
capital equipment. Gold and silver nanocolloids have also been synthesized using a
variety of above-mentioned methods, including chemical and bioreduction and
synthesis in micellar solutions [16, 17]. The chemical reduction method involves
two steps: nucleation and successive growth. When the nucleation and successive
growth are completed in the same process, it is called in situ synthesis; otherwise, it
is called the seed-growth method.

The successful utilization of NMNPs (e.g., silver or gold nanoparticles, AgNPs,
or AuNPs) in biological assays relies on the availability of synthetic methods
generating nanoparticles with the desired characteristics, namely high solubility in
water, adequate morphology, size dispersion, and surface functionalities. Most
commonly, NMNPs are synthesized by chemical or electrochemical reduction of
noble metal precursor compounds (e.g., Au(III) and Ag(I) salts) in the presence of a
capping agent, i.e., a compound able 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 NPs is usually achieved
through the careful selection of the experimental conditions, namely reducing agent,
reaction time, temperature, UV light (co)solvent, and capping agent. A common
approach is to use capping agents with weak or strong affinities or both for noble
metals. This mostly allows the synthesis of gold nanoparticles with good size
dispersion but usually only soluble in organic solvents [18] requiring an additional
step of extraction of the particles into water. In addition, exchange of strongly
binding capping agents is usually cumbersome, which makes this type of gold
nanoparticle less versatile for biological 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 [19]. The use of citrate as a capping
agent is very convenient due to its easy postsynthesis treatment, since it can be
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easily replaced by other capping agents, e.g., thiol capping agents, bearing an
appropriate functionality for binding of the biological analyte of interest.

NMNPs play important roles in different branches of science [20], such as
chemical catalysis, catalysts for the growth of nanowires, nanomedicines, nano-
electronics. For most of those applications, their size and size distribution control
are of key importance. Furthermore, composite and alloy nanoparticles exhibit
unique electronic, optical, and catalytic properties that are different from those of
the corresponding individual metal particles [21]. Research into NMNPs is a very
active field in both fundamental scientific studies and applications—nanoscale
materials [22]. A number of groups have been involved in synthesizing metal
nanoparticles of different shapes, such as spheres [23], rods [24], triangular-shaped
particles [25], prisms [26], nanowires [27], tripods, and tetrapods [28], using both
chemical synthesis and lithography techniques, while other groups have investi-
gated the optical [29] and electronic [30] properties of metal nanoparticles. The
combination of these fields of research may lead to applications, such as optical data
storage devices [31], biosensors [32], and new catalysts [33]. These applications are
based on combining two principles: (1) surface functionalization for providing the
colloidal stability and biocompatibility of particles, the molecular recognition of
conjugates, etc., and (2) the excitation of plasmon resonances in the visible or
near-IR region in order to obtain unique optical properties.

It is now well understood that the shape of the nanoparticles plays an important
role in modulating their electronic and optical properties and, consequently, syn-
thesis procedures that yield different shapes such as nanodisks [34], nanorods [35],
nanowires [27], cubes [36], triangles [25], frames [37], and shells [38] are receiving
considerable attention. The exciting electronic and optical properties displayed by
metal nanoparticles [39] has resulted in their exploitation in a number of applica-
tions that include single-electron tunneling devices [40], nonlinear optical devices
[41], electron microscopy markers [42], and the emerging area of plasmonics [43].
Some NMNPs are being studied in detail and are known to be excellent substrates
for surface-enhanced Raman scattering (SERS) to probe single molecules [44].

Colloids of gold nanoparticles are one of the most stable and easiest to
manipulate. However, preparing monodisperse gold nanoparticles is still not easily
accomplished on a useful synthetic scale, especially if the stabilizing ligand of these
particles is changed from the often used alkylthiols. The general synthetic proce-
dure to prepare nearly monodisperse gold colloids involves the reduction of metal
salts in the presence of surfactants and then stabilizing the particles with a capping
ligand present in the solution [18]. In general, particle size and size distribution play
a significant role in controlling the properties of any colloid based upon a nano-
material [45, 46]. As a result, many groups have developed a variety of approaches
to achieve particle separation and to narrow the size distribution of particles in a
colloidal solution. Unlike molecular systems, it is often difficult to employ crys-
tallization for colloidal structures, and the methods that have been used successfully
are performed primarily in organic media. In such media, precipitation methods
have been developed and used with great success for certain compositions [47].
Such methods, however, require an empirical tuning of the experimental conditions
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to effect optimum size-selective precipitation or crystallization. The size distribution
is further narrowed by size-selective precipitation [48]. Some authors demonstrated
the advantage of a “digestive-ripening” procedure to prepare monodisperse colloids
directly, avoiding the size-selective precipitation [49]. Other postsynthetic methods
for refining particle size or separating a mixture of particles of different sizes in
organic media include digestive ripening [50], use of supercritical fluids [51], gas
pressurization [52], high-performance liquid chromatography [53], and
size-exclusion chromatography [54]. In contrast, the improvement of the particle
size distribution in aqueous media has been a more challenging task and is usually
performed by filtration [55] or chromatographic methods such as size-exclusion
chromatography [56] and capillary electrophoresis [57]. Such techniques, however,
are somewhat limited in throughput and the types of compositions that can be used
due to different degrees of interactions with column supports or filtration mem-
branes and the need for specialized equipment (see more in the previous chapter).
For particles dispersed in aqueous media, it would be a major advance if one could
utilize the inherent chemical recognition properties of biomolecules [58–60] to
size-selectively assemble particles.

Fendler and coworkers demonstrated that surface-modified hydrophobic col-
loidal nanoparticles may also be organized at the air–water interface—more
specifically, on the surface of water—and that multilayer films of the nanoparticles
could be formed on suitable substrates by the Langmuir–Blodgett (LB) technique
[61]. A number of other groups have now used this method to form multilayer films
of gold particles [62], polymer-capped platinum colloidal particles [63], buckyballs
[64]. The Brust synthesis procedure [18] wherein gold nanoparticles are synthesized
and capped with alkanethiols in a nonpolar organic phase continues to be the most
popular means of obtaining hydrophobic gold nanoparticles that are readily dis-
persible in different nonpolar/weakly polar organic solvents [65, 66]. 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 [67]. The alkylamine-stabilized colloidal gold particles
could be separated out in the form of a powder and dissolved in different organic
solvents [67].

Spherical noble metal nanoparticles (sNMNPs) (gold, silver, SiO2@Au or
Au@SiO2 core@shell, etc.) have been the primary choice of colorimetric probes
and nanocomposites. Numerous assays have been developed for a wide range of
analytes (e.g., DNA, protein, metal ions, enzyme, and small molecular drugs) [68].
These assays exploit interparticle cross-linking and noncross-linking aggregation
mechanisms that usually involve receptor-conjugated sNMNPs and unmodified
sNMNPs, respectively. Compared to the extensive research with the spherical
nanoparticles, the use of nonspherical particles with anisotropic configuration to
construct plasmon coupling-based colorimetric assays has been less well demon-
strated, except for a few examples using gold nanorods (AuNRs) [69, 70]. The
traditional in situ synthesis provides spherical or quasispherical NMNPs. The dis-
advantage is, however, that when the size increases, it becomes out of control, and
the shape is not controlled either. Therefore, the seed-growth strategy has emerged

132 2 Noble Metal Nanoparticles



as a very efficient method to synthesize monodispersed AuNPs with large sizes (up
to 300 nm) precisely and with well-defined shapes [71, 72].

In the course of the seed-growth synthesis of NMNPs, the formation of seeds
takes a significant place correlated to the size, shape, and surface properties that are
controlled by the amount and nature of reducing agent and stabilizer, and their ratio
to the metal precursor. The earliest gold nanoseeds were proposed by Natan [73]
using citrate reductant and capped spherical gold nanoseeds for the overgrowth of
spherical AuNPs. Murphy’s group [74, 75] reported the synthesis of 3.5-nm
citrate-capped gold seeds by dropping an ice-cold aqueous solution of NaBH4 into a
solution of a mixture of HAuCl4 and citrate. These seeds were originally used for
the formation of AuNRs. This procedure of gold seed formation was modified by
El-Sayed [76] using hexadecyltrimethylammonium bromide (HTAB) as the stabi-
lizer instead of citrate. These gold seeds with a diameter smaller than 4 nm were
used to promote the narrow dispersity of AuNRs. Subsequently, this seed formation
was regarded as the most primary nucleation process in the synthesis of AuNPs.
Other monodispersed, large-sized, spherical, or quasispherical AuNPs, AuNRs, and
other shaped AuNPs have been synthesized using the seed-growth method.

Natan and coworkers [73, 77] prepared gold nanoparticles between 20 and
100 nm by adding citrate-capped, NaBH4-reduced seeds into a “growth” solution
containing a mild reducing agent such as citrate [77, 78] or hydroxylamine [79].
These results provided an improvement of physical properties compared with the
Turkevich and Frens method. However, this synthetic route also generated a small
population of rod-shaped AuNPs as impurities. Later, Murphy’s group [80]
improved the method by using ascorbic acid as a reducing agent as mild as citrate in
growth solution and using cetyltrimethylammonium bromide (CTAB) as a stabilizer
to synthesize monodispersed spherical AuNPs up to 40 nm (the citrate-stabilized
AuNPs with a relative standard deviation that was lower than 10% were considered
as monodisperse) [80, 81]. This method was later used by Han’s group for the
synthesis of icosahedral AuNPs having controlled size (from 10 to 90 nm)
(Scheme 2.1) [82].

Later, Liz-Marzan’s group first reported the synthesis of gold nanoparticles via
the seed-growth method up to 200 nm, also showing optical properties with
quadrupolar modes [79]. Highly monodispersed, spherical, citrate-stabilized AuNPs
were synthesized up to 300 nm by using hydroquinone [71] or ascorbic acid [84] as

Scheme 2.1 TEM-like images of AuNPs (diameter) in solution (from a left side) *11.0, *13.3,
*32.2, *69.0 nm, and (to the right side) 87.3 nm [82, 83]
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reducing agent in the seed-growth process. Reaction conditions such as temperature
[72], pH [72], gold precursors to seed particle concentration [72] and citrate con-
centration [81] were considered to affect the size distribution and shape of the
AuNPs.

The formation of gold clusters by chemical reduction of HAuIIICl4 has been well
described by Gachard et al. [85]. The gold salt reduction may occur either by UV
irradiation or by chemical reduction. To evaluate the effect of light on gold
reduction, the synthesis was performed in the dark, and gold nanoparticles were
generated, which ruled out light as a reducing agent. Regev et al. [86] have pro-
posed that the lipid monoolein, the onion supplier of OH groups, acts as a reductant
for the gold salt:

R�CH� OHð Þ�CH2 OHð Þ being oxidized to R�CH OHð Þ�CO2H ð2:1Þ

when Au(III) ions are reduced to Au(0). On the other hand, it was proposed that
ethanol as well as water can act as very weak reducer agents [87].

A number of reports are available in the literature for the synthesis of silver
nanoparticles by the chemical reduction of silver ions by sodium citrate or sodium
borohydride [88], reduction in reverse micelles [89], biological methods [90, 91],
electrochemical methods [92], photochemical methods [93], radiation methods
[94], laser ablation [95], solvent reduction in the presence of surfactants [96],
sonochemical methods [97], and reduction at two-phase liquid–liquid interfaces
[98]. The unique size- and shape-dependent optical [99, 100] and antimicrobial
[101, 102] properties of silver nanoparticles have prompted increasing interest of
chemists, physicists, and materials scientists. Especially silver materials with zero-,
one-, or two-dimensional nanostructures such as monodisperse nanoparticles [103,
104], nanowires [27], nanodisks [105], nanoprisms [106], nanoplates [107], and
nanocubes [108] are believed to have great potential for applications in optics,
catalysis, and other fields. Reduction routes involved in these studies fall into three
broadly defined categories. The first one involves the use of relatively strong re-
ducing agents, such as sodium borohydride [109], hydrazine [110], and tetrabuty-
lammonium borohydride [110] to prepare silver nanoparticles. The second one is
the irradiation of the solution containing silver ions with c-ray [111], ultraviolet or
visible light [112], and microwave [113] and ultrasound irradiation [107, 114]. The
third route involves heating the solution of silver salt without commonly used
reductants [115] or prolonged reflux silver solution in the presence of a weak
reducing agent, such as glucose [116], sodium citrate [117], dimethylformamide
(DMF) [118], potassium bitartrate [119], ascorbic acid [120], and alcohols or
polyols [121, 122].

A variety of stabilizers or coating agents have been used in the silver particle
preparation to achieve the best control of size, size distribution, shape, stability, and
solubility of nanoparticles. Thiol derivatives [113] are the most common coating
agents employed to stabilize silver colloids, even though aniline [123], long-chain
amines [103, 110], surfactants [89], starch [124], and carboxylic compounds [110]
have also been used. Polymers such as poly(vinyl pyrrolidone) (PVPo) [36, 121],
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fourth-generation poly(amido amine) [125], polyacrylate [126], polyacrylonitrile
(PAN) [115], and polyacrylamide (PAM) [111] are also important protective
agents, which can effectively control shape, size, and stability of silver nanoparti-
cles. For example, with the refluxing method, PVPo can direct the growth of silver
into nanowires [121] and nanocubes [36]. Dickson and coworker have reported that
photostable water-soluble silver nanodots created in dendrimers are quite stable and
highly fluorescent [127]. Polymer-initiated photogeneration of silver nanoparticles
in SPEEK/PVA (SPEEK = sulfonated poly(ether–ether) keton, PVA = poly(vinyl
alcohol)) was anticipated to allow direct metal photopatterning [128].
Montmorillonite clay (MMT, as a reducing and stabilizing agent), as lamellar clay,
has been used as carriers for silver nanoparticles with good results because of their
high ion-exchange capacity, high surface area and sportive capacity, chemical
lifelessness, and low or null toxicity [129]. Silver nanoparticles were synthesized
onto the surface of MMT by a simple microwave-assisted process from an aqueous
solution of silver nitrate; silver nanoparticles with a narrow size distribution on
MMT surface were obtained without using any reducing agents [130].

The chitosan-mediated aqueous synthesis method was used for the preparation
of high-yield monodisperse multibranched shaped gold-coated iron oxide
nanoparticles. The growth of gold coating was achieved in the presence of chitosan
and silver ions at room temperature. The plasmon band can be tuned with
increasing branch length and gold shell thickness [131]. Further [132] have been
synthesized silver nanoparticles protected with bovine serum albumin (BSA) where
the BSA itself functions as the reducing agent leading to an undesired protein
oxidation. Additional reports have also documented that BSA is able to interact
with AgNP electrostatically [133] affecting the binding capacity of the protein with
small molecules [133]. Nevertheless, research on the interaction between human
serum albumin (HSA), the most abundant protein in the human plasma [134] and
AgNP has been scarcely explored [135] though a deep understanding of the phe-
nomenon is relevant for potential biomedical applications. It has also been shown
that HSA can effectively interact with quantum dots and gold nanoparticles [136].

Palladium constitutes the most important model system for fundamental studies
of metal–hydrogen interaction, which is central in areas such as hydrogen storage
[137], heat storage [138], metal hydride batteries [139], hydrogen sensors [140],
smart windows [141], and switchable mirrors [142]. Hydrogen forms a stable
hydride with Pd, basically without activation barriers. During absorption, H2 dis-
sociates on the Pd surface and subsequently occupies surface, subsurface, and
interstitial lattice sites according to their specific energetics.

The used surfactants find their way to various environmental segments and thus
pose serious health hazards. They have the ability to adsorb strongly onto nega-
tively charged suspended particulates and sludge. Intensive investigations have
been carried out on their behavior, fate, and biological effects [143]. Long exposure
to quaternary ammonium compounds (QACs) can cause sensitization, hemolysis,
and toxic effects by all routes of exposure including inhalation, ingestion, dermal
application, and irrigation of body cavities.

2.1 Introduction 135



Polymer-based drug delivery systems emerged from the laboratory bench in the
1990s as a promising therapeutic strategy for the treatment of cancer and other
devastating diseases [144]. Polymer–drug conjugates are nanosized hybrid con-
structs that covalently combine a bioactive agent with a polymer to ensure not only
its efficient delivery to the required intracellular compartment but also its avail-
ability within a specific period of time. It has already been demonstrated that
polymer–drug conjugation promotes tumor targeting by the enhanced permeability
and retention effect and its capability of escaping from reticuloendothelial system.

2.2 Precursors and Their Conjugates

Nanoparticles typically grow in nonequilibrium conditions, and their final shapes
are influenced by many factors contributing to the kinetics of growth. Factors such
as the size, structure, composition of the seed, nature and concentration of metal
precursor and reducing agent, molar ratio of precursor to additives, the selective
adsorption of additives to different crystal facets, contact with an external support
are all clearly capable of influencing the kinetics of particle growth and, hence, the
particle morphology. The effects of these factors on the particle morphology are
usually quite complex and are not yet completely understood. Therefore, it is a little
early to formulate any general mechanism for growth in metallic nanocrystals.
However, some preliminary trends have started to evolve. The basic principle of
realizing anisometric growth in nanoparticles is that (synthesis) conditions have to
be created so that the growth kinetics does not favor equal growth of all facets of
the growing nanocrystal. A simple strategy is to use templates (rigid matrices) that
will confine particle growth in various directions. When there is no physical tem-
plate, the nature of the seed and/or the reaction kinetics must ensure
dimension-specific growth during the particle formation. In addition to several
polyhedral shapes, nanoparticles with highly anisotropic rod-, wire-, plate-, disk-,
belt-, ribbon, branched-, or flowerlike morphologies have been prepared. In the
related fields, it is essential to gain deeper understanding of the role of nanosizing
because nanomaterial engineering provides a powerful means to optimize material
performance [145].

The preparation of NMNPs by a chemical reduction approach contains two
major parts: (i) reduction using agents such as borohydrides, aminoboranes,
hydrazine, formaldehyde, hydroxylamine, saturated and unsaturated alcohols, citric
and oxalic acids, polyols, sugars, hydrogen peroxide, sulfites, carbon monoxide,
hydrogen, acetylene, and monoelectronic reducing agents including electron-rich
transition-metal sandwich complexes; (ii) stabilization by agents such as trisodium
citrate dihydrate, sulfur ligands (in particular thiolates), phosphorus ligands,
nitrogen-based ligands (including heterocycles), oxygen-based ligands, dendrimers,
polymers, copolymers, and surfactants (in particular cetyltrimethylammonium
bromide, CTAB) . The in situ synthesized gold nanoparticles are also used for the
seed-growth or further functionalization. Bolaamphiphiles (also known as bolaform
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surfactants, bolaphiles, or alpha-omega-type surfactants) are amphiphilic molecules
that have hydrophilic groups at both ends of a sufficiently long hydrophobic
hydrocarbon chain. Compared to single-headed amphiphiles, the introduction of a
second head- group generally induces a higher solubility in water, an increase in the
critical micelle concentration (CMC), and a decrease in aggregation number. The
aggregate morphologies of bolaamphiphiles include spheres, cylinders, disks, and
vesicles. Bolaamphiphiles are also known to form helical structures that can form
microtubular self-assemblies.

The formation and stabilization of silver nanoclusters in solution have been
accomplished in various ways (Figs. 2.1, 2.2 and 2.3) [146–149]. The proper choice
of parameters for the reaction, including the temperature, the reducing method, the
stabilizers, and the initial ratio of metal salt (precursor) : stabilizer (capping agent,
poly(methacrylic acid), surfactant, surface-active additive (mercaptosuccinic acid,
DNA oligonucleotides, etc.)), reaction medium (water, water/ethanol, and ethanol)
plays a crucial role in the successful synthesis of metal nanoclusters. Small vari-
ations in the synthetic procedure may change, for example, the collective properties
such as fluorescent plasmonic silver nanoparticles to larger nonfluorescent plas-
monic silver nanoparticles. Despite the many reports of the last few years about the
synthesis of silver nanoclusters, it remains difficult to design general rules for the
synthesis of silver nanoclusters, as similar reagents and reaction conditions may
lead to silver nanoparticles instead of nanoclusters.

The activation of the reaction to produce silver nanoclusters can be performed
following several routes. The silver ions from dissolved silver salts can be reduced,
either by a chemical reductant (e.g., sodium borohydride, sodium hypophosphite),
by light (photoreduction with visible or ultraviolet light), or by c-rays (by radiolysis
of water). The chemical reduction and the photoreduction are the most commonly
used methods. The radiolytic method was also used to produce silver nanoclusters
in solution [150]. It is well known that the specific properties of silver nanoclusters,
such as the stability and fluorescence quantum yield, depend largely on the scaffold

Fig. 2.1 Schematic drawing of silver nanoclusters protected by carboxyl groups of poly
(methacrylic acid esters) where R means alkyl ester (left panel). Emission spectra of the samples
imaged [water (1), water/methanol (2) and methanol (3)] [146]
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used during reduction. The largest fluorescence quantum yield reported for silver
nanoclusters prepared in organic scaffolds is achieved using nucleic acid (quantum
yield of 64%) [151] while polyacrylates provide stable solutions over years
(Figs. 2.1, 2.2 and 2.3) [152]. The sensitivity of silver nanoclusters to the local
environment can be exploited for sensing purposes, though it represents a difficulty
when designing the synthesis, the proper recipe for the production of silver nan-
oclusters with a certain scaffold might not be useful when using a different scaffold.
Silver nanoparticles larger than 2 nm exhibit plasmon resonance effects and typi-
cally do not present fluorescence. However, there are recent reports about lumi-
nescent silver nanoparticles. The emission of light from large silver particles is

Fig. 2.2 Silver nanoclusters prepared by interfacial etching from silver nanoparticles and
stabilized with small molecules (i.e., mercaptosuccinic acid). Fluorescence quenching by addition
of quencher (NH3) [147]

Fig. 2.3 Representation of silver nanoclusters encapsulated in DNA oligonucleotides. Emission
spectra of the sample, showing red emitters [148, 149]
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likely produced from surface-bound nanoclusters or subnanodomains within silver
nanoparticles. For gold nanoclusters, the ligands play a major role in enhancing the
fluorescence of the nanoclusters in two different ways, by charge transfer from the
ligands to the gold core through direct bonding or by direct donation of delocalized
electrons of electron-rich atoms or groups of the ligands to the gold core [153]. In
the case of silver, the role of ligands or scaffolds on the fluorescence properties is
not yet understood.

The nature and concentration of a precursor affect the particle formation in
various ways [154–156]. For example, while making platinum nanoparticles
through hydrogen reductions of three different platinum precursors (K2[Pt(C2O4)2],
K2PtCl4, or K2PtCl6), Fu et al. [157] have observed that nanoparticles prepared
from K2[Pt(C2O4)2] exhibit quite narrow size and shape distributions and the
selectivity of cubic nanoparticles is greater than 90%. Yu and Xu [156] reported
that the use of K2PtCl6 and K2PtCl4 has a strong influence on the particle-formation
reaction and the particle morphology. The result of the synthesis with K2PtCl4 was
difficult to reproduce due to rapid hydrolysis of the Pt(II)-precursor (K2PtCl4) in
aqueous solution unlike Pt(IV)-precursor (K2PtCl6) [158].

One common method of platinum nanoparticle formation is the in situ reduction
of platinum salts by reducing agents to produce a nanoparticulate powder [159],
which can then be supported on a low-cost, high-surface-area support. This method
has been previously discussed in the literature, and a number of different reducing
agents have been employed, for example, formate, formaldehyde, hydrazine,
borohydride, formic acid, sodium citrate, and sodium thiosulfate [160]. The
alkoxide route allows the properties of the platinum nanoparticles to be easily
optimized, by varying the amount of water employed, the ratio of reactants, the
synthesis temperature, and the time; the resulting film thickness and porosity can
also be modified by varying the substrate withdrawal rate from the sol, the number
of coatings, and the film drying temperature and time. The specific synthesis used
here for platinum sol formation was shown to produce a precipitate phase and a sol
containing suspended metallic PtNPs ca. 1–3 nm in diameter. The purpose is to
characterize all of the species formed in the synthesis of several hexachloroplatinic
acid (HCPA)/sodium ethoxide (NaOC2H5)-formed Pt sols. As well, a mechanism of
in situ Pt sol formation via HCPA reduction by NaOC2H5 is proposed, with a goal
of enhancing the yield of PtNPs for use as an electrocatalyst in fuel cell reactions.
Considering the reactants employed in the synthesis, both metallic Pt and NaCl,
among other species, can be expected to form (Eq. 2.2). As neither of these is
appreciably soluble in ethanol, it was anticipated that both would be found, to
varying extents, in the precipitate phase [161].

H2PtCl6 þNaOC2H5 ! Pt 0ð ÞþNaClþ acetaldehydeþ ? ð2:2Þ

It was that two phases appear: a precipitate, which ranges from white to black in
color, depending on the HCPA to ethoxide ratio, and a yellow- or orange-colored
solution phase. From the cyclic voltammetry, X-ray diffraction (XRD), and thermal
gravimetric analysis/differential scanning calorimetry (TGA/DSC) results, it has
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been shown that the precipitate is composed entirely of small platinum particles
(average diameter of 6 nm) and NaCl. The TGA/DSC data showed that the darker
precipitates contain a higher percentage of metallic Pt than do the lighter-colored
ones. As well, in the optimized sol synthesis (type 1, with a 2:1 sodium
ethoxide-to-HCPA ratio), only 1% of the Pt is lost to the precipitate.
Electrochemical and inductively coupled plasma spectroscopic results showed that,
of the Pt species retained in the sol, 75% was in the form of platinum nanoparticles
(1–3 nm diameter) and 25% existed in a Pt(II) form (seen by X-ray photoelectron
spectroscopy (XPS) and X-ray absorption near-edge spectroscopy (XANES)). The
Pt(II) species was identified, by NMR spectroscopy, as being a Na+ analogue of
Zeise’s salt [KPtCl3(C2H4)], which exhibited a greater stability in both ethanol and
air than the typical K+ form of Zeise’s salt. The NaPtCl3(C2H4) species, which
arises from a side reaction of H2PtCl6 and ethanol, rather than as an intermediate
formed during the in situ Pt(IV) reduction reaction, may serve as a stabilizer for the
PtNPs in the sol phase. The mechanism of PtNP formation from the
ethoxide/hexachloroplatinic acid synthesis is proposed to involve a metathesis
reaction (a chloride in H2PtCl6 is exchanged with an ethoxide group from
NaOC2H5, resulting in an unstable PtCl5(OC2H5)

2− intermediate and NaCl), fol-
lowed by a hydride elimination step, producing acetaldehyde and PtCl5H2

�.
Finally, a rapid reductive elimination step produces HCl and PtCl4

2−. The process is
repeated, reducing the Pt(II) species to Pt(0) nanoparticles.

The typical route for solution-phase synthesis of PtNPs is the simple reduction of
metal salts. A wide range of reducing agents have been used in colloid-chemical
synthesis of metal nanoparticles of practically all transition metals. For example, H2

or hydrazine, hydroxyl amine, hydrides (e.g., NaBH4), ascorbic acid (AA) or
ascorbate, citric acid or citrate, oxidizable polymers [e.g., polyvinylalcohol (PVA)],
solvents (such as alcohols, aldehydes, and DMF), etc., have been used to prepare
various NMNPs [162]. Depending on the reduction potentials of the metal pre-
cursor and the reducing-agent systems, reduction can occur at room temperature or
at elevated temperatures [163]. Hydrogen is one of the most widely used reducing
agents to prepare palladium and platinum nanoparticles. For example, the first
shape-controlled colloid-chemical synthesis of platinum nanoparticles used
hydrogen reduction of K2PtCl4 in the presence of sodium polyacrylate (NaPA:
Mw * 2100) [156, 158]. Similar reduction techniques have been used by several
other authors to prepare differently shaped platinum nanocrystals in the presence of
a number of other capping polymers [156, 157].

The alcohol-reduction process introduced by Toshima et al. is widely used for
the preparation of colloidal noble metals [164]. Alcohols with alpha-hydrogen
atoms are oxidized to the corresponding carbonyl compound during the metal-salt
reduction. A variation of the alcohol method is found in Figlarz’s polyol method,
which consists of refluxing a solution of the metal precursor in ethylene glycol or
larger polyols [165]. Xia et al. have used this method to synthesize a plethora of
anisometric NMNPs [166]. Like alcohols, DMF has been used to reduce Ag+ ions
forming various-shape silver nanoparticles [155]. Reducing agents are not equally
effective in generating anisometry in nanoparticles. Often, milder reducing agents
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are prescribed for generating anisometric particles [167]. Beyond mere reduction of
metal ions, reducing agents affect the nucleation and growth as well as stabilization
of nanoparticles [168].

The strength of the reducing agent used in Brust–Schiffrin method is much larger
than that of citrate used in the Turkevich method, and according to Marcus theory,
the reaction rate in gold nanoparticles synthesis using sodium borohydride (NaBH4)
is much larger than that of the Turkevich gold nanoparticle synthesis using citrate
reduction. A direct consequence is that the size of the AuNPs synthesized using the
borohydride reductant is much smaller than that of Turkevich method using the
citrate reductant. In general, citrate plays a role as a stabilizing agent with prepa-
rations of gold nanoparticles requiring relatively high temperatures due to its weak
reducing strength. The method pioneered by Turkevich et al. is the simplest one
available. In general, it is used to produce modestly monodisperse spherical gold
nanoparticles suspended in water of around 10–20 nm in diameter. Larger particles
can be produced, but this comes at the cost of monodispersity and shape. It involves
the reaction of small amounts of hot chloroauric acid with small amounts of sodium
citrate solution. The colloidal gold will form because the citrate ions act as both a
reducing agent and a capping agent. To produce larger particles, less sodium citrate
should be added. The reduction in the amount of sodium citrate will reduce the
amount of the citrate ions available for stabilizing the particles, and this will cause
the small particles to aggregate into bigger ones (until the total surface area of all
particles becomes small enough to be covered by the existing citrate ions). Slot
discovered a new way to prepare gold nanoparticles using a mixture of tannic
acid/citrate solution whereby tannic acid plays the role of a reducing agent instead
of citrate, and the AuNPs are obtained at 60 °C [169]. Then, Natan’s group
introduced a method using citrate as a stabilized agent only and borohydride as a
reducing agent [170]. The AuNPs were obtained upon adding the NaBH4/citrate
mixture into the HAuCl4 solution at room temperature. With this method, the size
of AuNPs is tailored to 6 nm, which compares with sizes beyond 20 nm using the
traditional Turkevich method. Remarkable modification of the Turkevich method
involved the reversed order of addition that was conducted by adding HAuCl4 to
the citrate solution, producing monodispersed AuNPs with relatively small size
(less than 10 nm) [171]. The further simple method generates nearly monodisperse
“naked” gold nanoparticles in water. Precisely controlling the reduction stoi-
chiometry by simply adjusting the ratio of NaBH4–NaOH ions to HAuCl4–HCl
ions within the “sweet zone,” along with heating, enables reproducible diameter
tuning between 3 and 6 nm. The aqueous particles are colloidally stable due to their
high charge from the excess ions in solution. These particles can be coated with
various hydrophilic functionalities, or mixed with hydrophobic molecules for
applications in nonpolar solvents. Interestingly, in nonpolar solvents the nanopar-
ticles curiously remain highly charged and self-assemble on liquid droplets to form
2D monolayer films of monodisperse nanoparticles.

There are several methods for the preparation of silver nanoparticles such as
citric acid reduction, electrochemical synthesis, photoreduction, and radiation (see
also above). However, silver nanoparticles prepared from these methods can only
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be kept for a maximum of 2–3 months [172]. Many experiments have shown that
the growth of silver nanoparticles in solution is sensitive to the presence of citric
acid or sodium citrate but the exact role of citric acid is still unidentified. Later,
[173] reported that using citric acid as a reducing agent made the reduction reaction
take one week longer and led to a wide size distribution. They also reported that the
use of sodium citrate did not result in the formation of silver nanoparticles. As far as
stabilizers are concerned, citrate ions can bind on silver surfaces for shape control,
but their ability to stabilize silver particles is weaker than thiols [174]. Nowadays, a
molecule which can act both as a reducing and capping agent is preferred so that the
reaction takes place in one step and there is no need for an external reducing agent.
This will reduce the number of steps involved in metal nanoparticle synthesis. The
physical method involves radiation reduction of silver ions by c-ray, microwave,
ultraviolet, or visible light [175]. Chemical reduction in solution is advantageous
over other processes, because of its simplicity, low reaction temperature, and sol-
ubility of metal salts in water. The most used reducing agents are NaBH4, ethylene
glycol, DMF, dimethylacetamide, and formamide [176].

Several methods have been used to synthesize silver nanoparticles such as
chemical reduction; Tollen’s reagent; photoreduction; and biochemical, sol-gel and
polyol approaches [177]. Paraformaldehyde and citric acid are used as stabilizing
and reducing agents for synthesizing silver nanoparticles through the reduction in
silver ions by the oxidation of hydroxyl groups of paraformaldehyde to aldehyde
groups using strong base, NaOH. The addition of silver nitrate to the NaOH
solution leads to the formation of Ag+ as [Ag(H2O)4]

+, which then change to silver
oxide (Ag2O) through the reaction of OH– ions with Ag+ ions. A dark cream
solution is produced because of the formation of a large amount of silver oxide
(Ag2O) sediment (Eq. 2.3) [178].

Paraformaldehyde is deprotonated [–O(CH2O)nH], and electrostatic interaction
between silver ions and free deprotonated paraformaldehyde shielded the formed
nanoparticles and grabbed silver clusters to the nanoparticles (Eq. 2.3). Increasing
temperature-using microwave in the presence of NaOH solution (pH 12) leads to
fast hydrolysis paraformaldehyde to oligomers that capped more Ag+ ions and
cause high dispersion on template surface (Eq. 2.4). The addition of citric is
obligatory because of the removal silver ions by NaOH (redox reaction), which
inhibits further reduction reaction of the silver particle surface (Eqs. 2.5 and 2.6)
[179].

ð2:3; 2:4Þ

ð2:5Þ
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Agþ þ ne� ! Ag0 ð2:6Þ

Liz-Marzan et al. [155] have shown that silver nanoparticles can be prepared in
DMF without adding any reductant. It has been suggested that the reduction rate
can be enhanced at high temperatures. Because most of the organic reactions take
place in organic solvents, it is desirable to develop synthetic methods that lead to
the formation of particles having different morphology in addition to the stabi-
lization of metal nanoparticles in such solvents. In addition, if one can design a
synthetic method to prepare different morphological particles in the same medium
without adding reductants from outside, this may have its own important impli-
cations. Formamide is one of the most common solvents used to study various
processes such as formation of metal nanoparticles, interaction with alcohols. [180].
It is known that formamide–water and formamide–methanol complexes can serve
as model systems for protein–water and protein–solvent interactions. Photocatalytic
oxidation of volatile organic chemicals (VOCs) constitutes one of the most
promising methods for the removal of these pollutants in an enclosed atmosphere.
Generally, metal oxides are being explored for such purposes. As silver is known to
have bactericidal properties, it is important to assess its effect on VOCs. We have
described the preparation of silver nanoparticles by reduction of silver ions with
formamide in the absence and presence of stabilizers such as PVPo and SiO2

nanoparticles. In addition, attempts have been made to see the effect of addition of
methanol, VOCs, and a complexing agent on the stability of silver nanoparticles.
The reaction of silver nanoparticles with CHCl3 is indicative of the strong reducing
power of the particles. As the nanoparticles have more surface atoms, the unsatu-
ration at the surface is very high. In the presence of an organic molecule, which is
an electrophile, the surface atom acquires an excess positive charge and the rest of
the nanoparticles a corresponding negative charge. In the presence of oxygen, this
excess negative charge is removed and the oxidation of the silver particles can
proceed. This could be the reason for observing fast oxidation of silver particles in
an aerated solution as compared to that in a N2-bubbled solution. Similarly, the
reactivity of silver nanoparticles with toluene was investigated. After addition of
toluene to a silver dispersion in formamide, the color of the silver sol gradually
faded due to oxidation in the formamide layer. However, in a N2-bubbled solution,
the oxidation of particles was very slow. It is known that oxidation of toluene leads
to the formation of benzaldehyde. As metal particles can act as a sink for electrons,
it appears that in the presence of silver particles, there is a possibility of oxidation of
toluene, which is facilitated by the presence of oxygen [181].

The use of amine–borane complexes is essential for the syntheses of monodis-
perse metallic nanoparticles. Compared to commonly used reducing agents (e.g.,
NaBH4, LiBH4), amine–borane complexes have a weaker reducing ability, which
can slow the reducing rate of gold cations and allow control over the growth of
nanoparticles [182]. Upon the addition of strong reductants, such as NaBH4, gold
cations are reduced rapidly, resulting in an immediate color change of the reaction
mixture from colorless or yellow to dark red. With the use of weaker reductants
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applied in these syntheses, a much slower but continuous color change from col-
orless to yellow, pink, brown, and finally to purple–red is observed, which indicates
a relatively slow reducing rate of Au(I). In addition to tert-butylamine-borane, other
amine (i.e., triethylamine, morpholine, and ammonia)–borane complexes can be
used. While the triethylamine complex is a reducing agent comparable to the
tertbutylamine complex, the morpholine complex exhibits much weaker reducing
ability and requires longer reaction time to complete the reaction. In comparison,
the reducing ability of ammonia-borane is much stronger, so that it is difficult to
obtain nanoparticles with a narrow size distribution.

The reducing power of the amines of several different structures was studied by
Newman and Blanchard [183], who showed, very clearly, that the oxidation
potential of the reducing agent should lie between the oxidation of Au(0)–Au(I) and
the reduction of Au(III)–Au(0) for the reaction to proceed. Outside this range, the
reaction is not spontaneous. Multifunctional amines and nitrogen-containing
polymers have also been tested for the synthesis of gold nanoparticles [184,
185]. Indeed, the potential scan started immediately above the point at which the
reduction of Au(III) occurs and firstly toward the cathodic direction. At pH 4.0
(Fig. 2.4, left panel), the reduction of Au(III)–Au(0) occurs at 0.72 V (peak I), and
the oxidation of the main product Au(0) generated in this process appears in the
opposite scan at 1.14 V (peak III).

Under the same experimental conditions, the cationic polyelectrolyte form of the
block copolymer does not exhibit prominent electrochemical activity, and no more
than a weak oxidation signal appears at 1.00 V (shoulder I*). In principle, the
polymer oxidation potential is located within the range required for a spontaneous
redox reaction with Au(III) to occur, but still no AuNPs are formed. One can
attribute this finding to the onset oxidation potential of Au(0) of 0.92 V (arrow

Fig. 2.4 Cyclic voltammograms recorded at 50 mV/s in aqueous media during selected
experimental steps that ultimately lead to the spontaneous AuNP nucleation and growth mediated
by pH-responsive triblock 1 copolymer, as indicated. [Au(III)] = 0.275 mM; [NR3

groups] = 0.275 mM; Ctriblock1 = 1.0 mg.mL−1; Left pH 4.0 with 0.1 M KCl as electrolyte,
Right pH 6.8 with 0.1 M KH2PO4/K2HPO4 as electrolyte [186]
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labeled III*), which is lower than that of the polymer, implying that Au(0) would be
oxidized before the polymer. The latter, however, strongly influences the reduction
of Au(III), the potential of which shifts toward cathodic values from 0.72 V down
to 0.45 V in the presence of the electrochemically inert cationic polyelectrolyte.

When the pH is controlled by using phosphate buffer solutions at pH 6.8, the
electrochemical potentials of reactions involving the reactants Au(III), Au(0), and
polymer micelles shift to lower values (Fig. 2.4, right panel). Au(III) is reduced to
Au(0) at 0.50 V, which, in the absence of polymer, is oxidized at 1.00 V. Polymeric
micelles undergo an oxidation reaction that gives a current density increase with a
peak at 0.81 V. The oxidation potential of the polymer also lies within the range
necessary for a spontaneous redox reaction with Au(III) to occur. When the indi-
vidual cyclic voltammograms of Au(III) and polymer micelles are compared, one
would expect the reaction not to take place because the onset of the polymer and
Au(0) oxidation processes superimpose at 0.66 V.

The voltammogram recorded for a mixture of Au(III) and polymer reveals
interesting new features. On addition of this buffer solution, the amino groups of the
PDPAEMA (poly2-(diisopropylamino) ethyl methacrylate) segment are neutral-
ized, and the polymer is rendered amphiphilic. Furthermore, the polymer chains
become better electron donors through the presence of a lone pair of electrons on
the nitrogen atoms of the amino groups after deprotonation. The self-assembled
micelles feature a hydrophobic core with nitrogen atoms coordinated to Au(III); the
affinity of gold for nitrogen is higher than that for the other possible atom-donor
species in solution. These core@shell-type nanostructures can interact with the
electrode surface and exhibit electrochemical activity in spite of having a stabilizing
interface (shell) that is electrochemically inactive. The coil-like chains forming the
hydrated shell can deform or rearrange to facilitate contact with the electrode
surface. In fact, a few studies have been carried out on redox-active block
copolymer micelles in which electrochemical reactions involved centers of an
organic or organometallic nature, located in the hydrophobic core [187]. Depending
on the reaction pathway and products, spherical micelles can be either disrupted or
transformed into other morphologies [188].

The most important information obtained from the voltammogram recorded for
the mixture is that the oxidation potential for the polymer in the form of micelles
(peak I* micelles) is lower than the oxidation of Au(0) (peak III). As a result, gold
nanoparticle synthesis is mediated solely by polymers with tertiary amino groups
situated in the micelle core (the reaction microenvironment), without the need for
any other reactant. Cyclic voltammograms recorded for AuNP@triblock 1 (poly
(ethylene oxide)-b-poly(2,3-dihydroxypropyl methacrylate)-b-poly[2-(diisopropy-
lamino) ethyl methacrylate] (PEO-b-PDHPMA-b-PDPAEMA) [186] after reaching
a stable plateau in the characteristic absorption wavelength demonstrated that the
Au(III) species were almost quantitatively converted into nanoparticles, since no
reduction peak typical of their reduction was observed. Essentially, the same
behavior was also observed using sodium tetraborate buffer solutions at pH 9.1.

The controlled self-assembling of amphiphilic block copolymers into micellar
structures (Schemes 2.2, 2.3, 2.4, 2.5 and 2.6) has attracted substantial interest for
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various potential applications, including particle syntheses, drug and gene delivery,
catalysis, templates, metal particle synthesis, and biosensors [189–192]. Rationally
designed molecular building blocks allow for the precise control of particle size and
morphology of the supramolecular aggregate, and various defined structures,
including spherical micelles, rodlike micelles, or vesicles [193, 194].

Vast studies have concerned aqueous solutions of the amphiphilic “pluronics”
type of triblock copolymers, PEO-PPO-PEO, for pharmaceutical use and drug
delivery systems [195]. It is well established that the pluronic copolymers with
higher PEO/PPO [(poly(ethylene oxide)/poly(propylene oxide)] ratio self-assembly
into micelles composed of a PPO-rich core and a PEO-rich corona above the critical
micellar concentration and a critical micellar temperature (CMT) [196].
Amphiphilic block copolymers (AB or ABA-type) with large solubility differences
between hydrophilic and hydrophobic moieties, in aqueous medium are able to
self-assemble into polymeric micelles characterized by mesoscopic size range.
These structures consist of water-insoluble cores and water-soluble shells.
Depending on blocks’ length, the core can assemble into various supramolecular
structures characterized by different morphologies (Scheme 2.7). Poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) block
copolymers are well known as dispersion stabilizers and templates for the synthesis
of mesoporous materials and nanoparticles [197]. Variation of the PEO-PPO-PEO
block copolymer molecular characteristics, concentration, and temperature allows
for unique tunability of block copolymer self-assembly in the presence of selective
solvents such as water. It was found that PEO-PPO-PEO block copolymers can act
as very efficient reductants/stabilizers in the single-step synthesis and stabilization
of gold nanoparticles from hydrogen tetrachloroaureate(III) hydrate (in air-saturated
aqueous solutions) at ambient temperature in the absence of additional reductant or
energy input [198]. This synthesis proceeds fast to completion and is environ-
mentally benign and economical since it involves only water and nontoxic com-
mercially available polymers (poloxamers or pluronics). The gold nanoparticle
dispersions remain highly stable for several months. On the contrary, PEO

Scheme 2.2 Schematic of self-assembly of copolymer blocks into micelles
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homopolymer, of molecular weight comparable to that of the PEO-PPO-PEO block
copolymers, was very slow in producing particles (more than 2 days were needed)
and inadequate for their colloidal stabilization. Compared to recently reported
single-step methods for gold nanoparticle synthesis, this method offers the advan-
tages of ambient conditions, fast completion, being economical, and resulting in a
“ready-to-use” product. The contributions of block copolymer molar concentration,
PEO concentration, PPO concentration, and CMC are addressed by examining a
range of PEO-PPO-PEO block copolymers. These polymers have the ability to
form temperature-dependent micellar aggregates and, after a further temperature
increase, gels due to micelles aggregation or packing. Therefore, with these poly-
mers it is possible to mix drugs in the sol state and at room temperature and the
solution can be injected into a target tissue. It forms an in situ gel depot at body
temperature and provides controlled drug release. A formulation which is in the
form of injectable liquid at room temperature, but changes into gel at body tem-
perature, with a pH close to neutrality and having a certain biocompatibility and
biodegradability surely represents an ideal system.

In general, different kinds of synthetic copolymers are made of poly(ethylene
oxide) as hydrophilic block, and of a wider range of hydrophobic blocks. The
combination of different PEO-hydrophobic blocks has given rise to several micelle
systems with differing physicochemical properties, such as loading capacity,

Scheme 2.3 Various defined structures, including disk-like, lamellar, and spherical vesicles

Scheme 2.4 Mechanistic view of drug delivery systems
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morphology, gel, biodistribution, size, release kinetics, and specificity against dif-
ferent kinds of drugs (Scheme 2.7).

In aqueous systems, the effects of metal ion/stabilizer mixing ratio, reaction
temperature, reaction time, and energy input on the formation of colloidal particles
typically have been considered. Formation of gold nanoparticles from AuCl4� in
aqueous PEO-PPO-PEO block copolymer solutions includes three main steps:
(1) reduction of metal ions in aqueous block copolymer solution, (2) absorption of
block copolymer on gold clusters because of amphiphilic character (hydrophobicity
of PPO) and reduction of further metal ions on the surface of gold clusters, and
(3) growth of gold particles and stabilization by block copolymers (refer to
Scheme 2.8):

(1) reduction of metal ions facilitated by block copolymers in solution,

AuCl4� þ nPEO-PPO-PEO ! ðAuCl4�Þ-ðPEO-PPO-PEOÞn ð2:7Þ

where (AuCl4�)-(PEO-PPO-PEO)n represents AuCl4� ions bound to cavities that
are formed from hydrated PEO and PPO coils. Reduction of bound AuCl4� ions

Scheme 2.5 Nucleation of metal nanoparticles via complexation of precursors followed by
reduction of metal salts by functional polymer [189–192]
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Scheme 2.6 Encapsulation of nanoparticles by the micellar aggregation via varied solubility and
pH [poly(p-dioxanone) (PPDO)] [189–192]
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proceeds via oxidation of the polymer by the metal center. Oxidation products
(carboxylate groups) have been identified by Fourier transform infrared spec-
troscopy (FTIR) in PEO homopolymer systems1 [199] after AuCl4� reduction:

Scheme 2.7 Amphiphilic “pluronics” nanostructures based on PAA− Na+ [197]

Scheme 2.8 Schematic of proposed mechanism of AuCl4� reduction and particle formation [200,
203]
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ðAuCl4�Þ-ðPEO-PPO-PEOÞn ! Auþ 4Cl� þ 2Hþ þ oxidation products ð2:8Þ

Following the formation of gold clusters through reduction of AuCl4� ions in
solution, block copolymers adsorb on the surface of gold clusters, Aum, due to the
amphiphilic character of the PEO-PPO-PEO block copolymers:

Aum þ pPEO-PPO-PEO ! Aum- PEO-PPO-PEOð Þp ð2:9Þ

where Aum-(PEO-PPO-PEO)p represents a gold cluster with adsorbed block
copolymers. The adsorbed block copolymers can form pseudo-crown ether struc-
tures that bind with AuCl4-ions, Aum-(PEO-PPO-PEO)l–AuCl4

�, and facilitate
their reduction.

(2) absorption of block copolymers on gold clusters and reduction of metal ions
comparison of various PEO-PPO-PEO block copolymers reveal that the overall
block copolymer (i.e., both PEO and PPO blocks) contributes to AuCl4�

reduction and particle formation. The third step is the growth of gold particles
and stabilization by block copolymers (refer to Scheme 2.8).

PEO is more dominant than PPO in the initial stages of reduction. PPO facilitates
block copolymer adsorption on gold clusters and reduction of AuCl4� ions on the
surface of these gold clusters and/or particles. The difference in particle formation
observed between PEO-PPO-PEO block copolymer systems and PEO homopoly-
mer systems is attributed to the block copolymer adsorption and AuCl4� reduction
processes on the surface of gold clusters and/or particles (steps 2 and 3) [200].

To improve the stability of polymeric micelles against dilution in the stream,
various methods, by chemically cross-linking either in the inner core domain or
within the outer shell layer, have been developed [201]. For example, Park et al.
have reported on the shell cross-linked pluronic micelles using gold nanoparticles
that exhibit a reversibly thermosensitive swelling/shrinking behavior [196]. The
study on the evolution and morphology transition of the shell cross-linked micelles
is, however, scarce. Xu et al. [202] have demonstrated that the gold
nanoparticle-stabilized pluronic micelles spontaneous evolve and reassemble into
large “vesicular”-like nanocapsules using glutathione as an effective trigger. It was
also demonstrated that the evolved nanocapsules showed obvious temperature
responsibility.

The incorporation of copolymers into the gold nanoparticles fabrication process
has led to the interesting discovery that both the formation and the stability of
colloids are dictated by the chemical structure of macromolecular chains.
Environmentally friendly, single-step/single-phase synthesis of core@shell NMNPs
can be mediated by polymers that simultaneously play the roles of reductant and
stabilizer while imparting unique properties to the resulting hybrid material
(Scheme 2.8). To date, the above strategy has been applied successful mainly to
pluronics and polyacrylates with amino groups, which have a strong ability to
coordinate on metal surfaces [203]. The reduction of Au(III) species is induced by
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the poly(propylene oxide) (PPO) segment and nitrogen atoms, respectively.
Polymer chains chemisorb onto the newly generated particle, being consequently
tethered from the surface into the solvent phase. Despite their simplicity (one-pot,
two-reactants, and no workup), this class of reactions still offers a number of
possibilities in relation to tweaking the experimental conditions (concentration of
reactants, polymer composition and architecture, temperature, and additives) to
generate particles with controlled dimensions and properties. A comprehensive
understanding of the kinetics and chemical environment around the gold cores is
obviously relevant in such an endeavor, and more data in this respect are required to
provide a clearer picture of these systems.

Furthermore, copolymers (as capping agents) with stimulus responsibility have
attracted growing attention due to their diverse self-assembly behavior in response
to stimuli, such as pH, temperature, salt [204]. The stimulus responsibility allows
for tailoring the supramolecular aggregates with desirable morphologies and
properties from the same precursory copolymers (Scheme 2.9). Poly(N-iso-
propylacrylamide) (pNIPAM) is a stimulus responsive polymer that undergoes a
reversible, inverse phase transition at a lower critical solution temperature (LCST)
of about 32 °C in pure water. In addition to temperature, cosolvents can also cause
an inverse phase transition in pNIPAM. For example, the addition of 50% methanol
by volume to aqueous pNIPAM solutions leads to cononsolvency, effectively
lowering the LCST of pNIPAM to below 0 °C. The functionality of pNIPAM on
surfaces can be separated into two categories: (1) triggered changes in polymer
conformation and (2) triggered changes in polymer surface energetics. Below the
LCST, pNIPAM is hydrated and the chains are in an extended conformational state.
Above the LCST, pNIPAM is in a hydrophobically collapsed conformational state.
Polymer brushes with triggerable phase-transition behavior, such as pNIPAM, can
be exploited in devices on the nano- and microscales, with potential applications for
protein affinity separations and in micro- and nanofluidics [205].

It was demonstrated the surface-initiated polymerization of stimulus-responsive
pNIPAM brushes from monolayers on gold-coated surfaces. By adopting low
methanol concentrations during polymerization, the growing pNIPAM chains were
maintained in a hydrophilic and an extended conformational state, yielding thick
polymer brush layers. In addition, the prototypical fabrication of nanopatterned,
surface-confined, stimulus-responsive pNIPAM brushes in a grafting-from
approach using a simple strategy that combines nanoshaving, an SPL (scanning
probe lithography) method, with surface-initiated polymerization were presented.
The reversible, stimulus-responsive conformational height change of these bulk and
nanopatterned polymer brushes is consistent with the behavior of surface-confined
polymer chains, where chain mobility is restricted largely to one dimension per-
pendicular to the substrate. The polymerization and patterning approach is generic
and can likely be extended to a wide variety of monomers [206].

The nature of precursor species in actual reaction mixture may not be as simple
as it appears from molecular formula. For example, Xia and coworkers reported that

152 2 Noble Metal Nanoparticles



a freshly prepared aqueous solution of AgNO3 contains trimeric Ag3
þ or Ag3

species that acted as nuclei and led to the development of a triangular morphology
[207]. The concentration of trimeric clusters of silver decreased as the AgNO3

solution was aged in air under ambient conditions. Icosahedrons and cuboctahe-
drons were formed by reducing either Ag+ ions or complexes such as [Ag2(NO3)]

+

and [Ag3(NO3)2]
+ with polyvinylpyrrolidone. Further, the by-product ions, mole-

cules, etc., formed from the precursor during particle-formation reaction can, for
example, change the pH, the ionic strength, or can influence the activities of
tailor-made additives. The seed-nuclei size can be determined by the strength of the
metal–metal bonds and the difference between the redox potentials of the metal
precursor and the reducing agent used [208]. Specific chemical reactions, such as
the disulfide reduction, have emerged as an alternative stimulus for tuning the
self-assembling of copolymers. For example, monodispersed polymeric nanocap-
sules have spontaneously evolved from reducible hetero-PEG PIC (polyion com-
plex) micelle disulfide bond reduction [209].

In a next report, a simple solid-phase asymmetrical functionalization technique
was introduced to construct gold nanoparticles with reactive ligands localized on a
small confined surface [210]. This approach highlights that (i) the ligands decorated
on a spatially limited surface can be used for further chemistry, and the rest of the
ligands can be selected to remain unreactive during the coupling process. (ii) It was
applicable to a wide size range of nanoparticles, e.g., the functionalization of gold

Scheme 2.9 Self-assembly behavior in response to stimuli effect. Via the formation of
a nanoparticle proceeds the drug encapsulation [204]
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nanoparticles with the diameter of 16–41 nm was demonstrated. They used
3-aminopropyltriethoxysilane as the bifunctional ligand to “catch” the gold
nanoparticles onto the glass substrate. Owing to the strong interaction between the
AuNPs and the amino-silanized glass surface, a second ligand with a thiol func-
tional group was required to replace the amino-binding sites under severe sonica-
tion so as to “release” the AuNPs from the substrate. However, the introduction of a
second ligand to the AuNPs confines further chemistry to some extent.
Additionally, biomolecules, such as DNAs and proteins, may be damaged during
the sonication process. Therefore, asymmetric AuNPs decorated with biomolecules
was almost impossible to be obtained [211].

Coordination chemistry offers simplicity, stable bonding, and ligand-metal
specificity, enabling ligand-bearing components to be assembled into supramolec-
ular structures using appropriate metal ions. This approach is particularly com-
patible with surface chemistry, as binding of metal ions activates the surface toward
ligand binding, and vice versa. The use of different building blocks containing
similar ligand functionalities provides a universal, LEGO-type binding scheme,
where the same chemistry is used for binding different components into a composite
nanostructure. This strategy is attractive for LbL schemes, adding one coordinated
layer in each step. Murray and coworkers investigated coordinated nanoparticle
films prepared by repetitive adsorption of carboxylate-modified AuNPs and diva-
lent metal ions (Cu2+, Zn2+, Pb2+) [212, 213]. In these systems, several nanoparticle
monolayers are deposited in each dip cycle, while the interparticle spacing was
shown to be lower than expected for coordinative carboxylate-metal ion binding.
Chen and coworkers obtained similar results with pyridine-functionalized AuNPs
and Cu2+ ions, studied by quartz crystal microbalance measurements [214]. These
observations suggest that Cu2+-based coordination systems induce insertion of
excess ions to the periphery of the nanoparticles, resulting in poorly controlled
growth (Scheme 2.5).

As a promising nanobiomaterial, gold nanoparticles have found a burst of
research interest in biological applications, for example, transfection vectors,
DNA-binding agents, protein inhibitors, and spectroscopic markers [215, 216].
Among the unique features of gold particles, facile place-exchanging reaction
makes them well suited for biomedical applications [30]. As the most abundant
thiol species in the cytoplasm and the major reducing agent in biochemical pro-
cesses, glutathione (GSH, a tripeptide is a peptide consisting of three amino acids
joined by peptide bonds, L-glutamine, L-cysteine, and glycine) showed special
interest for the manipulation of place-exchanging reaction [217]. The
glutathione-mediated selective intracellular release system has been developed on
the basis of the fact that the intracellular GSH concentration is substantially higher
than extracellular levels [217]. GSH is the most abundant low molecular weight
thiol (LMWT) and is widely accepted to be the main cellular redox buffer.

For an effective shape-controlled synthesis, the surface activity of biomolecules
at the liquid–solid interface plays a significant role. Molecules which control the
overall crystal growth are known as “capping agents,” the term frequently used for
specific adsorption of surface-active molecules on selective crystal planes of a
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particular geometry [218]. In addition to the stabilizing ability of some stabilizing
agents, these additives can also be used as a reducing agent. This is case of bovin
serum albumin (BSA) [219] for synthesizing NMNPs. Several other proteins and
enzymes have shown the reducing ability of gold and silver ions into their
respective nanoparticles [220]. If a stabilizing agent also provides reducing ability,
then it becomes quite easy to understand the nucleation process and subsequently
shape-directing effects as well. A protein macromolecule contains several amino
acids such as cysteine, tryptophan, lysine which can act as weak reducing agents.
All these amino acids can reduce gold or silver ions independently even at room
temperature (Scheme 2.10).

However, when amino acid is present in a macromolecule, the reducing ability is
significantly compromised by the steric screening of other nonreducing amino acids
in the vicinity. Then, the reducing ability of a particular amino acid is purely related
to its location in the native state of protein. As the globular form unfolds, more and
more hidden cysteine amino acids come into contact with the aqueous phase
whereby they provide a stronger reducing potential to BSA. Hence, unfolding not
only facilitates the reduction but also provides required amphiphilic character
necessary for the surface activity to produce desired shape-directing effects and is
true for almost all globular proteins. Like PbSNPs and SeNPs, the unfolded BSA is
also responsible for the synthesis of gold nanoplates with preserved {100} crystal
planes of fcc geometry [219]. High temperature (around 70–80 °C) and sufficient
acidic environment provide BSA with enhanced reducing as well as shape-directing
abilities which are not observed close to the isoelectric point or room temperature.

HSA instead of BSA can be employed as model for exploring how proteins
interact with silver nanoparticle since it has been reported before the different
binding capabilities of HSA and BSA in spite of their structural similarities [221]
by manipulating the biomacromolecule conformation, and/or selectively blocking
NH2 groups the authors have shown that there is a combination of several non-
covalent electrostatic interactions involved in such phenomenon, where NH2 resi-
dues play a key role in the observed poststabilization and synthesis of AgNPs.
Alarcon et al. [222] have also explored to what extent surface plasmon band (SPB)
excitation with 405-nm light-emitting diode (LED) can affect the protein confor-
mation in the AgNP@HSA hybrid. Ketyl radicals formed by the photolysis of
photoinitiator (I-2959) acted as reductants of silver salt leading to the formation of

Scheme 2.10 Schematic of
the reducing and stabilizing
ability of amino acids [220]
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AgNPs. This approach is based on the Norrish Type I photocleavage of
carbonyl-type initiator leading to ketyl radicals [223]. Silver cations, Ag+, scavenge
the (CH3)2C

�OH radical (ketyl) and reduce Ag+ to Ag0 (Scheme 2.11).
The bimodal behavior in the fluorescence of denatured HSA can be explained by

the formation of protein corona arrangements [224] that at silver nanoparticle
concentrations lower than 0.38 nM leads to a marked emission enhancement as
they locate in the plasmon enhancement region. This enhanced emission becomes a
smaller fraction of the total emission as the concentration of AgNP increases due to
the finite availability of nanoparticle surface. Effectively, the ratio of HSA/AgNP at
the maximum enhancement is close to 160,000 molecules per AgNP, while at
AgNP concentrations >0.5 nM this will be less than 16,000 molecules per
AgNP. These data are fully compatible with the formation of corona arrangement
where there is a considerable excess of “free protein” in the aqueous phase. This
corona arrangement is obviously different from the one formed for the native
protein since no effect on the fluorescence emission was observed for the nonde-
natured protein; the changes for denatured HSA, while modest (*20%), are outside
error limits and are not observed for the native protein. The most likely explanation
is that the formation of an initial shell of the unfolded HSA surrounding the metal
surface facilitates the sequential association of more denatured protein.

It was postulated that this protecting effect depends on the number of available
NH2 groups, rather than the macromolecule conformation. These data suggest that
electrostatic interactions confer protection to the silver nanoparticle surface [224].
Additionally, it was reported that protein protection against NaCl, and other salts,
was not significantly affected by the presence of (� 0.5 mM sodium citrate or
I-2959. This indicates that these components are not involved in the formation of
the corona arrangement. Recognizing that NaCl is not the only substance that can
potentially decrease the AgNP stability, we also assessed their stability with dif-
ferent buffers such as phosphate buffer saline (PBS, pH 7.0), glucose supplemented
phosphate buffer (Hank’s buffer), Dulbecco’s minimum media (DMEM) buffer,
MES (2-(N-morpholino)ethanesulfonic acid) buffer (pH 7.0), and Tris–HCl buffer
(pH 7.0). Results show that even at low protein concentrations, AgNP becomes

Scheme 2.11 Overall reaction for the formation of silver nanoparticles. Sodium citrate as a
stabilizer has been employed [222]
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stable in all the buffers assessed, with a concomitant PBS redshift of *8.0 nm.
Remarkably, as the buffer complexity increases, the protein protection efficacy
seems to decrease. In particular, the minimum protein concentration needed for
conferring protection to AgNP becomes greater as the number of components in the
buffer increases (DMEM > Hank’s buffer > PBS). The most noteworthy difference
within the buffers was found in the 18-h stability experiments for DMEM, where
AgNP PBS clearly decreases after only 3 h, probably due to protein oxidation
promoted by the components in the medium (amino acids, vitamins, minerals, etc.).
Protein protection was also observed for AgNP in Tris–HCl buffer and to a lesser
extent if MES buffer is employed [222].

The effectiveness of native HSA as a stabilizer for silver nanoparticles was also
demonstrated by the changes in the PBS absorption upon protein addition. The
redshift of PBS in the presence of HSA is a clear indication of dielectric constant
changes at the nanoparticle surface. Further, AgNPs are unstable in the presence of
chloride ions. Surprisingly, it was found that even relatively low concentrations of
HSA can protect AgNP@citrate from different salts/ions such as NaCl or common
buffers. Nevertheless, long-term stability for AgNP conferred by HSA is apparently
controlled by the medium complexity where an increase in the number of com-
ponents in the buffer causes the particles to be less stable. Silver nanoparticles can
be readily prepared in aqueous solutions under mild conditions using a photo-
chemical method with HSA as protecting agent. The protein is more than just a
mere protecting agent, since it could also complex Ag+ ions and affect the ratio of
Ag+ between the aqueous solution and the macromolecule structure as HSA shows
a remarkable affinity for silver ions. Long-term stability experiments have shown
that amine-blocked HSA is far less stable than when using native HSA or even the
protein alone. The hydrodynamic size measurements for the nanoparticles showed
that the nanocomposite size is highly modified when the NH2 groups in HSA are
blocked. It is also of note that when NH2-blocked HSA is employed as a stabilizer,
in the presence of other AgNP shapes (primarily cubes and plates) and sizes (5–
15 nm), these are different from those obtained using native HSA.

Ganeshkumar et al. have exploited the reducing, stabilizing, and biocompatible
nature of a biopolymer, pullulan (Pl), for the synthesis of gold nanoparticles
(PlAuNPs or Au@PlNPs, pullulan-covered gold nanoparticle core) [225]. PlAuNPs
allowed the attachment of a large number of small molecules. AuNPs were formed
during microwaving only. The kmax of PlAuNPs remained at 525 nm before and
after autoclaving indicating that PlAuNPs were stable even after autoclaving. The
stability of PlAuNPs at various temperatures was checked and found to be stable at
all the temperatures, which was also confirmed by visible spectroscopy by taking
SPR. The peak appeared at 525 nm confirmed the formation of gold nanoparticles.
The zeta potential of PlAuNPs, AuNP@5-Fu (5-Fluorouracil, and 5-Fu) was
measured by dynamic light scattering method, showed *−27.6 mV, respectively.
PCS method was used to confirm the mean particle size of PlAuNPs and it was
observed to be *71 nm. PCS measurements yield a significantly larger average
gold nanoparticles diameter (*71 nm) than the TEM analysis (*20 nm); TEM
visualizes the dried gold nanoparticles core of the particles, whereas PCS measures
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their hydrodynamic diameter in liquid medium, which can be enhanced by
hydrophilic pullulan coated on the gold nanoparticles surface.

Chitosan (CHI) acts as a soft template for the formation of multibranched
magnetic nanoparticles, and gold coating process was carried out in the presence of
chitosan to give better particle dispersity and to avoid agglomeration problems
(Chart 2.1). Chitosan is a linear polysaccharide consisting of b-(1 ! 4)-linked
2-amino-2- deoxy-D-glucose residues, originating from deacetylated derivative of
chitin, which is the second most abundant polysaccharide in nature after cellulose.
It was nontoxic, biodegradable, biofunctional, and biocompatible. In addition, the
main advantage of chitosan matrix is to act as stabilizing agent in the formation of
nanoparticles due the presence of hydroxyl and primary amino groups. The stabi-
lizing agent used in chitosan and the addition of gold chloride salt solution to a
mixture of water lead to the formation of a complex containing both chitosan
primary amino group and gold (III) which appeared as an orange color solution. At
room temperature, chitosan-based reduction kinetics is low, and Au3+ ions were
complexed on the surface of chitosan; after the addition of ascorbic acid to this
solution, the dark orange color of solution is turned to the clear solution due to the
reduction of Au3+ into Au+ ions in chitosan matrix [131].

In the presence of chitosan, the sequential addition of ascorbic acid, HAuCl4,
and seed as Fe3O4@Au gave the anisotropic-shaped nanostructure. Indeed, it was
reported that the role of Ag+ is to assist the anisotropic growth of gold branches on
certain crystallographic facets (Scheme 2.12) [226]. The directed surface growth
and the particle dimension are also related to the presence of silver ions in the

Chart 2.1 Chitosan-type templates
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growth solutions. The presence of Ag+ is necessary for branched nanocrystal for-
mation. In the absence of silver ion in growth solution, the observed extinction
spectrum is characterized by a plasmon resonance band around 550 nm of gold
layer since in other study, the wide plasmon resonance band of gold layer is located
at approximately 800 nm. This redshift is due to the increase of surface area of the
magnetic nanoparticles. Plasmonic metallic nanoparticles are characterized by the
presence of localized surface plasmon resonance, and this plasmon field is gener-
ated on the surface of the nanoparticles, which enhances both absorption and
scattering. For nanoparticles of similar shapes, a redshift of the LSPR peak is
observed as the nanoparticle size is increased [227].

Additives such as surfactants (e.g., CTAB, sodium dodecyl sulfate) [167, 228],
polymers (e.g., PVP, PVPo, PVA, …) [229], foreign ions (e.g., Ag+, Cu2+, Cl−,
Br−, I−) [230, 231], ligands (e.g., inorganic ions, thiols, amines …) [232], and
impurities [230] present in the reaction medium have been already partly discussed
to play important roles in controlling the morphology of particles produced.
Surfactants, ligands, or polymers were commonly added as stabilizers to impart
stability to nanoparticles against aggregation, since colloidal particles tend to
aggregate to decrease the overall surface area and energy. Later these species were
used during synthesis as growth-arresting agents to control the particle size, mor-
phology, and surface properties. That is why nowadays a general term, capping
agent, is used to refer them. Through their interactions with particle surfaces,
capping agents can inhibit the incorporation rate of growth units onto the particle
surfaces, change the surface free energies of different facets, and, thereby, change
relative growth rates of the facets [233].

Scheme 2.12 {Fe3O4@Au}@CHI the anisotropic-shaped nanostructure [226]
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Nanocrystal growth is a complicated process, and it is the combination of many
ingredients that leads to the final shape. CTAB is known as the most suitable
reagent to control the formation of AuNPs [234]. It was found that the type of
surfactant was critical for the formation of highly anisotropic particles. While tri-
angular nanoprisms could be generated with cetyltrimethylammonium chloride
(CTAC), for example, the yield of nanoprisms was lower and the size distribution
was broader with CTAC (Scheme 2.13; Fig. 2.5). The use of benzyldimethylhex-
adecylammonium chloride (BDAC) was particularly important for the formation of
nanowires; nanowires were rarely observed in CTAC samples. When BDAC was
replaced with CTAB, a mixture of different shapes (spheres, rods, etc.) was formed
instead of triangles or wires presumably due to bromide ions interfering with silver
underpotential deposition (UPD). Therefore, it is the combination of two unusual
ingredients, silver seeds and BDAC, that is responsible for the formation of highly
anisotropic nanoparticles reported here. Compared to CTAC and CTAB, which
have been commonly used in seed-mediated growth method, BDAC has a greater
tendency to crystallize due to the aromatic head group. Therefore, they can act as a
more rigid organic template and promote the anisotropic growth of nanoparticles by
slowing down the growth of (111) facets. Other factors such as reduction potential
of surfactant-metal complexes and the affinity of aromatic groups to metal can also
impact the growth of nanoparticles [235].

Scheme 2.13 TEM-like images for CTAC and CTAB—variations of particle size and shape with
increasing silver salt concentration [234]
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The fast growth kinetics with silver seeds was further verified by the sudden
initial jump of the extinction in the UV−Vis spectra (Fig. 2.6, curve 4).

Gold nanorods have been extensively investigated as support, due to their
well-established synthesis routes, tunable surface plasmon resonance property, and
super catalytical activity. To obtain the dispersed platinum nanostructures, one of
the effective routes is to chemically fabricate Pt on preformed nanostructured
(nanorods (NRs)) surfaces, to form a core@shell structure. The Au@Pt nanos-
tructure has been synthesized by using gold nanorods as support [236], which can
catalyze the oxidation of some organic molecules. The CTAB was also involved in

Fig. 2.5 Variations of extinction spectra (CTAC lines 2 and 3, CTAB lines 4 and 5, the black full
line (1) is for both systems with the initial silver salt concentration) of nanoparticles synthesized
using different surfactants (CTAB and CTAC) with increasing silver salt concentration.
BDAC-stabilized silver seeds were used for all syntheses [235]

Fig. 2.6 Extinction spectra
showing the growth process
for Ag seed particles (1, 2,
and 3) and Au seed particles
(4, 5, and 6) (Left panel). Plot
of time-dependent maximum
extinction change for the two
syntheses shown in (AgNPs)
and (AuNPs) (Right panel)
[235]
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the synthesis of the core@shell nanostructures in which platinum nanodots (PtNDs)
appeared on the surface of seed AuNPs [237]. PtNDs were formed by the reduction
of Pt salt (H2PtCl6) by ascorbic acid (AA). On the one hand, the CTAB covered the
special lattice plane of the AuNRs though a moderate combination of bromide ion
with metal; the long hydrocarbon chains of the absorbed CTAB formed a very
stable bilayer on the AuNRs, which acted as the directing agents for growing PtNDs
on AuNRs (Scheme 2.14). On the other hand, the interaction between the CTAB
and Pt surface was significantly weaker, which offered a possibility to control the
morphology and preserve the catalytic activity of the PtNDs [238] via a similar
approach without using the AuNRs.

Ionic liquids (ILs) are a viable option as stabilizing agents because of their ionic
character and can be easily made task-specific as phase-transfer catalysts due to
their tunable nature. However, ILs are generally used as temporary stabilizing
agents. They are used to halt aggregation of Au(0) produced in the reduction of
HAuCl4, thus limiting the size of the gold aggregates that form nanoparticles [239].
Several studies have reported the synthesis of transition metal nanoparticles using
ILs as the media and stabilizers [240]. The earliest mention in the literature of an IL
with a nitrogen cation used as the capping agent for AuNPs was an
imidazolium-based cation IL reported by Itoh et al. [241]. Several other imida-
zolium ILs followed, however, these ILs contained sulfur functional groups which
provided permanent covalent stabilization of the gold; these were effectively
task-specific ILs that combined the phase-transfer catalyst and permanent stabilizer
into one molecule by functionalizing the IL with an aurophilic capping agent
(sulfur) [242].

Room-temperature ionic liquids are attracting much interest in many fields of
chemistry and industry, due to their potential as a “green” recyclable alternative to
the traditional organic solvents. They are nonvolatile and provide an ultimately
polar environment for chemical synthesis. Some ionic liquids are immiscible with
water and organic solvents, giving biphasic ionic liquid systems, which enables
easy extraction of products from the ionic liquid. The miscibility with organic
solvents or water is mostly dependent on the appropriate anions.

The ionic liquids based on the imidazolium cation are broadly used for the
synthesis of gold nanoparticles [243]. Hydrophilic and hydrophobic properties will

Scheme 2.14 Illustration of preparation processes of AuNR@PtNDs structures, AuNPs (a),
AuNRs (b) and AuNR@PtNDs-HD (c) [237]
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be tuned by anion exchange of the ionic liquid moiety. The use of the
aggregation-induced color changes the gold nanoparticles in aqueous solutions as
an optical sensor for anions via anion exchange of the ionic liquid moiety. Among
various known ionic liquids, ionic liquids containing imidazolium cation and PF6�

have a particularly useful set of properties, being virtually insoluble in water. Such
biphasic ionic liquid systems have been used to enable simple extraction of prod-
ucts. The transfer of the gold nanoparticles across a phase boundary (water to ionic
liquid) via the anion exchange of the ionic liquid by addition of HPF6 to an aqueous
solution of the 1-modified gold nanoparticles was investigated. When HPF6 was
added to the aqueous solution containing the 1-modified gold nanoparticles with
stirring, the ionic liquid phase (1-methyl-3-hexylimidazolium hexafluorophosphate)
quickly became colored, drawing from the original deep red color of the aqueous
nanoparticle solution. The complete phase transfer of the gold nanoparticles was
achieved. Before addition of HPF6, the surface plasmon absorbance of the gold
nanoparticles was observed around 526 nm. In contrast, the absorption disappeared
completely after addition of HPF6. The transferred nanoparticles displayed no signs
of degradation or aggregation. Herein, HPF6 acts as an efficient phase-transfer agent
for the 1-modified gold nanoparticles and allows their solubilization in the ionic
liquid phase through the solubility change by the anion exchange from Cl− to PF6�

[241].
A one-pot green process is based on the reduction of gold salts in the presence of

surfactant, organic polymer and IL, etc. [244], which regulate the shape and size of
nanomaterials and avoid their aggregation or precipitation. For instance, Li et al.
used microwave to heat HAuCl4 in IL (1-butyl-3-methylimidazolium
tetrafluoroborate, [BMIM][BF4]) to prepare gold nanosheet [245], and IL was
thought to act as the structure-directing agent. Zhu et al. [246] prepared anisotropic
gold nanoparticles by photochemical reduction of HAuCl4 in [BMIM][BF4] and
pointed out that IL was the critical factor for the formation of anisotropic shape.
Tsuda et al. fabricated anisotropic gold nanoparticles in bis(trifluoromethanesul-
fonyl)amide anion-based IL using accelerated electron beam irradiation and c-ray
[247]. These methods are free of additional capping agents, but the reaction con-
ditions are relatively severe. Later, Yang et al. prepared gold networks@IL
([BMIM][BF4]) by directly reducing HAuCl4 with sodium citrate in [BMIM][BF4]
aqueous solution [248]. Similar technologies such as photochemical reduction
[249], atmospheric plasma [250], and laser irradiation [251] were also utilized to
prepare AuNPs using chitosan as the structure-directing agent. In these cases, CHIT
was proved to act as a template agent for the formation of anisotropic shape.
However, the density of AuNPs obtained was low [249, 250] comparing with
physical reduction, the chemical method was easy to achieve under simple condi-
tions. For instance, Carlo et al. used organic acids to reduce HAuCl4 in CHIT
aqueous solution, and the obtained solution was coated on electrode surface to form
CHIT–AuNP hybrid film [252]. However, the layout of AuNP on electrode surface
is agglomerate.
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Yang et al. [253] have utilized IL and chitosan to regulate the formation of
anisotropic gold nanoparticle and the shape of hybrid films. As can be seen, the
graphene oxide (GO)-modified glassy carbon electrode (GCE) exhibits wrinkled
structure. When the reaction is carried out in CHIT solution, the obtained film is
stacked on GO/GCE. When both IL and CHIT are present, the obtained hybrid film
is similar to that without IL. But with the concentration of IL, increasing the hybrid
film tends to roll out. The result indicates that the concentration of IL can influence
the morphology of hybrid film. IL acts as a capping agent that is selectively
adsorbed on a specific crystal surface of AuNP. At the same time, CHIT, with a
large number of amino and hydroxyl groups, enables the simultaneous synthesis
and surface modification of AuNP in one pot. Importantly, when the hybrid film is
dried on GO/GCE, the CHIT is easy to dry and shrink to form agglomerated and
stacked shape. On the contrary, IL is difficult to dry and it can prevent the shrink of
CHIT. Therefore, the morphology of hybrid film should be related to the interaction
of AuNP, IL, and CHIT. The preparation method can overcome the agglomeration
of the dropping mixture and produce three-dimensional and mountain-like shape.
Thus, the hybrid film shows larger surface area than the agglomerated and the
smooth one.

When the hybrid film is prepared with low concentration of HAuCl4, the
diameters of AuNPs are about 50–70 nm and AuNPs are sparse. When the con-
centration of HAuCl4 increases (i.e., 3 mmol dm−3), the diameters of AuNPs
become smaller (about 40–50 nm), the density of AuNP become higher. When the
concentration of HAuCl4 is 4 mmol dm−3, the diameters of AuNPs are about 5–
30 nm, the density of AuNP is high, and the layout of AuNP is compact.
Comparing with other hybrid film reported [254], the small and dense
AuNP-decorated hybrid film is easy to be obtained. The AuNPs are spherical and
their diameters are about 30 nm when the reaction is completed in water. When the
reaction is performed in CHIT aqueous solution, anisotropic AuNPs are obtained,
and the diameters are 30–50 nm, indicating that CHIT is a critical factor to make
AuNP to form an anisotropic structure. When the reaction is performed in CHIT–IL
aqueous solution, the diameters of major nanoparticles are 5–30 nm, which means
that IL plays an important role to control the diameter of AuNP [253].

Furthermore, it has been observed that foreign ions (metal, halides, etc.) play
important roles in the morphology control of the NMNPs [230, 255]. They gen-
erally adsorb on a certain set of facets of the growing particle more strongly than
others. Such preferential adsorption affects the growth rate of a particle in an
anisotropic fashion or may influence the formation of defect structure of the seeds,
resulting in the modification of the final crystal shape [255]. However, the actual
roles of most of these additives or impurities in morphology control are neither
clearly understood nor always recognized. For instance, two schools of thought
(viz., soft template and preferential-surface adsorption) exist regarding the roles of
surfactant (or their mixtures) in the silver- and gold-nanorod formations [218, 256].
It is worth pointing out here that the impurities present in many chemical reagents
can play a vital role in controlling the shape of the nanoparticles. For example,
Smith and Korgel recently reported that the yield of gold nanorods varied strongly
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depending on the different batches of CTAB obtained from different manufacturers
[257]. Millstone et al. also reported a similar observation [230]. They claimed that
CTAB, depending upon the supplier, has an iodide contaminant, which acts as a
key shape-directing element. One should be careful about the changing behavior of
the additives under different reaction conditions (e.g., temperature) [258]. For
example, Miyazaki and Nakano reported that the temperature-dependent confor-
mation change of poly(N-isopropylacrylamide) affected the shape of platinum
nanoparticles formed upon the reduction of K2PtCl4 by hydrogen [259]. Nature of
solvent may also be important in the control of nanoparticle morphology. Later,
Gao et al. found that in the presence of the same capping agent, PVPo, the for-
mation of gold crystals with {111} facets was more favorable, which changed to the
{100}-type in ethylene glycol [260].

Since the very first SERS investigations in silver hydrosols, a lot of interest arose
about the influence of the addition of halide anions on SERS spectra. For most of
the adsorbed molecules, an increase of 2 or 3 orders of magnitude of the SERS
signal is observed upon addition of the halide anions to silver colloids. It is nec-
essary, however, that halide anions are specifically adsorbed on silver particles and
this generally occurs for chloride, bromide, and iodide anions. Later, this “activa-
tion” effect has been thoroughly investigated, because single-molecule SERS sig-
nals have been only detected in the case of activated silver colloids. Several
explanations of the SERS activation due to the addition of halide anions were
proposed, essentially based on the formation of Ag+–halide-ligand surface com-
plexes with a large charge transfer between adsorbate and metal or on the increase
of the local electromagnetic field by aggregation of metal colloidal particles.
Moreover, it is of note that both the adsorption mechanism and the surface coverage
of an organic ligand are strongly affected by the addition of halide anions. This
could explain why the SERS spectra of some adsorbates are markedly enhanced by
the addition of halide anions [261], whereas others are negatively affected by it
[262]. The silver colloid activation is still a controversial point. Aggregation of the
silver and gold nanoparticles upon addition of halide anions has been observed by
microscopic and UV-Vis absorption measurements. However, no significant
increase in the SERS enhancement of 1,2,3-triazole (hereafter TZ3) has been
detected in both silver and gold hydrosols by addition of chloride or bromide
anions, as, instead, expected on the basis of the electromagnetic mechanism after
colloidal aggregation [263]. In the case of gold hydrosols at their usual pH (6), no
difference is observed between the SERS spectra with or without halide addition. In
the case of silver and basified gold colloids, instead, the presence of coadsorbed
halide anions induces the adsorption of TZ3 as neutral molecule through one
nitrogen atom. The occurrence of several bands in the SERS spectra of TZ3
adsorbed on Ag/halide or Au/halide colloids is due to the adsorption of both tau-
tomers of TZ3, as deduced by the spectral and computational results [264].

Ethanol as well as water was suggested to act as very weak reducer agents [87].
Thus, tetrachloroauric acid was mildly stirred in ethanol at 35 °C for a couple of
days, but no changes in the color were observed. However, as the temperature was
increased to 68 °C the color changed immediately from yellow pale to pink,
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indicating that the gold salt was completely reduced and the atoms nucleated
forming small gold nanoparticles. Therefore, considering that the synthesis was
carried out at temperature lower than 45 °C, the ethanol can also be discarded as
reductant at the working temperature. In a similar experiment, HAuCl4 was mildly
stirred in water at 35 °C for one day. Unlike what happens with ethanol, smooth
changes in color were observed after one day, indicating that water is a weak
reductant at the working temperature.

Most of the methods used to produce gold nanoparticles involve the reduction of
Au(III) using strong reducing agents such as NaBH4 which generates gold
nanoparticles very rapidly [110, 265]. The introduction of strong capping agents
during nanoparticle synthesis has the effect of stopping the growth of the NPs
whereas weakly associated ligands allow for continued growth [266]. As a result,
the presence of the capping agent whether strongly or weakly binding is essential
during the nanoparticle synthesis in order to control the nanoparticle size and shape
and to prevent aggregation. However, use of strong capping agents makes further
surface modification with alternative ligands challenging [267]. In addition, the
sizes of the nanoparticles produced using strong capping agents, e.g., alkylthiols,
vary from batch to batch [268]. In order to synthesize AuNPs without the use of
strong capping agents, the synthetic method requires a reducing agent to generate
nanoparticles at a slow rate with the resulting particles stabilized by coordinating
ions or ligands which are already present in the reaction mixture from the gold salt
precursor.

Ligand exchange reactions have proven a particularly powerful approach to
incorporate functionality in the ligand shell of thiol-stabilized nanoparticles and are
widely used to produce organic- and water-soluble nanoparticles with various core
sizes and functional groups. However, this approach continues to be limited by a
number of challenges, including difficulties incorporating charged ligands into the
ligand shell, controlling the core size independent of the ligand used, and driving
complete replacement of the original ligand shell. Direct synthesis approaches have
also been employed to prepare functionalized nanoparticles but most of these
methods suffer from the incompatibility of functionalized ligands with the reaction
conditions and show a strong dependence of the core size on the stabilizing ligand
used during synthesis [269]. This novel approach has been developed for the
preparation of diverse libraries of ligand-stabilized metal nanoparticles that address
the challenges stated above. It consists of a straightforward two-step procedure,
involving (i) preparation of well-defined phosphine-stabilized precursor particles
(dCORE) and (ii) functionalization of these particles through ligand exchange
reactions with functionalized thiols. The small set of thiols previously used in this
approach suggested that the method might be extended to provide general, con-
venient access to functionalized, thiol-stabilized gold nanoparticles with a con-
trolled core size. The studies mainly explore the dynamics of ligand exchange
reactions between thiol-stabilized gold nanoparticles and other thiols [270]. The
results demonstrated that different thiol molecules have different reactivity for
bonding with gold in the formation of the nanoparticles. Possible causes for the
reactivity difference include (1) difference in the electron density of sulfur atom (–
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S–) and (2) presence or absence of a metal chelation effect. The
electron-withdrawing carbonyl group (–C=O) in tiopronin (for example) makes its
sulfur atom less electron dense compared with the sulfur in EG3-SH. According to
the nanoparticle formation mechanism proposed by Shiffrin et al. [18], as shown in
Eqs. 2.10 and 2.11, the more electron-rich thiol group (HS–) in EG3-SH reacts
faster with AuCl4� in the polymer formation step. After the polymer was reduced
by BH�

4 , the nanoparticle surface is bound more favorably to EG3-SH. In addition,
the tiopronin molecule has an acid group (–COOH) that could chelate to Au3+ metal
salt to prevent the formation of Au(I)–S–R, resulting in low reactivity [271]:

AuCl4� þHSR ! ð�AuISR�ÞnðPolymerÞ ð2:10Þ

� AuISR�� �
n þ BH� ! Aup SRð Þq ð2:11Þ

Graphene oxide (GO), a derivative of graphene, is obtained through the intense
oxidation of natural graphite [272]. Since GO sheets have large surface areas and the
edges are covered with epoxy, hydroxyl, and carboxyl groups, GO has many
potential applications, such as adsorption [273], the separation of pollutants [274],
and catalytic supports for chemical reactions [275, 276]. Its structure also endows GO
with the ability to be functionalized. GO is viewed as an amphiphile with a largely
hydrophobic basal plane and hydrophilic edges, which make it behave like a colloidal
surfactant [277]. GO has been used as a functional surfactant in a Pickering emulsion
polymerization to fabricate a poly(methyl methacrylate)/GO composite [278]. The
method is a soap-free environmentally benign process that produces high-quality
polymer graphene composites. The GO sheets are both hydrophilic and hydrophobic
due to the basal planes of the carbon networks and oxygen-containing functional
groups on those planes. With the amphipathicity, GO sheets act like a functional
surfactant and can participate in Pickering emulsions as the stabilizer [279]. Similarly,
Pickering emulsion can be also stabilized by AuNP/GO [280].

To obtain metal nanoparticle composites through the efficient, convenient, and
easy way, Liu et al. have developed a one-step approach based on the interfacial
thiol−ene photopolymerization, in which microcapsules (MCs) and metal
nanoparticles are generated simultaneously by irradiation of ultraviolet (UV) light
[281]. The in situ photoreduction of metal ions can minimize the number of pro-
cessing steps in fabrication of metal nanoparticles [282]. Using thiol groups con-
taining POSS (PTPS) as a reactive surfactant, Li et al. recently fabricated the
uniform-sized microcapsules through the one-step toluene/water interfacial thiol
−ene photopolymerization [283]. This emulsion-based approach is very appealing
for the large-scale fabrication of microcapsules. Through adding a metal precursor
into the water phase, this approach can be successfully modified to prepare
MC@NMNPs. In the presence of amphiphilic polyhedral oligomeric silsesquioxane
(POSS) containing thiol groups (PTPS) as a reactive surfactant and trimethylol-
propane triacrylate (TMPTA) as a cross-linker, the oil phase of toluene dissolved
with a photoinitiator was emulsified into a water phase containing a metal precursor
to form an oil-in-water (o/w) emulsion. Upon irradiation of ultraviolet (UV) light,
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the thiol−ene photopolymerization and photoreduction at the interface of
toluene/water lead to the formation of the cross-linked wall and metal nanoparticles,
respectively. A series of gold, silver, and platinum nanoparticle-decorated micro-
capsules (MC@AuNPs, MC@AgNPs, and MC@PtNPs) were prepared through
this one-step interfacial thiol−ene photopolymerization.

Montmorillonite (MMT) is a multilayered material consisting of many parallel
arrays of broken plates [284], and the nanomaterials exhibited similar morphologies
upon silver functionalization [Scheme 2.15 and Chap. 5 (Scheme 5.2)]. With
increased AgNO3 ratio on MMT, the surface becomes shiny due to the presence of
AgNPs and homogeneous fraction surface was detected during the synthetic pro-
cesses; AgNO3 is intercalated into the gallery regions of montmorillonite/polymer
and formed hybrid framework. It can also be seen that the AgNPs@MMT and/or
MMT@AgNPs nanocomposites exhibited card-like and ball-like homogeneous

Scheme 2.15 The mechanistic routes of clay (montmorillonite, MMT) polymer—nanocompos-
ites formation in the thermally- and photoinduced reduction of silver salts
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surface fractions and form one-phase morphology. The HRTEM images revealed
that the AgNPs are well dispersed on both MMT surface and pores, and the dark
region is increased with increasing silver content, which is in good agreement with
XRD analysis [179].

Typical XRD peaks for all samples of trioctahedral subgroup of 2:1 phyllosili-
cates are observed, which are ascribed to (110), (020), (004), (130), (200), (330),
and (060) diffractions. The results indicate that the crystalline structure of the clay
sheets had not been destroyed after preparation processes, with observed low
intensities peak closely matching those of pure silver (reflections at 38.36°, 44.49°,
64.81°, 77.71°, and 81.81°). The silver-peak (111) is indicating that the silver grains
were oriented along the [111] direction, where (111) plane corresponds to the cubic
system in the thin films’ growth [285]. Despite the intensities of reflections cor-
responding to the planes in different samples are low, the 5% AgNP@MMT sample
shows more reflection intensity indicates more crystallites corresponding to the
(111) plane of cubic Ag (a = 0.4132 nm). Indeed, the reflection peaks of AgNPs
have low intensities owing to their high dispersion on the inner surface of MMT,
which is consistent with other report [286]. The crystal grain size was estimated
from the full width at half maximum of the Ag (111) peak using the Scherrer
equation. The crystallite size for 1, 3, and 5% Ag in AgNP@MMT nanocomposite
samples is found to be in the range of *7.4, *10.7, and *19 nm, respectively.

MMT is porous material and according to [286], the low intensity of some metal
in the porous structure resulted from high diffusion of this metal inside pores. The
degree AgNPs dispersion on MMT surface is a function of color intensity and its
homogeneity. However, more congregating of the silver nanoparticles is inhibited
due to the paraformaldehyde (polyoxymethylene) molecule escaping on the sur-
faces of the silver particles, then forming a steric hindrance to prevent them from
aggregation [287]. Compared to AgNPs [288], MMT@AgNPs exhibit a redshifted
peak at 421, 433, and 442 nm for 1, 3, and 5 MMT@AgNPs nanocomposites,
respectively. This redshift in the absorption spectra reflects a decrease band gap of
the semiconductor, which arises from the size quantization effect, and may be
caused by the MMT shell [289]. It was reported that the absorption bands corre-
spond to silver nanoparticles smaller than 15 nm were detected at around 404–
415 nm [290]. The symmetric absorption peaks indicate surface plasmon resonance
of uniform spherical silver nanoparticles [291]. This implies that when the con-
centration of silver ions was increased, the size increased. This could be due to
different nucleation mechanisms operating at lower and higher Ag+ concentrations
attached to MMT at constant ratio of stabilizing agent.

The corresponding findings for traditionally studied ensembles of palladium
nanoparticles includes lowering of the critical temperature for separation of the a-
and b-phases with decreasing particle size [292], narrowing of the two-phase region
[293], decreasing absorption–desorption hysteresis, increasing slope of the plateau
of the corresponding loop [294], and apparent compensation for the influence of
surface tension by absorption at subsurface sites [295]. The influence of the particle
size/shape distribution on these findings is, however, not fully clear [296]. Other
frequent complicating factors are different types of surfactants, polymeric
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stabilizers, or strong interactions with the support/host matrix that may affect lattice
strain and its relaxation during hydrogenation [297].

With the development of nanoplasmonic sensing, it recently became possible to
advance from studies of confinement effects in Pd thin films and arrays/ensembles
of Pd nanoparticles to the investigation of hydrogen sorption at the
single-nanoparticle level, eliminating ensemble-averaging artifacts [140]. However,
these initial single-particle studies did not provide deeper insight into the corre-
sponding physics. The first detailed single-particle experiments were performed by
Baldi et al. with individual Pd nanocubes at low pressure and temperature by means
of electron energy loss spectroscopy [298]. Instead of a slope in the plateau region
observed earlier at the ensemble level for Pd nanocubes by Bardhan et al. [299],
they found a sharp phase transition and a size-dependent absorption plateau pres-
sure (the thermodynamics was not quantified). This was explained by a model
assuming phase coherence and tensile strain in the particle core, induced by a thin
1-nm subsurface hydride layer, which mediates the phase transition [298]. In
contrast, the treatment by Bardhan et al. invoked a thermal-fluctuation-mediated
phase transition to explain the observed size-dependent thermodynamic parameters
[299].

Syrenova et al. have applied noninvasive single-particle plasmonic nanospec-
troscopy for the comprehensive experimental assessment of both hydrogenation
thermodynamics and hysteresis in individual, surfactant-free, palladium nanocrys-
tals over an unprecedented size (from 17 nm to over 100 nm) and shape range
(single-crystalline nanocubes, nano-octahedra, and twinned nanorods) [300]. They
rely on wet-chemically synthesized Pd–Au heterodimers, created by electrostatic
self-assembly of plasmonic gold nanoantennas and shape-selected Pd nanocrystals
we have introduced earlier [301]. Hydrogen sorption is tracked by measuring the
spectral shifts of the plasmonic scattering peak of individual dimers, which is
proportional to the hydrogen concentration in a Pd particle [302] as here also
confirmed specifically by finite-difference time-domain (FDTD) simulations for the
three investigated Pd nanoparticle shapes. Plasmonic nanospectroscopy is effective
for probing individual functional nanoparticles in situ and in eliminating ensemble
averaging to unearth single-particle-specific effects. Here, the authors have
employed this approach to investigate in detail the thermodynamics of the hydride
formation, and to analyze the hysteresis in the metal-to-hydride phase transition in
individual Pd nanocrystals with different sizes and shapes. It was found that hydride
formation enthalpy and entropy in the considered size range are nearly independent
of particle size or shape. This result is in agreement with the general understanding
that particle sizes below 10 nm are required to significantly reduce DH [303]. They
also observed a sharp hydride phase transition with flat plateaux and with hysteresis
(much) wider than for single- and polycrystalline bulk Pd, thin-film, and poly-
crystalline nanoparticle systems. Moreover, they reported an asymmetric size
dependence of the hysteresis through decreasing absorption plateau pressures for
decreasing particle size (in agreement with Baldi et al. [298]). At the same time,
they found that desorption plateau pressures are constant for all investigated particle
sizes and shapes, and in excellent agreement with bulk Pd data. These findings were
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explained within the established picture of a first-order phase transition, and the
energetic interplay between dislocation formation and coherency strain at the
metal–hydride interface during hydride formation. Finally, direct comparison
between ensemble and single-particle measurements clearly reveals for the first time
that the typical slope on equilibrium plateaux observed for nanoparticle ensembles
is not only due to inhomogeneous particle size (as commonly put forward), but also
a direct consequences of the specific defect structure of the individual particles—
that is, the availability of dislocations to accommodate lattice strain. The latter
becomes clear from the fact that nanocrystals with nominally identical size can
exhibit hysteresis with widely varying width.

2.2.1 Particle Nucleation and Growth

The understanding and control of crystal (particle) growth are critical to modern
nanoscience and nanotechnology [304]. A general strategy for producing
high-quality crystals is to maintain the growth solution slightly supersaturated in the
atomic or molecular species to be deposited so that the lowest energy equilibrium
positions can be attained. Often modifiers (e.g., surfactants) are added to moderate
the growth rate or influence the final crystal habit. Growth of gold nanocrystals in
solution also relies on surfactants to control unwanted cluster aggregation during
chemical reduction of ionic precursors or thermal decomposition of metalorganics.
In the case of chemical reduction of a metal salt, for example, the nucleation event
may be localized uniformly in space and time by the presence of nanometer size
cavities or by creating a microheterogeneous solution. The latter strategy is the
basis for nanocrystal growth in the interior of surfactant aggregates (micelles or
vesicles). In both cases, the diffusion of new material and its deposition onto the
seed nuclei will be much slower than would occur in a continuous phase such as a
liquid or gas. In the latter case, the aggregation kinetics as described by the
Smoluchowski equation predicts a power law (or log-normal) size distribution in
the final product. Such strong polydispersity is generally unwanted. In the case of
slow, controlled growth of small nanocrystals in a microheterogeneous environ-
ment, one anticipates that facile surface diffusion of atoms deposited on the initial
nuclei may create structures controlled by thermodynamic considerations rather
than kinetic ones as in classical colloidal (microemulsion) growth. As the growing
clusters undergo diffusion and collisions in the solution, intercluster exchange of
atoms may even occur in order to achieve a structure with the most thermody-
namically stable structure [305].

Models of particle (crystal) development consider two basic steps: nucleation
and growth [306]. The creation of a new phase from a metastable (supersaturated or
supercooled) state is nucleation. Nucleation occurs via embryos, or germs, which
are small, transient clusters, or some entities approximating it, of the new phase.
Continuous fluctuations in the sizes of these clusters occur via the incorporation of
additional atoms or molecules and their detachment. Where the incorporation event
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becomes overwhelmingly more probable than decay, it may result in an embryo
growing large enough to become stable, i.e., the energy barrier for its structural
fluctuations becomes sufficiently high and a new moiety with well-defined structure
is formed [307]. During the nucleation, two opposing energy factors come into play
simultaneously. Creation of (new) surface at the boundaries of a nucleus costs
energy. On the other hand, there is an energy release due to creation of a new
volume [306]. Depending on the surface-to-volume ratio of a developing particle,
the resultant energy varies and, therefore, there will be an energy barrier for
nucleation. The energy barrier for homogeneous nucleation (spontaneous and
random nucleation occurring throughout the solution) is high and hence requires
higher degree of metastability (e.g., supersaturation) compared to heterogeneous
nucleation. In the case of heterogeneous nucleation, nucleation occurs on surfaces
of preexisting foreign bodies or solid structures; hence, some energy is released by
the partial elimination of those preexisting interface. This energy gain diminishes
the free-energy barrier and facilitates nucleation. Therefore, heterogeneous nucle-
ation occurs much more often and at the lower saturation level compared to the
homogeneous nucleation [307, 308].

In the embryonic stage of the metal nanoparticle nucleation, atoms (formed via
reduction of metal precursors) or the combined atom–metal precursor systems
assemble to form clusters such as dimers, trimers, tetramers, in solution. These
clusters may disassemble or collide with further metal ions/atoms, finally forming
an irreversible seed. Nucleation ceases when the concentration of growth units falls
below the minimum supersaturation level. Once the seed forms, it acts as a con-
vergence point for growth units (ions/atoms) as long as they are available and grows
in dimension. Morphology and growth rate of the seed (which are again functions
of thermodynamic and kinetic factors) play major roles in determining the final
nanoparticle morphology.

The homogeneous nucleation of nanoparticles is based on the supersaturation of
solution by reactants such as precursors, reducing agent, stabilizers, costabilizers,
and additives. The increased 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. Generation of supersaturation 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 precursor (s), stabilizer(s) and
other additives are stirred in the oil- or water-continuous phase and then treated by
the heat [309]. The heterogeneous nucleation of metal particles consists of
several-step process [310]. In a typical heterogeneous nucleation, the first step is the
formation of the primary (seed) metal particles and then the growth of particles is
achieved via further steps, for example, by the further addition of precursor(s),
stabilizer(s), and additives. Meanwhile, some stabilizers, like sodium dodecyl sul-
fate [311], sugar ball [312], and polymer (e.g., poly(vinylpyrrolidone)) [313], were
used, and some stabilization technologies of thiol-ligand coatings [314] and poly-
mer capping agents [315] were developed to prevent the prepared (sub)nanoparti-
cles from aggregating. At room temperature, citric acid, oxidizable solvents (such
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as alcohols or DMF), and polymers (e.g., poly(vinyl alcohol) (PVA), PVPo, PVP,
etc.) show weak reducing properties toward most of the metal precursors. However,
they are capable of reducing a number of metal ions at elevated temperatures [316–
318]. In most of the cases, these reducing agents play simultaneous roles of solvents
and stabilizers. Depending on the reduction potentials of the metal precursor and the
reducing-agent systems, the temperature required for reduction varies.

In the case of homogeneous nucleation, the shape of a (seed) crystal under
equilibrium (thermodynamic) conditions can be predicted on the basis of Gibbs–
Wulff theorem. The equilibrium (or Gibbs–Wulff) shape of a crystal is one that
minimizes surface energy for a given enclosed volume. If the surface energy is
isotropic (as for a liquid), the equilibrium shape will be spherical as the sphere has
the minimum surface area for a given volume. In the case of crystalline solids, the
surface energy is anisotropic. Therefore, total surface energy is not only determined
by the surface area but also by the nature of the surface facets. Therefore, the
energy-minimizing shape is obtained by enclosing the crystal with the facets of the
lowest possible surface energy as well as truncating the facets in order to give
minimum possible surface area for a given volume, which results in a polyhedron
shape. For a face-centered-cubic (fcc) crystal structure, the surface energies (c) of
the low-index crystallographic facets are given in the order [307, 319]:

c 111f g\c 100f g\c 110f g ð2:12Þ

Based on this facet energy, minimum surface-energy requirement predicts that
the seed crystals of fcc metals should show a tendency to adopt a tetrahedral or an
octahedral shape enclosed by {111} facets. But tetrahedron or octahedron shapes
are not the minimum area shapes for a given volume. Therefore, the Gibbs–Wulff
shape for an fcc crystal structure is a truncated octahedron, which is enclosed by
eight hexagonal {111} facets and six square {100} facets. Though truncation
introduces a relatively high-energy {100} facet but generates nearly spherical
shape, thereby decreasing the total surface area and free energy. At very small
(nanometer) sizes, the equilibrium shape is an octahedron, corresponding to the
disappearance of the {100} facets [320]. The regular polyhedron shapes can be
obtained only at 0 K, where the surface-energy anisotropy is maximal. The
surface-energy anisotropy decreases at high temperatures and rounded parts appear
in the equilibrium shape [321].

In the case of heterogeneous nucleation, the seed can grow in an epitaxial or
nonepitaxial way. Epitaxy is the technique of growing a crystal (called deposit or
overgrowth), layer-by-layer, on another crystal (substrate). In the epitaxial growth,
the deposited metal takes on a lattice structure and orientation identical to those of
the substrate. Chemical compositions of the deposit and the substrate may be the
same (when it is termed as homoepitaxy, e.g., gold seed to gold nanorod), or
different (in the case of heteroepitaxy of the different metals). The deposit and
substrate may differ in the nature and strength of their chemical bonds as well as in
their lattice structures. The chemical bond between the deposit and substrate
determines the degree of interaction that can occur between the two, while the

2.2 Precursors and Their Conjugates 173



lattice mismatch determines the spatial variation of the interaction. A strong
deposit–substrate interaction and small lattice mismatch stimulate epitaxial growth.
According to the Wulff–Kaischew theorem, the equilibrium shape of a supported
(macroscopic) crystal is determined not only by the surface energy (c) of the facets
but also by its adhesion energy (b) with the support [320]. Depending on the
magnitude of c as compared to b, various degrees of truncation of epitaxially
formed nuclei (as compared to homogeneously formed nuclei) may result. The
presence of strain at the interface due to a mismatch (misfit) between the lattice
parameters of the support and the deposit crystal may cause deviation from the
equilibrium shape. When the crystal structures are the same, the mismatch
(m) between the two lattices is defined by [307]

m ¼ ad�asð Þ=as ð2:13Þ

where ad and as are the lattice parameters of the deposit and the substrate,
respectively. For zero mismatch (m = 0), edges between the top facet (parallel to
the substrate) and the lateral facets (perpendicular) follow a straight line with crystal
growth, meaning that the shape is self-similar (the Wulff–Kaischew case). But for
nonzero mismatch (m 6¼ 0), the deposit crystal grows faster in height than laterally
when the height-to-width aspect ratio is no longer constant and larger aspect ratios
(i.e., taller crystal) are obtained with the larger mismatch. The equilibrium shape
then deviates from the Wulff–Kaischew case. Qualitatively, as the depositing
crystal layer is strained at the interface, it prefers to decrease the interface area and
to grow at the top to relax more easily. However, the elastic energy increases with
the size of the crystal and at a given size the system will partially relax the strain by
introduction of dislocation. In the case of formation of an epitaxial phase, mecha-
nisms of nucleation and overgrowth have been categorized into three types, namely
the Frank–van der Merwe mode, the Stranski–Krastanov mode, and the Volmer–
Weber mode [322, 323]. These modes have been deduced from equilibrium con-
siderations of the energy balance between the surface energy and the interfacial
energy for lattice-matched systems. The Frank–van der Merwe mode, where 2D
layer-by-layer growth is observed, occurs under lattice-matched or slightly mis-
matched conditions with high interfacial bond energies and low supersaturation to
suppress 3D nucleation [322, 323]. In Stranski–Krastanov mode, a 2D layer of
adsorbed atoms is formed under conditions of undersaturation, which turns into 3D
growth under conditions of supersaturation (2D layer followed by 3D islands on
top). In the Volmer–Weber mode, which occurs under highly lattice mismatched
conditions, 3D nucleation occurs under conditions of supersaturation, followed by
growth of 3D islands leading to their coalescence [322, 323].

From crystallography, we know that for crystals grown under surface-control
conditions, the mechanism of crystal growth can be determined by the structure of
the crystal face. It is known that closely packed flat faces (F-faces) grow more
slowly than stepped faces (S-faces) or kinked faces (K-faces). Thus, in a growing
crystal, F-facets will be exposed more and more, while S-faces and K-faces will
gradually disappear. This results in a shrinkage in area (or elimination) of
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higher-energy facets, while the area of lower-energy facets increases [231].
Consequently, in contrast to the unique equilibrium shape (at a given temperature)
of a macroscopic crystal, several polyhedral growth shapes, including highly ani-
sotropic ones, can be obtained by fine-tuning the relative growth rates of the dif-
ferent facets. The surface energy of a facet can be modified by the adsorption of
various additives.

Mass-transport-limited growth is another source of anisometric development of
nanoparticles. If interfacial processes are extremely fast during a crystal growth
process, the long-range transport of mass controls the rate of growth. Crystals
grown under such far-from-equilibrium (high-supersaturation) conditions often
show complex shapes, dendritic or branch formation. Fast interfacial process cre-
ates a depletion zone around a crystal at the crystal–solution interface due to fast
accommodation of the growth units (atoms, ions, molecules), and the supersatu-
ration increases with distance into the parent phase. When a depletion zone is
formed around a crystal with polyhedron shape, the apexes of the crystal protrude
into the region of higher concentration [231]. Consequently, the rate of growth of
any apex (protrusion) will be greater than the growth rate of the rest of the crystal
facets, leading to the formation of branches. The diffusive nature of long-range
transport processes gives rise to such morphological instabilities, leading to shapes
like dendrites [324]. One can summarize different growth conditions as follows:
(i) At or near equilibrium growth conditions, faces with the lowest surface energies
dominate the crystal habit. (ii) In crystals grown under surface-control conditions,
faces with the slowest growth rate dominate the resulting habit. (iii) For
diffusion-controlled continuous growth conditions, the crystal habits tend to be
rounded, as all crystal faces are rough and predicted to grow at the same rate. (iv) At
very high supersaturations, morphological instability can occur and dendritic, cel-
lular, hopper, etc., growth forms may appear.

In general, colloidal particles in a dispersion medium are subject to Brownian
motion, and this produces frequent collisions between particles [325]. During such
a collision, there are two basic interactions between the particles that determine
their stability: one being the attractive forces (van der Waals attractive forces often
dominated by a metallic core) and the other being the repulsive forces (mainly
electrostatic and steric hindrance). If the attractive forces dominate, the particles
will aggregate; in contrast, if the repulsive forces dominate, the system will remain
in a dispersed, stable state. For nanoparticles in solution, due to the van der Waals
attractive forces acting continuously between them, it is necessary to introduce a
repulsive force to maintain particle stability [326]. For example, gold nanoparticles
are commonly synthesized through the reduction of auric acids in water using
trisodium citrate, with the citrate ions also serving as stabilizing ligands providing
surface-bound negative charges, repulsive electrostatic forces around the gold
nanoparticles [327]. Upon the chemisorption of electrostatically neutral small
molecules, the molecules displace citrate ions from the AuNP surface, reducing or
eliminating the surface charges [328]. Without strong charge–charge repulsions,
these monolayer-coated AuNPs can be driven to each other by van der Waals
attractions, leading to aggregation. In most cases, aggregation of AuNPs is an
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irreversible process, and the presence of irreversibly aggregated AuNPs changes the
particle size distribution, optical properties, and the surface-to-volume ratio for the
AuNPs in solution, making it difficult or impossible to employ them in various
applications [329].

In liquid-phase synthesis of NMNPs, nucleation and growth depend on the
nature of the reducing agent and stabilizing ligands, the identity of the metal ion
precursor, and reaction temperature [266]. In a typical liquid-phase synthesis, the
nanoparticle formation process undergoes three distinct stages as follows: (1) re-
duction and generation of active nuclei, (2) formation of seed particles upon col-
lision of active nuclei, and (3) formation of larger nanoparticles via a growth
process, which may be Ostwald ripening or aggregation. In liquid-phase synthesis
of nanoparticles, sodium citrate and sodium borohydride are the most commonly
used reducing agents. The synthesis of nanoparticles via the citrate reduction
method is generally performed at elevated temperatures (85–100 °C) [19, 330].
However, sodium citrate alters the solution pH due to its weakly basic character and
influences nucleation and growth [331], causing conditions under which the
nanoparticle formation mechanisms contradictory and uncertain [332]. In the case
of sodium borohydride-based synthesis of nanoparticles, nucleation and growth
take place on a millisecond timescale [333]. As a result, direct time-resolved
measurements are extremely challenging and required special instrumentation
[334]. Although real-time TEM (tTEM) techniques have been recently introduced
to monitor nanoparticle growth [335], characterization of the early stages of
nucleation and growth still remains elusive. In addition to using TEM, mass
spectrometry was introduced to investigate the formation of thiolate-stabilized gold
nanoparticles [336]. However, this method did not provide information about the
nucleation and growth processes during nanoparticle formation. A separate study
reported aggregative growth by evaluating precursor decomposition at elevated
temperature [337]. However, this method required additional cleaning to purify the
nanoparticles for each step of data analysis, which could alter the nanoparticle size
distribution adding ambiguity to the proposed nanoparticle formation mechanism.
Furthermore, LSPR properties of nanoparticles are strongly dependent on their local
dielectric environment [338].

The NMNP growth, thus, is generally categorized by two processes: diffusion-
controlled Ostwald ripening and aggregation/coalescence. The diffusion-controlled
Ostwald-ripening growth can be differentiated from the aggregative/coalescence
growth by three distinct observable characteristics during the nanoparticle forma-
tion as follows [266, 339]: (1) The final nanoparticles should be single crystalline in
nature (2) the nanoparticle growth kinetics should be nonsigmoidal, and (3) the
early reduction process should not involve a bimodal size distribution. It was
reported that the evolution of the LSPR peak with time during silver nanoparticle
formation was nonsigmoidal. Moreover, it was also found single crystallinity of the
final AgNPs and the absence of a bimodal size distribution at the early stage of
nanoparticle formation. These data are consistent with diffusion-controlled
Ostwald-ripening growth during the slow reduction and formation of AgNPs [340].
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The digestive-ripening process contributes to the regulation of the particle
growth and particle distribution. The entire process from an as-prepared colloid to a
digestively ripened one can be categorized into three steps, namely (1) addition of
the ligand to the as-prepared colloid to break the bigger particles into smaller
ligand-capped particles (2) isolation of the ligand-capped particles from reaction
side products, and (3) refluxing the isolated colloid from step 2 with additional
ligand to obtain the digestively ripened colloid. There are two important steps in the
above process, which differentiate useful ligands from the rest. In the first step, the
ligands (except alkanes) break the big prismatic-shaped as-prepared particles into
nearly spherical and relatively monodisperse colloids. The next step involves the
isolation of these ligand-stabilized small spherical particles from the reaction side
products. Two slightly different protocols were employed for this. In the first one,
the ligand-stabilized colloids were precipitated by adding excessive amounts of
ethanol or acetone. This worked well for thiol-, amine-, and silane-coated particles.
In all the other cases, the ligands were probably not securely attached to the particle
surface, leading to the coagulation of particles when ethanol or acetone was added,
and they could not be redispersed in toluene. Alternative methods like extracting
the side products and surfactants with water were effective for only
phosphine-stabilized particles. In all the other cases, shaking with water-formed
emulsions and the colloids decomposed rapidly, making them useless for digestive
ripening. The successfully isolated colloids were either redispersed in toluene
(thiol-, amine-, and silane-capped) or were taken as it is (phosphine); a second dose
of ligand was added to them and they were subjected to reflux, resulting in the
formation of a nearly monodisperse gold nanoparticles in all the cases [340].

Furthermore, to fully utilize the functional properties of the nanoparticles,
well-dispersed systems are desirable. Recently, solvents and the soft templates have
been widely used to control the synthesis of metal nanomaterials because their
coordination interaction with metal ions provides a good way to control the size
and, more importantly, the size distribution of nanocrystals. By changing the re-
action conditions, for example, the concentration of starting materials, the nature of
the solvents, and the suitable capping/stabilizing agents, it is possible to synthesize
a variety of nanocrystallites with different sizes. In the solvothermal process, the
capping agent can covalently bind to the surface atoms of the nanocrystallite and
can thus prevent them from forming bulk materials. Therefore, solvothermal pro-
cess has recently been extensively applied to the synthesis and design of nano-
materials of new structures and properties.

Gold nanoparticles show distinct absorption in the visible region due to surface
plasmon resonance, and their fundamental optical properties are studied using
continuous white light. On another front, pulsed laser light enables us to inject
much energy into materials and expand the research field. Studies on ultrafast
energy relaxation dynamics in gold nanoparticles induced by femtosecond laser
pulses are good examples. Irradiation of intense pulsed laser light to gold
nanoparticles induces their size reduction, size enlargement, and morphological
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changes [341]. The photothermal process in which the absorbed photon energy
heats the particles in a few picoseconds is considered to cause enlargement and
morphological changes. Morphological changes of ellipsoidal gold nanoparticles
with low aspect ratios to spheres occurred ca. 100 °C lower than the melting point
because of surface melting. However, for laser-induced size reduction, two kinetic
processes are proposed; one is the vaporization of particles induced by a pho-
tothermal process in which particles vaporize at the boiling point [342], and the
other is a kind of Coulomb explosion of particles induced by electron ejection from
particles. For femtosecond laser irradiation to gold nanorods, experimental results
are in contrast with the hypothesis based on the photothermal process since the size
reduction of gold nanorods occurred without correlating with the fact that the
temperature of the particles reached the boiling point. However, Inasawa et al. [341]
suggested a semiquantitative model that explained the maximum diameter of par-
ticles, existing in the system after sufficient laser irradiation, reported by Takami
et al. [342]. Their model was based on the heat balance, including the heat dissi-
pation from a particle to the surrounding media, because the heat dissipation
occurred in 100–200 ps (shorter than the pulse width used by Takami et al.; they
used nanosecond laser pulses [342]). Their work supports the photothermal process
as its mechanism. In addition to the contrasting experimental results above, phe-
nomenological details, such as to what extent particles reduce their sizes per one
pulse and what is the main factor determining the size of small particles, which are
generated by laser-induced size reduction, are not yet known. It was revealed that
the size reduction of gold nanoparticles under picosecond laser pulses occurred
even below the boiling point because of the gold vapor formation around hot liquid
gold drops. With sufficient laser energy for the boiling of particles, gold vapor can
also be formed inside liquid gold drops, and such bubbles go to the outside of the
drops with some volume of liquid gold around the bubbles, resulting in the for-
mation of particles with gold strings on their surfaces. Our results also indicate that
the important factor that determines the phenomenon is not temperature but the
vapor pressure at the liquid interface [343].

Modifications in temperature influence the reaction by changing the stabilization
of the complexes formed between metal precursors and the surface modifiers, e.g.,
PVPo, and the nucleation rate of the reduced metallic atoms. Characterization of
these systems has been a difficult process where researchers have employed indirect
measurements to identify the localization of the elements within the nanoparticles.
A novel approach to study this kind of particles is based on the use of a high-angle
annular dark-field (HAADF) technique, in a TEM, which allows the observation of
the interfaces between layers of different elements due to differences in atomic
number, densities, or the presence of strain fields due to differences in lattice
parameters. This is mainly useful when the structure of the particles is of the
core@shell type. On the other hand, it is known that small metallic particles show
characteristic absorption bands in the UV-Vis region of the electromagnetic spec-
trum, but their spectrum can be modified depending on the characteristics of the
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suspending medium, composition of the metallic structure, the presence of sur-
factants or any other surface modifier besides the size of the particle. Reaction
proceeds in general as an oxidation of the ethylene glycol reducing the metallic
precursor to its zero-valence state:

OH�CH2�CH2�OH� oxidize ! CH3�CHO + H2O ð2:14Þ

4 CH3�CHOð Þ þ H2PtCl6 ! 2 CH3�CO�CO�CH3ð Þ þ Pt0 þ 6HCl ð2:15Þ

This is the reaction involved in the reduction of Pt4+ to Pt0

OH�CH2�CH2�OH� oxidize ! CH3�CHOþH2O ð2:16Þ

6 CH3�CHOð Þþ 2HAuCl4 ! 3 CH3�CO�CO�CH3ð Þþ 2Au0 þ 8HCl ð2:17Þ

This reaction describes the reduction of Au3+ to Au0. In the presence of a surface
modifier, the reaction changes depending on the ability of the metal to coordinate
with it, as in the case of PVPo where the metallic precursor could coordinate with
the oxygen of the pyrrolidone group, when the particles are in the nanometer size
range, while when they are in the micrometer size range the coordination is mainly
with the nitrogen, as reported by Bonet et al. [344].

The analysis of the bimetallic synthesis suggests that at lower temperatures (100
and 110 °C) the gold reduces and nucleates much faster than the platinum and that
an interaction between Pt and PVPo is strong enough to prevent the two elements
from forming bimetallic structures. However, at 120 °C there seems to be a balance
between the reduction and nucleation rates of Pt and Au, considering Pt was given
one more minute in the reaction. This is why we observe an interaction between the
elements and the formation of bimetallic structures. However, at this temperature
there is a combination of a few Au@Pt nanoparticles (particles > 10 nm) with a
combination of Pt@Au nanoparticles (particles < 10 nm) and eutectic alloyed
nanoparticles. In the temperature range between 130 and 170 °C, Pt@Au particles
were obtained. And in the last two temperatures (180 and 190 °C), Pt@Au
nanoparticles with thicker Au shells were synthesized, as observed in the HAADF
images. In all the temperatures above 110 °C, the presence of eutectic alloyed
nanoparticles was also detected [345].

The growth of metals on oxide surfaces is important in numerous technologies
including electronic device fabrication and heterogeneous catalysis. With respect to
the latter, the activity and selectivity of metal-catalyzed reactions are often sensitive
to the metal particle morphology. For example, the catalytic activity of gold sup-
ported on certain oxides depends critically on the morphology of the clusters. In
general, the morphology of metal particles on oxide surfaces depends to a large
extent on defects, particularly point defects such as oxygen vacancies. The research
has been addressed to the relationship between metal cluster nucleation/growth on
oxide surfaces and defects; however, many questions remain unanswered. Using
scanning tunneling microscopy showed that bridging oxygen vacancies on TiO2 are
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active nucleation sites for gold clusters. In addition, this was suggested that the
diffusion of a vacancy–cluster complex plays an important role in the formation of
larger gold clusters. Using atomic force microscopy, point defects in MgO have
been quantified by estimating the Pd cluster density as a function of the deposition
surface temperature. In a theoretical study, the binding energies of various metals to
MgO have been calculated and showed that dimers of noble metals are more stable
at oxygen vacancies. Using STM, preferential decoration of Pd and Rh metal
particles on line defects of Al2O3 has been discussed. Furthermore, defects in
crystalline SiO2 thin films have been studied using ultraviolet photoelectron spec-
troscopy (UPS) and metastable impact electron spectroscopy techniques (MIES).
On the basis of STM studies, gold nanoclusters can be used to highlight defects in
SiO2 thin films with cluster growth related to a specific defect feature. On a
well-prepared SiO2 thin film, gold nanoclusters preferentially decorate line defects.
However, higher densities of Au nanoclusters are observed on the terrace sites of a
SiO2 thin film prepared at a lower annealing temperature. A plot of the number
density of gold clusters with respect to Au coverage shows that the nucleation and
growth of Au clusters is initially dominated by oxygen vacancy complexes [346].

Seed-mediated growth method [24] has been demonstrated to be a powerful
synthetic route to generate a range of different types of metal nanoparticles [347].
This method separates the nucleation and growth stage of nanoparticle syntheses by
introducing presynthesized small seed particles into a growth solution typically
containing a metal precursor, reducing agent, surfactants, and some additives. It has
been shown that various shapes of gold and silver nanoparticles (e.g., rods, spheres,
cubes, and octahedra) can be synthesized using the method, depending on the type
of surfactants and ionic additives (e.g., silver ions, halides, and hydroxide) in the
growth solution [347]. This approach with hydroquinone can reduce HAuCl4 in an
aqueous solution that contains 15-nm gold nanoparticle seeds. This seed-based
method of synthesis is similar to that used in photographic film development, in
which silver grains within the film grow through addition of reduced silver onto
their surface. Likewise, gold nanoparticles can act in conjunction with hydro-
quinone to catalyze reduction of ionic gold onto their surface. The presence of a
stabilizer such as citrate results in controlled deposition of gold atoms onto the
particles and growth. Typically, the nanoparticle seeds are produced using the
citrate method. The hydroquinone method extends the range of monodispersed
spherical particle sizes that can be produced. Furthermore, the hydroquinone
method can produce particles of at least 30–300 nm.

Dissolution is one of the main processes that controls metal nanoparticles
behavior in aquatic systems. This is not the case for the metal microparticles or bulk
metal fragments. Dissolution of silver nanoparticles, for example, occurs through
oxidation of metallic silver and release of Ag+ into solution (or dissolution rate is
accelerated) [348]. Release of Ag+ is determined by intrinsic physicochemical
properties of silver nanoparticles and by those of the solution. Parameters that either
enhance or suppress silver nanoparticle dissolution are ionic strength, pH, dissolved
oxygen concentration, temperature, dissolved complexing ligands (organic matter,
sulfur, chlorine), silver surface coating, shape, and size [349]. Often dissolution of
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silver (AgNPs) is controlled by a combination of solution and intrinsic properties
making it challenging to evaluate contribution of each parameter to dissolution.
Studies of silver nanoparticle dissolution in natural and synthetic waters revealed
that particle size might have a dominant effect on AgNP dissolution. For instance,
studies of AgNP dissolution in acetate buffer (pH 4) revealed more Ag+ release
from 4.8 nm than from 60 nm particles. Nevertheless, surface-area-normalized Ag+

release was similar for both sizes suggesting that AgNP dissolution is
size-controlled [350]. In general, the particle size has an inverse effect on AgNP
dissolution: small nanoparticles (<15 nm) release more Ag+ than large ones because
particles of the smaller radius are energetically unfavorable due to higher
surface-to-volume ratio and consequently more soluble [351].

Studies of PEG-SH-coated silver nanoparticle dissolution revealed that solubility
of nanoparticles was larger in acetic acid than in water. The proposed mechanisms
of silver nanoparticle dissolution are oxidative dissolution through reaction of
metallic silver with dissolved oxygen and protons [348] following reactions:

4AgðsÞ þO2 ! 2Ag2OðsÞ ð2:18Þ

Ag2OðsÞ þ 2Hþ ! 2Agþ þH2O ð2:19Þ

Dissolution is initiated by oxidation of metallic Ag on the surface of AgNP by
dissolved O2 and formation a 1–2 atomic layer thick silver(I) oxide (Ag2O) [352].
The layer of Ag2O dissolves releasing Ag+ into solution until Ag2O is extinguished
[349]. Once the Ag2O layer is completely dissolved, further oxidation of metallic
Ag to Ag2O might occur, and AgNP dissolution will continue. Our observation of
increase of AgNP dissolution when pH decreased from 7 (water) to 3 (acetic acid)
might further support formation of Ag2O surface layer. In the presence of water, the
surface of Ag2O is covered with surface hydroxyl groups (Ag–OH) which undergo
protonation at acidic pH (Ag–OH2

2+). Protonation tends to weaken and break
surface Ag–O bonds, resulting in larger Ag+ release into solution at acidic than at
neutral pH.

According to thermodynamic calculations, silver nanoparticles are not stable in
aerobic waters with pH ranging from 4 to 12 and will dissolve completely [348].
The extent of dissolution varied between 3 and 15% in water and between 6 and
41% in acetic acid. Similar silver nanoparticle behavior was observed in other
dissolution studies that found an extent of AgNP dissolution of 30% in acetate
buffer (pH 4) [348], 10−27% in Hoagland medium (pH 5.6) [353], 11−52% in
water (pH not reported) [352], and 1−60% in 1 M NaHCO3 solution (pH 8) [354].
The results indicate that kinetic factors play an important role in inhibiting complete
AgNP dissolution. Incomplete dissolution could be due to Ag+ adsorption on
AgNP, limited diffusivity of O2 and protons to reaction sites, AgNP stabilization by
PEG-SH, and particle aggregation. It was hypothesized that the partial dissolution
of AgNP observed is due to an increase in the particle size leading to a solubility
decrease. Analysis of AgNP by TEM revealed that the average diameter increased
after dissolution of AgNP6, AgNP9, and AgNP13 and remained unchanged in
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nondissolving AgNP70 (70 nm). The absence of size increase in the nondissolving
AgNP70 suggested that release of Ag+ during AgNP dissolution was necessary for
the nanoparticle growth. Two possible mechanisms of AgNP size growth were
considered: (1) precipitation of dissolved Ag+ on the surface of AgNP and
(2) Ostwald ripening. The first hypothesis was evaluated based on the XRD analysis
of the 80 d-dissolved AgNP6, calculations of mass increase due to Ag+ precipita-
tion and saturation index calculations. The AgNP6 size increased from *6.2
to *10.6 nm by the end of dissolution experiment. Increase in dissolved Ag+

concentration might shift Eq (2.18) equilibrium toward Ag2O precipitation.
Experimental evidence of increase in average particle size as well as broadening

of size distribution might indicate that Ostwald ripening was responsible for silver
nanoparticle size growth [355]. Ostwald ripening is explained by the fact that larger
particles with small surface-to-volume ratios are more stable than smaller particles
with large surface-to-volume ratios, leading to dissolution of smallest particles and
redeposition of the released atoms at larger particles. Growth of AgNP follows
oxidation−reduction mechanisms, first smaller AgNPs are oxidized by O2, Ag

+ is
then dissolved, followed by Ag+ reduction and Ag deposition on larger AgNP
[356]. Such mechanism would likely lead to a decrease in concentration of dis-
solved Ag+ with time as observed in AgNP6 and AgNP9 samples. However, the
dissolved Ag+ concentration decrease, 5 and 0.8 lM, would result in an average
size growth to 7.2 and 9.5 nm in AgNP6 and AgNP9, respectively, which is smaller
than the observed diameters at the end of dissolution experiment. The discrepancies
in concentration changes and size growth suggest that oxidation of metallic silver
and reduction of Ag+ occurred simultaneously after reaching equilibrium. Similar
observations were reported by Jang et al. [357] for Ostwald ripening of gold
nanoparticles during which dissolved gold concentration did not change while
particles increased in size. However, they were not able to determine what reducing
agent was responsible for Ag(I) to Ag(0) transformation in the dissolution studies.

Jang et al. [357] studied Ostwald ripening of gold nanoparticles in the presence
of H2O2 and Br−. It was demonstrated that H2O2 induced both oxidation of smaller
AuNP to Au(III) and Au(III) reduction leading to the increase in size of larger ones.
Hydrogen peroxide production was detected during dissolution of citrate-coated
AgNP in air-saturated water [348]. It was revealed that after a 3-h dissolution
experiment, up to 0.4 lM H2O2 was produced in the presence of AgNP, while no
H2O2 was detected in a control AgClO4 solution. In the study of AgNP behavior in
the presence of H2O2, He et al. [358] observed reduction of Ag+ at pH > 5.5. They
demonstrated that the final AgNP increased in size, and the morphology changed
from spherical to more irregular shape [358]. Thus, oxidative dissolution of AgNP
might catalyze production of H2O2, which further reduced Ag+ to Ag atoms.
Deposition of silver atoms on the AgNP surface resulted in the particle growth.
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2.3 Biohybrids

QAC are the most extensively studied surface-active agents. They are mainly used
as slimicides in swimming pools, antistatic agents in hair conditioners and wetting
agents in nasal sprays. Moreover, they also find use shampoos and dishwashing
materials [359]. The used surfactants find their way to various environmental
segments and thus pose serious health hazards. They have the ability to adsorb
strongly onto negatively charged suspended particulates and sludge. Intensive
investigations have been carried out on their behavior, fate, and biological effects
[143]. Long exposure to QACs can cause sensitization, hemolysis, and toxic effects
by all routes of exposure including inhalation, ingestion, dermal application, and
irrigation of body cavities. The concentrated solutions of QACs result in allergic
reactions, hypersalivation, vomiting, hematemesis, and diarrhea. In severe cases,
they may cause respiratory paralysis, convulsions, coma, and cardiorespiratory
arrest [360].

Didodecyldimethylammonium bromide (DDAB) is toxic as well as
cancer-preventing agent [361]. Toxicity is a major nuisance of anticancer drugs.
Most of the clinically used anticancer drugs have a narrow therapeutic index, with a
small difference in their dose for antitumor effect and toxicity. Therefore, the doses
recommended for such compounds are determined according to their toxicity
endpoints. Considerable research work has been carried out on the cancer pre-
vention ability of DAAB but the mechanism of action has not been explored. The
main cause of several diseases such as diabetes, hemophilia, and cancer is related to
the alteration in the replication machinery of DNA. Therefore, drug interactions,
with DNA which can affect the replication processes, are potential treatments for
such ailments [362].

Polymer-based drug delivery systems emerged from the laboratory bench in the
1990s as a promising therapeutic strategy for the treatment of cancer and other
devastating diseases [144]. Polymer–drug conjugates are nanosized hybrid con-
structs that covalently combine a bioactive agent with a polymer to ensure not only
its efficient delivery to the required intracellular compartment but also its avail-
ability within a specific period of time. It has already been demonstrated that
polymer–drug conjugation promotes tumor targeting by the enhanced permeability
and retention effect and its capability of escaping from reticuloendothelial system.
One promising example of such polymer nanomaterials is presented by a class of
pluronic block copolymers (also known under nonproprietary name poloxamers).
These block copolymers consist of hydrophilic poly(ethylene oxide) (PEO) and

Chart 2.2 ABA tri-block structure of pluronic block copolymers
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hydrophobic poly(propylene oxide) (PPO) blocks arranged in ABA tri-block
structure: PEO-PPO-PEO (Chart 2.2) [363].

As outlined in a large number of previous reports, passive drug targeting is a
validated method for improving the delivery of low molecular weight (chemo-)
therapeutic agents to tumors [364]. Several different polymer-based anticancer
agents have been approved for clinical use, including, e.g., Gliadel (i.e.,
carmustine-containing polymeric wafers, for surgical implantation in case of brain
cancer), Lupron Depot (i.e., LHRH-containing polymeric microspheres, for local
prostate cancer therapy), and Oncaspar (i.e., PEG-L-asparaginase, for the treatment
of leukemia) [365]. For passive tumor targeting, however, essentially only
Abraxane, i.e., albumin-based paclitaxel, has managed to be used (for metastatic
breast cancer) [366]. This is in spite of the large number of passively tumor-targeted
polymeric drug carriers that have been evaluated in animal models and in patients in
the past two decades.

Prominent examples of macromolecular drug carrier systems evaluated in
patients are albumin, poly(ethylene glycol), dextran, poly(L-glutamic acid), poly[N-
(2-hydroxypropyl)methacrylamide], and others [367]. The most advanced of these
formulations currently are, i.e., poly(L-glutamic acid)-based paclitaxel, which are in
phase III trials for breast, ovarian, and lung cancers [368]. Copolymers based on N-
(2-hydroxypropyl) methacrylamide (HPMA) were used to improve the
tumor-directed delivery of doxorubicin and they demonstrated that long-circulating
and passively tumor-targeted polymeric drug carriers are able to beneficially affect
the therapeutic index of doxorubicin-based chemotherapy. These formulations were
found to be 4–5 times higher than that of free doxorubicin, no cardiotoxicity was
detected (in spite of the relatively high overall doses administered), and several
clear responses were observed, in patients with nonsmall cell lung cancer, with
colon cancer and with doxorubicin-resistant breast cancer [369].

At the preclinical level, a large number of additional HPMA-based nanodiag-
nostics and nanotherapeutics have been evaluated over the years, functionalized
besides with standard chemotherapeutics, such as doxorubicin, cisplatin, and pa-
clitaxel, also with more recently developed (and more sophisticatedly acting) drugs,
such as the heat-shock protein inhibitor geldanamycin [370]. Moreover, besides
passively tumor-targeted polymeric nanomedicines, also a large number of actively
targeted HPMA copolymers have been designed and evaluated [371]. And fur-
thermore, significant progress has also been made with respect to the development
of novel drug linkers, such as pH-sensitive hydrazone spacers, which are much
more effective than GFLG spacers in releasing doxorubicin, and which conse-
quently much more strongly inhibit tumor growth [372].

HPMA copolymers have also been used for overcoming multidrug resistance
[373], for coating viral and nonviral gene delivery systems [374], for imaging
purposes [375], and for making block copolymer micelles, which can be
core-cross-linked to improve their circulation times [376]. Furthermore, HPMA
copolymers have also been employed to improve the treatment of noncancerous
disorders, such as rheumatoid arthritis and bacterial infections, which are also
characterized by a strong inflammation component and leaky blood vessels, and

184 2 Noble Metal Nanoparticles



which are therefore also highly amenable to EPR-mediated passive drug targeting
[377]. And a significant number of studies have focused on the combination of
HPMA copolymer-based nanomedicine formulations with other treatment modali-
ties, such as with surgery, with radiotherapy, with hyperthermia, with photody-
namic therapy, and with chemotherapy [378]. Together, these insights and efforts,
HPMA copolymers are highly suitable systems for drug targeting to tumors. In
addition, they indicate that by improving the pharmacokinetic and biodistributional
properties of attached diagnostic and therapeutic active agents, long-circulating and
passively tumor-targeted polymeric drug carriers might be suitable systems for
image-guided drug delivery, as well as for improving the efficacy of combined
modality anticancer therapy.

2.4 Conclusion

The field of NMNPs has been an extremely exciting research area for chemists,
biologists, physicists, and materials scientists. This chapter attempted to give an
outline of the colloid-chemical synthesis approach for controlling morphology in
NMNPs. These nanoparticles with intriguing and novel morphologies, and some-
times with near-perfect shape control, have been produced by colloid-chemical
synthesis. The influences of various synthesis parameters, processes, and approa-
ches in manipulating the nanometer features in all three dimensions of nanoparticles
have been discussed. Several viewpoints on how the particle morphology can be
understood in terms of the precursor types and particle nucleation and growth have
been compared and contrasted. This information will help to look at different
aspects of particle morphology control in a more systematical way. We have tou-
ched upon some of the experimental tools and reaction mechanisms that provide the
needed characterization of complex NMNPs.

Factors such as the nature and concentration of metal precursor and reducing
agent, molar ratio of precursor to additives, the selective adsorption of additives to
different crystal facets, contact with an external support, are all capable of
influencing the nucleation and kinetics of particle growth. The proper choice of
parameters for the reaction, including the temperature, radiation, the reducing
method, the stabilizers (capping agent, surfactant, surface-active additive) and
additives, plays a crucial role in the successful synthesis of metal nanoclusters. The
metal ions from dissolved can be reduced, either by a chemical reductant (e.g.,
sodium borohydride, sodium hypophosphite), by light (photoreduction with visible
or ultraviolet light), or by c-rays (by radiolysis of water). Thus, the preparation of
NMNPs by chemical reduction contains two major parts: (i) reduction using agents
such as borohydrides, aminoboranes, hydrazine, formaldehyde, hydroxylamine,
saturated and unsaturated alcohols, citric and oxalic acids, polyols, sugars, hydro-
gen peroxide, sulfites, carbon monoxide, hydrogen, acetylene, and monoelectronic
reducing agents including electron-rich transition-metal sandwich complexes; and
(ii) stabilization by agents such as trisodium citrate dihydrate, sulfur ligands (in
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particular thiolates), phosphorus ligands, nitrogen-based ligands (including hete-
rocycles), oxygen-based ligands, dendrimers, polymers, copolymers, and surfac-
tants. Spectroscopic and microscopic techniques support a three-stage mechanism
of NMNP formation. In the initial stage, simultaneous reduction and active nuclei
formation are involved. This is followed by concurrent reduction, nucleation, and
growth, and finally, single-crystalline nanoparticles are formed via growth by slow
Ostwald ripening. The amount of stabilizing ligand influences the final nanoparticle
size but has less effect on the nucleation and growth processes. The overall
nanoparticle formation process becomes faster as the solution temperature increa-
ses, and the Ostwald-ripening growth mechanism is maintained.

It was reported that using citric acid as a reducing agent made the reduction
reaction take one week longer and led to a wide size distribution. As far as stabi-
lizers are concerned, citrate ions can bind on silver surfaces for shape control, but
their ability to stabilize silver particles is weaker than thiols. Nowadays, a molecule
which can act both as a reducing and capping agent is preferred so that the reaction
takes place in one step and there is no need for an external reducing agent. This will
reduce the number of steps involved in metal nanoparticle synthesis. The physical
method involves radiation reduction of silver ions by c-ray, microwave, ultraviolet,
or visible light. Chemical reduction in solution is advantageous over other pro-
cesses, because of its simplicity, low reaction temperature, and solubility of metal
salts in water. Silver nanoparticles can be prepared in DMF without adding any
reductant. It has been suggested that the reduction rate can be enhanced at high
temperatures. Formamide is one of the most common solvents used to study various
processes such as formation of metal nanoparticles, interaction with alcohols. The
reducing power of the amines of several different structures was confirmed and
showed, very clearly, that the oxidation potential of the reducing agent should lie
between the oxidation of Au(0)–Au(I) and the reduction of Au(III)–Au(0) for the
reaction to proceed. Multifunctional amines and nitrogen-containing polymers have
also been tested for the synthesis of AuNPs. Ketyl radicals formed by the photolysis
of carbonyl-based initiator acted as reductants of silver salt leading to the formation
of AgNPs. This approach is based on the Norrish Type I photocleavage of pho-
toinitiator leading to ketyl radicals. Silver cations, Ag+, scavenge the (CH3)2C

�OH
radical (ketyl) and reduce Ag+ to Ag0. It was postulated that this protecting effect
depends on the number of available NH2 groups, rather than the macromolecule
conformation.

Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-
PEO) block copolymers are well known as dispersion stabilizers and templates for
the synthesis of mesoporous materials and nanoparticles. Variation of the
PEO-PPO-PEO block copolymer molecular characteristics, concentration, and
temperature allows for unique tunability of block copolymer self-assembly in the
presence of selective solvents such as water. It was found that PEO-PPO-PEO block
copolymers can act as very efficient reductants/stabilizers in the single-step syn-
thesis and stabilization of gold nanoparticles from gold salts. Formation of gold
nanoparticles from AuCl4� in aqueous PEO-PPO-PEO block copolymer solutions
includes three main steps: (1) reduction of metal ions in aqueous block copolymer
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solution (2) absorption of block copolymer on gold clusters because of amphiphilic
character (hydrophobicity of PPO) and reduction of further metal ions on the sur-
face of gold clusters, and (3) growth of gold particles and stabilization by block
copolymers. Furthermore, copolymers (as capping agents) with stimulus respon-
sibility have attracted growing attention due to their diverse self-assembly behavior
in response to stimuli, such as pH, temperature, salt. The stimulus responsibility
allows for tailoring the supramolecular aggregates with desirable morphologies and
properties from the same precursory copolymers. Poly(N-isopropylacrylamide) is a
stimulus responsive polymer that undergoes a reversible, inverse phase transition at
a lower critical solution temperature in pure water. In addition to temperature,
cosolvents can also cause an inverse phase transition in pNIPAM. The functionality
of pNIPAM on surfaces can be separated into two categories: (1) triggered changes
in polymer conformation and (2) triggered changes in polymer surface energetics.

Coordination chemistry offers simplicity, stable bonding, and ligand-metal
specificity, enabling ligand-bearing components to be assembled into supramolec-
ular structures using appropriate metal ions. This approach is particularly com-
patible with surface chemistry, as binding of metal ions activates the surface toward
ligand binding, and vice versa. The reactive ligands approach highlights that (i) the
ligands decorated on a spatially limited surface can be used for further chemistry,
and the rest of the ligands can be selected to remain unreactive during the coupling
process. (ii) It was applicable to a wide size range of nanoparticles, e.g., the
functionalization of AuNPs with the diameter of 16–41 nm was demonstrated.

In addition to the stabilizing ability of some stabilizing agents, BSA and HSA,
these additives can also be used as a reducing agent. A protein macromolecule
contains several amino acids such as cysteine, tryptophan, lysine which can act as
weak reducing agents. All these amino acids can reduce gold or silver ions inde-
pendently even at room temperature. However, when amino acid is present in a
protein macromolecule, the reducing ability is significantly compromised by the
steric screening of other nonreducing amino acids in the vicinity. Then, the
reducing ability of a particular amino acid is purely related to its location in the
native state of protein.

In the pullulan- and chitosan-mediated synthesis procedure, these modified
nanoparticles were first produced and gold layers were then added to promote the
anisotropic growth, which is indeed, substantially sensitive to the presence of the
chitosan matrix. Their reducing and stabilizing activities led to the one-pot pro-
cedure. The appropriate amounts of iron particles and chitosan solution enabled the
fine control of the chitosan-mediated approach leading to a high product yield of
anisotropic nanoparticles. The proposed synthesis procedure remains simple, and
the reaction carried out at room temperature allows to obtain core–shell nanopar-
ticles of around *90 nm diameters with narrow size distribution. Chitosan acts as a
soft template in the formation of multibranched magnetic nanoparticles, and gold
coating process was carried out in the presence of chitosan to give better particle
dispersity and to avoid agglomeration problems.

A novel approach has been developed for the preparation of diverse libraries of
ligand-stabilized metal nanoparticles that address the challenges stated above. It
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consists of a straightforward two-step procedure, involving (i) preparation of
well-defined phosphine-stabilized precursor particles (dCORE) and (ii) functional-
ization of these particles through ligand exchange reactions with functionalized
thiols.

In a typical liquid-phase synthesis, the nanoparticle formation process undergoes
three distinct stages as follows: (1) reduction and generation of active nuclei,
(2) formation of seed particles upon collision of active nuclei, and (3) formation of
larger nanoparticles via a growth process, which may be Ostwald ripening or
aggregation. The NMNP growth is generally categorized by two processes:
diffusion-controlled Ostwald ripening and aggregation/coalescence. The
diffusion-controlled Ostwald-ripening growth can be differentiated from the
aggregative/coalescence growth by three distinct observable characteristics during
the nanoparticle formation as follows: (1) The final nanoparticles should be single
crystalline in nature, (2) the nanoparticle growth kinetics should be nonsigmoidal,
and (3) the early reduction process should not involve a bimodal size distribution.

Dissolution of silver nanoparticles, for example, occurs through oxidation of
metallic Ag and release of Ag+ into solution (or dissolution rate is accelerated).
Release of Ag+ is determined by intrinsic physicochemical properties of AgNP and
by those of the solution. Parameters that either enhance or suppress AgNP disso-
lution are ionic strength, pH, dissolved oxygen concentration, temperature, dis-
solved complexing ligands (organic matter, sulfur, chlorine), silver surface coating,
shape, and size. The proposed mechanisms of AgNP dissolution are oxidative
dissolution through reaction of metallic Ag with dissolved oxygen and protons.
Protonation tends to weaken and break surface Ag–O bonds, resulting in larger Ag+

release into solution at acidic than at neutral pH. Two possible mechanisms of
AgNP size growth were considered: (1) precipitation of dissolved Ag+ on the
surface of AgNP and (2) Ostwald ripening. Growth of AgNP follows oxidation–
reduction mechanisms, first smaller AgNPs are oxidized by O2, Ag

+ is then dis-
solved, followed by Ag+ reduction and Ag deposition on larger AgNP.

It was found that the temperature plays a decisive role in the synthesis of
bimetallic Au–Pt nanoparticles protected with PVPo by the polyol method. It does
not only affect the rates of reduction and nucleation of the metals, but it also affects
the coordination between the metals and the polymeric protective agent, the dis-
tribution of elements in the nanoparticles, and the final particle size.

We have demonstrated the synthesis of silver nanoparticles in formamide at
room temperature without adding any reductant from outside. In the presence of a
proper stabilizer, nanoparticles of silver metal can be stabilized. Surface-modified
particles (or films) show optical properties significantly different from those of the
primary silver dispersion (or film). The silver nanoparticles also act as redox cat-
alysts due to the shift in the Fermi level toward more negative potential. Moreover,
the method described here presents a simple approach for the formation of silver
nanoparticles.
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To obtain MNP composites through the efficient, convenient, and easy way, a
one-step approach based on the interfacial thiol–ene photopolymerization, in which
microcapsules (MCs) and metal nanoparticles are generated simultaneously by
irradiation of ultraviolet (UV) light, was developed. The in situ photoreduction of
metal ions can minimize the number of processing steps in fabrication of metal
nanoparticles. A series of gold, silver, and platinum nanoparticle-decorated
microcapsules (MC@AuNPs, MC@AgNPs, and MC@PtNPs) were prepared
through this one-step interfacial thiol–ene photopolymerization. AgNO3 can be
intercalated into the gallery regions of montmorillonite and formed hybrid frame-
work. These MMT@AgNPs nanocomposites exhibited card-like and ball-like
homogeneous surface fractions and form one-phase morphology. The degree
AgNPs dispersion on MMT surface is a function of color intensity and its homo-
geneity. The stable AgNP@MMT nanocomposites were synthesized by microwave
method. XRD analyses and TEM observations confirmed the formation of
nanoparticles on the clay surfaces.

Ionic liquids (ILs) are a viable option as stabilizing agents because of their ionic
character and can be easily made task-specific as phase-transfer catalysts due to
their tunable nature. They are used to halt aggregation of Au(0) produced in the
reduction of tetrachloroauric acid, thus limiting the size of the gold aggregates that
form nanoparticles. Room-temperature ionic liquids are attracting much interest in
many fields of chemistry and industry, due to their potential as a “green” recyclable
alternative to the traditional organic solvents. They are nonvolatile and provide an
ultimately polar environment for chemical synthesis. Among various known ionic
liquids, ionic liquids containing imidazolium cation and PF6

− have a particularly
useful set of properties, being virtually insoluble in water. We have demonstrated
the synthesis of the imidazolium ionic liquid-modified gold nanoparticles.

Well-defined, single, dispersed, structurally unusual, tadpole-shaped gold
nanoparticles were synthesized by the reduction of chloroauric acid with tri-sodium
citrate in the presence of a capping agent such as sodium dodecylsulfonate. TEM
and AFM images show a clear view of its three-dimensional (3D) stereographic
structure. It can be easily inferred from these images that the head and tail of the
nanotadpole possess different structures (poly- and single-crystalline, respectively),
but the tadpole-shaped object as a whole maintains polycrystalline.

The initial monomodal size distribution of gold nanoparticles changed into a
bimodal one during pulsed laser irradiation. This modal change was caused by the
gradual size reduction of gold nanoparticles. From careful observation by TEM, we
extracted a characteristic value for the size-reduction rate per one pulse. It was
revealed that the size reduction of gold nanoparticles under picosecond laser pulses
occurred even below the boiling point because of the gold vapor formation around
hot liquid gold drops. With sufficient laser energy for the boiling of particles, gold
vapor can also be formed inside liquid gold drops, and such bubbles go to the
outside of the drops with some volume of liquid gold around the bubbles, resulting
in the formation of particles with gold strings on their surfaces. Obtained results
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also indicate that the important factor that determines the phenomenon is not
temperature but the vapor pressure at the liquid interface. The condensation process
of gold vapor is thought to be one of the main factors that restricts the sizes of small
particles.

The field of NMNPs has been an extremely exciting research area for chemists,
biologists, physicists, and materials scientists. This chapter attempted to give an
outline of the colloid-chemical synthesis approach for controlling morphology in
NMNPs. NMNPs with intriguing and novel morphologies, and sometimes with
near-perfect shape control, have been produced by colloid-chemical synthesis. The
influences of various synthesis parameters in manipulating the nanometer features
in all three dimensions of NMNPs have been discussed. Several viewpoints on how
the particle morphology can be understood in terms of the seed structure, surface
energies of various crystallographic planes, relative growth rates along various
crystallographic directions, and so forth, have been compared and contrasted. This
information will help to look at different aspects of particle morphology control in a
more systematical way. Reliable characterization of nanoparticles is one of the most
important aspects of nanoparticle synthesis. We have touched upon some of the
experimental tools that provide the needed characterization of complex NMNPs.

The progress in the NMNP synthesis has been rapid and inspired toward the
innovative synthesis methods and sophisticated characterization techniques.
However, most of the methods are limited to synthesis in small quantities and often
have poor yield of a given morphology. Colloid-chemical synthesis very often
results in a mixture of nanoparticles and constant efforts must be directed to gain
exquisite control of the size and the shape of various types of nanoparticles.
Achieving high yield and successful scaling up of the synthesis process are nec-
essary for the synthesis to be commercially viable. At the same time, there is need
for the development of advanced techniques for separation or elimination of the
unwanted shapes.

The used precursors (mainly surfactants) find their way to various environmental
segments and thus pose serious health hazards. They have the ability to adsorb
strongly onto negatively charged suspended particulates and sludge. Intensive
investigations have been carried out on their behavior, fate, and biological effects.
They can be toxic and used as well as cancer-preventing agent. Toxicity is a major
nuisance of anticancer drugs. Most of the clinically used anticancer drugs have a
narrow therapeutic index, with a small difference in their dose for antitumor effect
and toxicity. Prominent examples of macromolecular drug carrier systems evaluated
in patients are albumin, poly(ethylene glycol), dextran, poly(L-glutamic acid), poly
[N-(2-hydroxypropyl)methacrylamide], and others. Copolymers based on N-
(2-hydroxypropyl)methacrylamide (i.e., HPMA) and PEO-PPO were used to
improve the tumor-directed delivery of doxorubicin and they demonstrated that
long-circulating and passively tumor-targeted polymeric drug carriers are able to
beneficially affect the therapeutic index of doxorubicin-based chemotherapy.
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Glossary

Chemotherapy as a treatment of cancer often relies on the ability of
cytotoxic agents to kill or damage cells which are
reproducing. This cancer treatment uses one or more
anticancer drugs (chemotherapeutic agents) as part of
a standardized chemotherapy regimen. Chemotherapy
is one of the major categories of medical oncology
(the medical discipline specifically devoted to phar-
macotherapy for cancer).

Chemotherapeutic
agents

are also known as cytotoxic agents. These are gen-
erally used to treat cancer. It includes alkylating
agents, antimetabolites, antitumor antibiotics, anthra-
cyclines, and topoisomerase inhibitors.

Chemotherapeutics such as doxorubicin, cisplatin, and paclitaxel are
selectively destructive to malignant cells and tissues.

Cross-link is a bond that links one polymer chain to another.
They can be covalent bonds or ionic bonds. When the
term “cross-linking” is used in the synthetic polymer
science field, it usually refers to the use of cross-links
to promote a difference in the polymers’ physical
properties. When “cross-linking” is used in the bio-
logical field, it refers to the use of a probe to link
proteins together to check for protein–protein inter-
actions, as well as other creative cross-linking
methodologies.

DNA replication is the biological process of producing two identical
replicas of DNA from one original DNA molecule.
This process occurs in all living organisms and is the
basis for biological inheritance. DNA is made up of a
double helix of two complementary strands. During
replication, these strands are separated. Each strand of
the original DNA molecule then serves as a template
for the production of its counterpart. Cellular proof-
reading and error-checking mechanisms ensure near
perfect fidelity for DNA replication.

Hemolysis or haemolysis, also known by several other names, is
the rupturing (lysis) of red blood cells (erythrocytes)
and the release of their contents (cytoplasm) into
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surrounding fluid (e.g., blood plasma). Hemolysis
may occur in vivo or in vitro (inside or outside the
body).

Metastatic cancer, or
metastatic tumor,

is one which has spread from the primary site of
origin (where it started) into different area(s) of the
body. Metastasis is the spread of cancer cells to new
areas of the body (often by way of the lymph system
or bloodstream).

Photodynamic therapy
(PDT)

is a clinically approved and minimally invasive ther-
apy that uses a nontoxic light-sensitive compound
(photosynthesizer) that is readily absorbed by abnor-
mal cells. When exposed to a specific wavelength of
light, the photosynthesizer is activated to produce
changes in endothelial cell integrity that ultimately
produces vascular disruption.

Rheumatoid arthritis
(RA)

is a long-lasting autoimmune disorder that primarily
affects joints. Most commonly, the wrist and hands
are involved, with the same joints typically involved
on both sides of the body. The disease may also affect
other parts of the body. This may result in a low red
blood cell count, inflammation around the lungs, and
inflammation around the heart slimicide is a chemical
that prevents the growth of slime in paper stock.

Spacer the most developed peptide linker for triggered release
of covalently attached drug is the glycylpheny-
lalanylleucylglycine (GFLG) tetra-peptide spacer.
This spacer is often employed in published polymer
anticancer conjugates based on N-(2-hydroxypropyl)
methacrylamide (HPMA).

Therapeutic index (TI) (also referred to as therapeutic ratio) is a comparison
of the amount of a therapeutic agent that causes the
therapeutic effect to the amount that causes toxicity.
The related terms therapeutic window and safety
window refer to a range of doses which optimize
between efficacy and toxicity, achieving the greatest
therapeutic benefit without resulting in unacceptable
side effects or toxicity.
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Chapter 3
Stabilizers-Mediated Nanoparticles
Syntheses

Abstract Of the chemical processes, a reverse micelle (w/o microemulsion, a soft
template) synthesis has been demonstrated to be a viable method for producing a
wide array of noble metals over a relatively narrow particle size distribution. Noble
metal colloids can be prepared in metal salt/(non)ionic surfactant/oil/water
microemulsions by using both classical and nontraditional reductants. Reduction
of metal ions occurred in microemulsions based on some ionic and nonionic sur-
factants without adding specific reductants. Mostly, the spherical metal nanoparti-
cles are fabricated. A number of nonspherical nanomaterials of aligned noble metal
colloids were found in the prolate ionic surfactants micelles. The citrate reduction
method is well known for its simple procedure, yielding stable and reproducible
gold nanoparticles of narrow size distribution. The coordination of metal ions with
functional groups such as NH2 in polymer served as weak cross-linkers to attach
polymer chains and formation and stabilization of metal colloids. Gold nanoparti-
cles surrounding with silica shells as a support could be a potentially useful method
for the preparation of highly active nanoconjugates assemblies. Laser ablation of
solvent-suspended metal powders can be used in for synthesis of gold/silver alloy
and core@shell nanoparticles of predetermined composition. The generation of
polymer coatings for noble metal nanoparticles (NMNPs) may feature
stimulus-responsiveness (pH, temperature, ionic strength, and light) and sponta-
neously form versatile supramolecular structures. Some of the physical and
chemical properties of the core nanoparticles are often imparted to the resulting
polymeric shell system, producing hybrid materials with novel properties and
functions that are not possible from the single-component structure alone. Various
reducing agents introduced into polymer-based micelle systems may result in the
formation of NMNPs of various sizes. A new method of producing gold
nanoparticles is a surfactant-free synthesis, high variability in the introduction of
(functionalized) ligands, and good control over the particle size.
Soft-ligand-stabilized nanoparticles can be used as precursors to obtain nanoparti-
cles with different surface chemistry by replacing the soft ligands with other desired
ligands. The ionic liquids stabilize the metal nanoparticles noncovalently via
electrostatic interactions. They initiated the formation of various nanoparticles such
as spherical, oblate, nanorods of different aspect ratios, and sharp-edged
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nanostructures. The versatility of the micellar nanostructure lies in its capacity to
cargo drug molecules and biological macromolecules that are either hydrophilic,
therefore entrapped in the liposome inner aqueous core, or hydrophobic, therefore
incorporated within the lipid bilayer. PEO-modified noble metal nanomaterials have
several attractive characteristics for diagnostic applications, including (1) biocom-
patibility and stability, (2) unique tunable optical properties, and (3) easy conju-
gation of biomolecules to the surface for tumor specific targeting.

Keywords Surfactant � Amphiphilic copolymer � Micelles � Droplets �
Microemulsion � Noble metal nanoparticles � Solutes � Bioconjugates � Drugs
Abbreviations

1D One-dimensional
2D Two-dimensional
9-BBN 9-borabicyclo [3.3.1] nonane
AED Average esterification degrees
AOT Sodium bis(2-ethylhexyl)sulfosuccinate
AuNPs Gold nanoparticles
AuNSs Gold nanoshells
BAC Benzyldimethyltetradecylammonium chloride
BE Binding energy
CMC Critical micelle concentration
CS Cysteamine-monochlorhydrat
CTAB Cetyltrimethylammonium bromide
CTAC Cetyltrimethylammonium chloride
d2 Interparticle spacing
DDT Dodecanethiol
diglyme Diethylene glycol dimethyl ether
DKSS Sucrose fatty acids of monoesters and di- and

triesters, fatty acid constituent consisting of
stearic acid and palmitic acid

DLS Dynamic light scattering
DT Dodecanethiol
EDXRF Energy-dispersive X-ray fluorescence
EPR Enhanced permeability and retention
fcc Face-centered cubic
FTIR Fourier transform infrared spectroscopy
HAc Acetic acid
HAuNS Hollow gold nanoshells
hcp Hexagonal close packed
HDT 1-hexadecanethiol
HER2 Human epidermal growth receptor 2
HLB Hydrophilic–lipophilic balance
HMTS Heptamethyltrisiloxane
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HRSEM High-resolution SEM
HRTEM High-resolution TEM
HTAB N-hexadecyltrimethylammonium bromide
ICP Inductively coupled plasma
IL (Ionic liquid)-surfactant
Isc Total scattered light intensity
LMCT Ligand-to-metal charge transfer
LPR Longitudinal plasmonic resonance
LSP Longitudinal surface plasmon
LSPR Localized surface plasmon resonance
MDR Multidrug resistance
N2H4 Hydrazine
NIR Near-infrared
MNPs Metal nanoparticles
MPA Mercaptopropionic acid
MPCs Monolayer-protected clusters
MUA 11-mercaptoundecanoic acid
MUOH 11-mercaptoundecanol
NMNCs Noble metal nanocrystals
NMNPs Noble metal nanoparticles
NT 1-nonanethiol
o/w Oil-in-water
PAM Polyacrylamide
PBS Phosphate buffer solution
PDI Polydispersity index,
PDPAEMA Poly[2-(diisopropylamino) ethyl methacrylate]
PEG Poly(ethylene glycole)
PEI-HCA Polyethylenimine-g-hydrocaffeic acid
PEO-b-PCL Poly(ethylene oxide)-b-poly(e-caprolactone)
PEO-b-PDHPMA-b-PDPAEMA Poly(ethylene oxide)-b-poly(2,3-dihydroxypropyl

methacrylate)-b-poly[2-(diisopropylamino) ethyl
methacrylate]

PEO-PPO-PEO Poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide)

P-gp Glycoprotein
PNIPAM Poly(N-isopropylacrylamide)
PSt-b-PVP Poly(styrene)-block-poly(vinylpyridine)
PVPo Polyvinylpyrrolidone
QD-particles Quantum dot particles
RI Refractive index
SAED Selected area (electron) diffraction
SAXS Small angle X-ray scattering
SDS Sodium dodecylsulfate
SM 3–sulfonate mercaptopropan
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SP Surface plasmon
SPR Surface plasmon resonance
SPRs Surface plasmon resonances
SPIONs Superparamagnetic iron oxide nanoparticles
TBAB Tetrabutylammonium bromide
TDT 1-tetradecanethiol
TEG Tetra (ethylene glycol)
TEM Transmission electron microscopy
TEOS Tetraethylorthosilicate
Tc Crystallization temperature
Tm Melting temperature
TOA Trioctylamine
TOAB Tetraoctylammonium bromide
TPR Transverse plasmon resonance
TRITC Tetramethyl rhodamine isothiocyanate
Tween 20 Sorbitan monolaurate
w/c Water-in-CO2 microemulsions
w/o Water-in-oil
XANES X-ray absorption near-edge spectroscopy
XPS X-ray photoelectron spectroscopy
kmax Absorption maximum

3.1 Introduction

Surfactants are usually organic compounds that are amphiphilic, meaning they
contain both hydrophobic groups (their tails) and hydrophilic groups (their heads).
Surfactants will diffuse in water and adsorb at interfaces between air and water or at
the interface between oil and water, in the case where water is mixed with oil. The
water-insoluble hydrophobic group may extend out of the bulk water phase, into the
air or into the oil phase, while the water-soluble head group remains in the water
phase. The polar “heads” of the surfactant molecules coating the micelle interact
more strongly with water, so they form a hydrophilic outer layer that forms a barrier
between micelles. This inhibits the oil droplets, the hydrophobic cores of micelles,
from merging into fewer, larger droplets (“emulsion breaking”) of the micelle. The
compounds that coat a micelle are typically amphiphilic in nature, meaning that
micelles may be stable either as droplets of aprotic solvents such as oil in water, or
as protic solvents such as water in oil. When the droplet is aprotic, it sometimes is
known as a reverse micelle. In the bulk aqueous phase, surfactants form aggregates,
such as micelles, where the hydrophobic tails form the core of the aggregate and the
hydrophilic heads are in contact with the surrounding liquid. Other types of
aggregates can also be formed, such as spherical or cylindrical micelles or lipid
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bilayers. The shape of the aggregates depends on the chemical structure of the
surfactants, namely the balance in size between hydrophilic head and hydrophobic
tail. A measure of this is the hydrophilic–lipophilic balance (HLB) . Surfactants
reduce the surface tension of water by adsorbing at the liquid–air interface.

Of the chemical processes, a reverse micelle (w/o microemulsion) synthesis has
been demonstrated to be a viable method for producing a wide array of noble metal
nanoparticles [1] over a relatively narrow particle size distribution in different
organic media. A reverse microemulsion (a soft template) 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 [2]. Micromulsions are thermodynamically stable, and surfactants
or surface-active polymers are normally used to help form such stable systems.
Micelle formation allows for a unique encapsulated volume of controllable size
through which reactions and subsequent development of metal nanostructures or
nanoparticles proceed in the soft template. This approach presents a novel and
straightforward step for the synthesis of NMNP in w/o microemulsion template, in
which the reduction of metal cations to atoms takes place under the presence of
reductants or UV irradiation. The use of microemulsion template is one of the most
advantageous ways to synthesize NMNP in a “bottom–up” approach.
Microemulsions are also clear colloidal dispersion comprised of oil, water, and
surfactant. Different structure can be formed as such: water-in-oil (w/o) or
oil-in-water (o/w) droplets, and bicontinue structure, over a wide range of com-
position depending on the properties of the surfactant and the oil. An oil–in–water
microemulsion is similar to a direct micelle, while the water-in-oil microemulsion is
topological analogous to a reverse micelle.

The w/o microemulsion method offers a lot of advantages with respect to others
(coprecipitation in solution, sol-gel, flame–spray pyrolysis, laser evaporation,
high-energy milling), namely the use of a simple equipment, homogeneous mixing,
high degree of particles size and composition control, formation of NMNPs with
high surface area, and the use of soft condition of synthesis near ambient tem-
perature and pressure [3]. The first application of w/o microemulsion for noble
metal nanoparticles synthesis was reported in 1982 [4]. The main strategy for the
NMNP synthesis in w/o microemulsion consists in mixing two microemulsions,
one containing the metal precursor solution and the other one containing the
reduction agent [5]. Upon mixing procedure, both reactants (metal precursor and
reduction agent solutions) will contact each other due to the coalescence and droplet
collisions and will react to form NMNP which remain confined to the interior of
microemulsion droplets. Even through NMNP obtained by w/o microemulsion
shows superior properties and performance, at the industrial level this method has
no good acceptance, mainly due to the large amount of solvents (oils) which
represent the main component of these systems being the continuous phase [6].

Following early developments in wet chemistry methods, such as the
well-known reduction of silver or gold salts by different reducing agents in the
presence of low-molecular weight additives (surfactants) to provide colloidal sta-
bility and/or specific functionality, the use of (co)polymers is clearly an interesting
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route for the fabrication of NMNP systems with a core@shell microgel structure [7,
8]. The external polymeric coating of gold cores defines both the spacing and the
interactions in nanoparticle systems with this type of architecture. We can, there-
fore, take advantage of modern macromolecular engineering knowledge to syn-
thesize next-generation polymer coatings for gold nanoparticles that may feature
stimulus-responsiveness (pH, temperature, ionic strength, and light) and sponta-
neously form versatile supramolecular structures. The fabrication of metal
core@polymer shell nanoparticle architectures has been the focus of research owing
to potential applications in many fields (optics, electronics, catalysis, drug delivery,
etc.) [9].

Incorporation of low-molecular mass drugs into pluronic micelles can increase
drug solubility and drug stability, and can improve drug pharmacokinetics and
biodistribution. Although doxorubicin (DOX, drug) is easily sequestered and
released from pluronic micelles in vitro, this type of micelle is not sufficiently stable
to be used in vivo. To enhance stability of micelles in the bloodstream upon
dilution, pluronic micelles were cross-linked through their hydrophilic shells.
Pluronics cause drastic sensitization of multidrug resistance tumors to various
anticancer agents, enhance drug transport across the blood–brain and intestinal
barriers, and cause transcriptional activation of gene expression both in vitro and
in vivo.

The versatility of the micellar liposomal structure lies in its capacity to cargo
drug molecules and biological macromolecules that are either hydrophilic, therefore
entrapped in the liposome inner aqueous core (or in the w/o droplet core), or
hydrophobic, therefore incorporated within the lipid bilayer (or in o/w droplet core).
Al-Jamal et al. have presented the concept of liposome-nanoparticle hybrids as a
general methodology, taking advantage of the much more developed and sophis-
ticated liposome technology, to be used as a platform for the delivery of novel
nanoparticles [10].

PEO-modified gold nanomaterials except of self-assembling have also several
attractive characteristics for diagnostic applications, including (1) biocompatibility
and stability, (2) unique tunable optical properties, and (3) easy conjugation of
biomolecules to the surface for tumor specific targeting. More complex shapes with
excitation wavelengths of 800–1200 nm could absorb the NIR light, and then be
converted to heat. By changing the shape of gold nanoparticles to nanorods, the
absorption and scattering wavelength changes from the visible to the near-infrared
region and their absorption and scattering cross sections also increase. Indeed, the
surface plasmon field absorption of gold nanorods is the strongest of all the different
shapes of gold and silver nanoparticles [11].

Aptamers are DNA or RNA oligonucleotides or modified DNA or RNA
oligonucleotides that fold by intramolecular interaction into unique conformations
with ligand-binding characteristics. Their nanoconjugates with metal nanoparticles
preferentially accumulate at the tumor sites because of hallmarks of tumors such as
the fenestrated vasculature and poorly lymphatic drainage, resulting in an enhanced
permeability and retention (EPR) effect [12].
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3.2 Micelles and Microemulsion Templates

3.2.1 General

In order to produce metal nanoparticles having suitable sizes and/or shapes, many
physical or chemical techniques such as coprecipitation, gas evaporation, sol-gel
method and sputtering have been developed so far. Additionally, more attention has
been paid on the preparation of metal nanoparticles in reverse micelles [13].
Reverse micelles are thermodynamically stable nanometer-sized aggregates of
surfactant molecules dispersed in a hydrophobic organic phase like octane or
toluene and can form a w/o (water-in-oil) type microemulsion containing a water
pool in its center (core). Metal nanoparticles are synthesized in the water pool, in
which most precursors and reactants are dissolved. Water is readily solubilized in
the polar core of reverse micelles, forming so-called water pools that play the role
of templates for NMNP formation and also prevent the aggregation of metal
nanoparticles [14]. As the preparation of metal nanoparticles using reverse micelles
does not require a special apparatus and extreme conditions of temperature and
pressure, it is comparatively easy to expand the scale of reverse micellar reaction
system. However, the productivity of metal nanoparticles per volume of reverse
micellar system is limited due to low overall concentration of reactants in the
reverse micellar system, since the volumetric ratio of water phase playing a role as
the dissolution of reactants and the reaction field to the bulk organic phase is too
small.

Besides the electrostatic bonding, surfactants are also used to form reverse
micelles for NMNPs synthesis. Reverse micelle solutions are mostly transparent,
isotropic, thermodynamically stable water-in-oil microemulsions that are dispersed
in a continuous oil phase and stabilized by surfactant molecules at the water/oil
interface [15, 16]. The sizes of the NMNPs are defined by the micelle volume. Both
low-molecular weight surfactants and copolymer surfactants form reverse micelles
for the synthesis of NMNPs. Micelle formation allows for a unique encapsulated
volume of controllable size through which reactions and subsequent development
of metal nanostructures or nanoparticles proceed in the soft template Aggregates
containing x (=[water]/[surfactant]) of less than 15 can be called as reverse micelles
and have hydrodynamic diameters in the range of 4–10 nm [17], whereas x greater
than 15 constitute microemulsions, which have a hydrodynamic diameter range
between 5 and 50 nm. Once the right microemulsions are obtained, the method of
particle preparation consists in mixing of two microemulsions carrying the appro-
priate reactants in order to obtain the desired particles [18] (Scheme 3.1).

Sodium bis(2-ethylhexyl) sulfosuccinate (AOT) is a widely used low-molecular
weight surfactant in noble metal nanoparticles synthesis. The reverse micelle is thus
prepared by adding water/AOT/n-heptane [20] or water/AOT/isooctane [21, 22]
into an appropriate amount of HAuCl4 or other metal salts. Then, the reducing agent
is added into the mixture to form the AuNPs. Catanionic surfactants (mixture of
octanoic acid and octylamine) such as lecithin [23, 24], and trichromophoric
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dye-reverse micelles (in the toluene continuous phase) were reported to fabricate
via spontaneous reduction and stabilize AuNPs as shown in Scheme 3.2 [25].

However, the use of water/oil microemulsions for the synthesis of NMNPs has a
major drawback. Large amounts of surfactant are required to stabilize the metal
NPs, which introduces impurities. In order to solve this problem, Hollamby et al.
purified reverse micelle-stabilized NMNPs in a single step. Thus, the metal NPs are
stabilized by the microemulsion that forms in water/octane with butanol as coad-
ditive. After adding excess water, the NMNPs are concentrated into the upper
octane-rich phase, and the impurities remain in the water-rich lower phase [27].

In order to solubilize reactants in reverse micelles, three solubilization methods
are utilized: injection method, liquid-liquid extraction method, and solid-liquid
extraction method [28]. First, the injection method is carried out by injecting a few
microliters of the concentrated stock solution of reactants into the hydrocarbon
solution of surfactants. This method is most commonly used to prepare metal
nanoparticles. Second, the liquid-liquid extraction method is carried out by trans-
ferring solutes dissolved in an aqueous phase from the aqueous phase into the
hydrocarbon phase of surfactants. This method is relatively slow, and the con-
centration of reactants in the hydrocarbon phase is limited due to the distribution
between aqueous and reverse micellar organic phases in thermodynamic equilib-
rium. Third, the solid–liquid extraction method is carried out by mixing solid
reactants with the reverse micellar solution containing already a certain amount of
water. This method can dissolve reactants until their dissolution reaches saturation
in water pool. Moreover, when using the solid–liquid extraction instead of the
conventional injection method to solubilize reactants into reverse micelles, the
following benefits are expected. First, the productivity of metal nanoparticles is
markedly promoted, since reactants consumed for the formation of metal

Scheme 3.1 Proposed mechanism for the formation of noble metal nanoparticles by the inverse
microemulsion (a soft template) [19]
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nanoparticles are successively supplied from solid reactants already added in large
excess, compared to the solubility of the water pool of reverse micelles. Second,
only a small amount of water is needed for solid–liquid extraction. Consequently,
the aggregation of resultant nanoparticles is inhibited, since the lower water content
is kept in reverse micellar system, the more stably nanoparticles are dispersed [29].
The advantage of the reverse micelle is that it can solubilize both the hydrophobic
nanoparticle and polar or nonpolar polymer precursor via their polar micelle

Scheme 3.2 Formation of dye-functionalized AuNPs (top panel) and dye structure (bottom
panel) [25, 26]
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interface and reaction can be initiated from homogeneous solution [30]. The ini-
tiation and particle growth can proceed at room temperature. A novel and straight
forward approach was developed for the synthesis of AuNP in w/o microemulsion
template, in which the reduction of Au3+ to Au0 takes place under UV irradiation
and keeps the features of template [31].

Different structures can be formed as such: water–in–oil or oil–in–water dro-
plets, and bicontinue structure, over a wide range of composition and reaction
conditions. An o/w microemulsion is similar to a direct micelle, while the w/o
microemulsion is topological analogous to a reverse micelle [32, 33]. From envi-
ronmental and applied point of view, the possibility of preparing metal nanopar-
ticles using o/w microemulsion template has several advantages over w/o
microemulsion since the major continuous phase is water: the ratio of water and oil
phase is far grater than 1, the consumption of organic matter is less, and the cost is
relatively low. The main applications of o/w microemulsion were preparation of
lipidic and polymeric nanoparticles [34] and in pharmaceuticals and detergent
formulations [35]. O/w microemulsion started to be used for the synthesis of
inorganic nanoparticles only until recently hence, the literature is not abundant with
this subject. Li et al. [36] reported the o/w microemulsion for the synthesis of
various inorganic nanoparticles, such as metallic nanoparticles (Ag, Cu), semi-
conductors (Ag2S, PbS, CdS, ZnS, CdSe, PbSe, Ag2Se), fluorides (CaF2, YF3,
NdF3, PrF3), phosphates (CePO4 and HoPO4), and chromates (BaCrO4 and
PbCrO4), and all the products were made up of small particles with average size
ranging from 2 to 13 nm.

It is known that water is a broadly used continuous and disperse phase. The
second most important disperse phase is CO2. CO2 is a feeble solvent because of its
very low dielectric constant (1.1–1.5) and zero dipole moment, resulting in low
solubility of many organic species. The very low polarizability per unit volume and
low refractive index of CO2 results in weaker van der Waals forces than hydro-
carbon solvents, making CO2 more similar to fluorocarbons with respect to solvent
strength [37]. Fluorinated surfactants [38] have shown high solubility in CO2 and
some of them have stabilized water in CO2 microemulsions [39]. Nanoparticles
have been formed in CO2 within water-in-CO2 (w/c) microemulsions or by arrested
precipitation techniques using fluorinated compounds [40]. Both fluorinated sur-
factants and fluorinated ligands have been used to disperse particles in CO2.
Interactions between the CO2 solvent and the fluorinated coating on the nanopar-
ticles provide enough repulsive forces to counterbalance the attractive van der
Waals forces between the particles. In the w/c microemulsion system, fluorinated
surfactant-supported aqueous cores act as a nanoreactor to synthesize and then
disperse the particles in a CO2 phase due to strong interactions between CO2 and
the fluorinated surfactant tails.

220 3 Stabilizers-Mediated Nanoparticles Syntheses



3.2.2 Silver Nanoparticles

Among various nanoparticles, silver nanoparticles are of particular interest because
of their wide applications resulting from their unique properties [41]. Silver
nanoparticles (AgNPs) have been gaining significant research interest due to their
unique shape and size-dependent optical [42], antimicrobial [43], and catalytic
properties [44]. Silver nitrate aqueous solution was directly used to prepare silver
nanoparticles in AOT (sodium bis(2-ethylhexyl)sulfosuccinate)–dodecane–water–
silver nitrate–hydrazine microemulsions [45]. The silver nanoparticles were
obtained from the reduction of silver nitrate by hydrazine. The particle mean
diameter decreased significantly with increasing silver nitrate concentration when
silver nitrate concentration is less than 0.2 M. However, it increases when silver
nitrate concentration is greater than 0.2 M. When silver nitrate concentration is
greater than 0.4 M, the silver colloid is unstable and easy to flocculate. TEM data
indicate that there are fewer but larger silver nanoparticles generated in the
microemulsion formed by 0.1 M silver nitrate (d * 3.9 nm). By contraries, there
are more but smaller nanoparticles performed in the microemulsion formed by
0.2 M silver nitrate (d * 2.6 nm), which means that the higher the silver nitrate
concentration, the faster the growth of nanoparticles (Fig. 3.1).

In addition, the collision frequency of the formed particles increases significantly
with silver nitrate concentration, and then the protection obtained by absorption of
AOT molecules on the particles’ surface is weakened. Thus, the tiny particles are
easy to aggregate into larger particles at the high silver nitrate concentration. These
conclusions have also been confirmed by the UV–Vis spectra [46]. At low con-
centration of AgNO3, the maximum absorption wavelength gives rise to a blueshift,
meaning a decrease of the particles size. At high concentration of AgNO3, the
maximum absorption gives rise to a redshift, the particles size increased [47], and
the large silver aggregates formed. TEM micrograph and size distribution histogram
of silver colloidal particles obtained at various x ([water]/[surfactant]) values
(Fig. 3.2):

dðnmÞ=x: 1:5=2:5; 3:4=7:5; 5:0=15:0 ð3:1Þ

Fig. 3.1 Size distribution of
silver nanoparticles showing
the effect of different
concentration of silver nitrate:
0.1 M (1), 0.2 M (2) [45–47]
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The particles are spherical in shape, and there is narrower in the size distribution
at lower water content than that obtained at higher x 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 silver particles. Because at low water
content, the water solubilized in the polar core is bounded by the surfactant
molecules, which increases the boundary strength and decreases the intermicellar
rate among the reverse micelles. 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
compounds solubilized in two different reverse micelles more easily. 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 dis-
tribution is broader.

The microemulsion approach (the diethyl ether/AOT/water/dodecanethiol sys-
tem) was used to prepare thiol-capped silver particles under simple reaction con-
ditions [48]. Dodecanethiol-capped silver “quantum dot” particles (QD-particles)
have been synthesized using a novel biphasic microemulsion. AOT as the anionic
surfactant due to its higher solubility in organic phase helps to extract metal cations
from the aqueous to reverse micellar phase. FTIR investigations and elemental
analyses support the encapsulation of silver particles by dodecanethiol (DT) , while
the transmission electron micrograph reveals an average size of 11 nm.
A comparison of the FTIR spectra between 400 and 450 c@@@m−1 of DT and
encapsulated particles shows all the important bands of pure DT are clearly seen in
the encapsulated particles. The similarity of the features confirms the following:

(1) The presence of thiol as an essential component of the composite nanoparticles;
and

(2) that the thiol molecule is not leached out during several washings of the
precipitate.

The ratio of the sum of the percentage of C, H, S, and metallic content reveals
that 3.5 silver atoms associate with 4 alkanethiol molecules. The signals of the XPS

Fig. 3.2 Size distribution of
silver nanoparticles showing
the effect of different molar
ratios of water to AOT (x):
2.5 (1), 7.5 (2), 15 (3) [45–47]
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spectra acknowledge the presence of Ag and S in the synthesized nanoparticles.
A high-resolution scan over the range 360–380 eV reveals a doublet of the Ag 3d5/2
peak at 368.4 eV and the Ag 3d3/2 peak at 374.4 eV, corresponding to peak sep-
aration of 6 eV.

For the formation of silver nanoparticles in AOT microemulsion, diverse and
sometime conflicting results have been reported. For example, Andersson et al. [49]
thought that silver ions were not reduced by AOT surfactant in their reaction
system. Petit et al. [50] had not reported whether there were silver nanoparticles
formed in AOT microemulsion. However, Monnoyer et al. [51] found there were
silver particles formed in AOT microemulsion when they used AOT microemulsion
fabricating silver bromide nanoparticles. Liz-Marzán and Lado-Touriño [52] had
even synthesized silver sols by reduction of AgNO3 with AOT in ethanol solution,
although a very low yield was obtained in the case. Thus, surfactants, which act as
both reductant and stabilizer preventing particle aggregation, are known to play an
important role in the nucleation and stabilization of silver nanoparticles.

Barnickel et al. [53] have synthesized silver colloids in C12E5/cyclohexane/water
microemulsions by using daylight irradiation of the silver nitrate solution.
Reduction of silver ions occurred in microemulsion based on cationic and nonionic
surfactants without adding specific reductants. The oxo groups from the polyether
generated hydroperoxides able to reduce silver ions. The terminal hydroxyl groups
of the C12E5 surfactant reduced Ag+ ions upon radiation:

Agþ þ e�ðhm; C12E5Þ ! Agð0Þ ð3:2Þ

Spherical silver nanoparticles were fabricated in the micellar sodium dodecyl-
sulfate (SDS) solutions by the reduction of silver nitrate using ascorbic acid as the
reducing agent [54]. The particles are roughly spherical with the characteristic
plasmon band. With increase in length of the micelles, the polydispersity of the
distribution decreases and the peak of the intensity weighted distribution shifts to
larger diameter. This is possibly because of the growth of the nuclei at the expense
of smaller particles to reduce the interfacial energy. It is likely that the micellar
surface provides a platform for the nucleation and further growth of the particles as
the positively charged Ag+ ions can condense on the negatively charged surface of
the micelles through electrical double layer formation [55]. An increase in micelle
length increases interfacial area of the micelles thereby increasing the local con-
centration of Ag+ ions. This facilitates easy growth of the nuclei without collision
and intermicellar exchange. As the number of counter ions per micelle increases
with increase in aggregation number of the micelles, the extent of growth of the
particles and its average dimension increases.

An alternative new approach to monodisperse silver nanocubes in water by a
HTAB (n-hexadecyltrimethylammonium bromide)-modified silver mirror reaction
was reported by Yu and Yam [56, 57]. Controlled synthesis of silver nanocubes
could be accomplished by such an “old” reaction by the introduction of HTAB. The
synthetic reactions were as follows:
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Ag NH3ð Þ2
� �þ þBr� �AgBrðsÞþ 2NH3 ð3:3Þ

Ag NH3ð Þ2
� �þ þRCHO ðglucose) ! AgNPsþRCOO� þNHþ

4 ð3:4Þ

Upon addition of HTAB into the solution containing [Ag(NH3)2]
+, the Br− from

HTAB reacted with [Ag(NH3)2]
+ to form AgBr (solid, insoluble, Eq. 3.3).

Reaction 4 proceeded in a more controllable manner at a high temperature (120 °C)
to form the nanocubes. With the consumption of [Ag(NH3)2]

+ by reaction 4, the
equilibrium reaction 3 shifts to the left until the reactions are completed. XRD
peaks of the product were assigned to the diffraction of (111), (200), and
(400) planes of face-centered cubic (fcc) silver. The unusual intensity of the
(200) diffraction peak is a result of the strong tendency of the AgNPs to assemble
into two-dimensional (2D) arrays on the solid surface with the c-axis perpendicular
to the substrate upon the evaporation of the water.

A typical TEM image of the silver nanoparticles indicates that the products
consisted of a large quantity of uniform nanocubes with smooth faces having a
mean edge length of ca. 55 nm. The cubes had a strong tendency to assemble into
2D arrays with regular checked pattern on the TEM grid, and the spacings between
adjacent cubes are ca. 5 nm. Such a regular assembly of the cubes is due to the facts
that the HTAB adsorbed on the cube surfaces would form a capping shell to
generate a regular interparticle spacing and thus to prevent the cubes from random
aggregation [58], and that the uniformity of the sample made it possible to
manipulate the cubes into a close-packed and ordered array caused by van der
Waals forces [59]. The 2D lattice fringes of the HRTEM image were examined to
be 0.204 nm, close to the {200} lattice spacing of the fcc silver. On the basis of the
TEM and HRTEM analyses, it could be concluded that when these regular nano-
cubes bounded by {200} facets assembled into a 2D array on a substrate, they, of
course, had an identical <001> zone direction, thus resulting in the strongest
diffraction of (200) as shown in the XRD pattern. HTAB acted not only as the
reaction moderator as described above but also as the shape controller and stabi-
lizing agent. First of all, HTAB micelles directed the silver metal to nucleate and
grow into nanoparticles other than the usual silver mirror. An increase in the molar
ratio of HTAB/[Ag(NH3)2]

+ led to a shape evolution of silver nanoparticles from
spheres to cubes, which was caused by the anisotropic adsorption of the surfactant
on the silver crystal faces, while such adsorption characteristics depended on the
molar ratio. When the molar ratio reached ca. 1.5, anisotropic growth of the par-
ticles appeared. When the molar ratio increased further to 2.5, the product was
dominated by nanocubes. Second, it stabilized the silver nanoparticles to form
stable aqueous solutions, the color of which changed from orange to yellow with
the increase of the molar ratio. Note that the nanocubes also showed an absorption
band at ca. 420 nm, typical of the plasmon resonance of the spherical silver
nanoparticles, since the nanocubes assumed bent edges rather than sharp ones such
as triangles or prisms [41].
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The formation process of the silver nanocubes and their assembling is proposed
as illustrated schematically in Scheme 3.3. The growth of silver nanoparticles
should be a result of the interplay of the faceting tendency of the stabilizing agent of
HTAB and the growth kinetics of silver metal. On one hand, [Ag(NH3)2]

+ reacted
with Br− from HTAB in reaction 3 to produce AgBr colloids, which were stabilized
by HTAB. Subsequently, with the proceeding of reaction 4, silver colloids were
formed and temporarily stabilized by HTAB, but they were unstable due to their
high energy resulting from the small particle size.

A number of 1D arrays of aligned silver colloids with a size of approximately
4 nm were found in the prolate HTAB micelles. Meanwhile, some nanowires that
formed along the arrays were also observed. Of particular, interest is to note that the
corresponding spaces left alongside the nanowires suggested that the nanowires
were formed probably via the assembly of small spherical particles. Unlike the
nanowires that were assembled from silver nanoparticles in a polyol/toluene
medium which revealed a polycrystalline texture [60], these nanowires were
characterized by the nature of a single crystal. If more than one nanowire were
formed along an array of aligned small spheres, strong van der Waals forces would
exist between adjacent nanowires because of their closed packing, and may lead to
the formation of the 2D alignments of silver nanowires. Since the morphology of
the surfactant micelles may range from spherical shape to prolate or rodlike, and
lamellar phase, depending on the concentration of the surfactant and additives [61],
the assembly of the silver colloids into wires other than the cubes could probably be
attributed to the template action of the prolate micelles of HTAB under these
experimental conditions.

Because the as-synthesized silver nanoparticles were well-crystallized single
crystals, the silver colloids had probably assembled through an adhesion process

Scheme 3.3 Schematic illustration of the proposed formation process of silver nanocubes (top
panel) and 1D and 2D possible arrays and assembles (bottom panel): 1 reduction step and 2 and 3
assembling steps [57]
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followed by a subsequent coalescence process, similar to the 2D silver nanowire
array formed by reducing the capping ligand coverage on small silver particles [62].
However, this process was driven by hydrothermal energy, which could be sup-
ported by the fact that if the autoclave was cooled to room temperature the assembly
of the colloids stopped during the growth process of the nanocubes. Thus, it is
proposed that the observed formation of the silver nanoparticles occurs through a
hydrothermal-induced assembly mechanism. Similar to other studies [63], the
prerequisites for the assembly of small spheres into silver nanoparticles are the
formation of the small colloidal particles (<10 nm) and a suitable choice of a
surfactant and its concentration, both of which are, to a large extent, determined by
the concentrations of HTAB and [Ag(NH3)2]

+. For example, with a fixed con-
centration of [Ag(NH3)2]

+, lowering the concentration of HTAB resulted in large
silver colloids (diameter > 10 nm), which could not assemble into the nanoparticles
because of their low energy. Although a much higher HTAB concentration would
be favorable for the formation of small silver colloids (<5 nm), they could not
assemble into the nanoparticles because of a large amount of capping ligand cov-
erage on the colloids which would block the interparticle assembly. Therefore, the
successful formation of the multiple silver nanoparticles through the adjustment of
the concentrations of HTAB and [Ag(NH3)2]

+ is believed to be the outcome of their
effect on both the formation and the assembly process of the colloidal silver
spheres.

Noritomi et al. have reported the preparation of silver nanoparticles in reverse
micelles of sucrose fatty acid esters by using the conventional injection method
[64]. Sucrose fatty acid esters are commercial food grade nonionic surfactants, and
are biodegradable and nonhazardous to the environment [65]. Successive supply
reactants consumed for the formation of silver nanoparticles to the water pools of
reverse micelles, which are reaction fields, produce silver nanoparticles at high
concentration. Noritomi et al. [66] have also employed solid-liquid extraction
method instead of the conventional injection method [28]. The colloidal solution of
silver nanoparticles prepared by solid-liquid extraction method was much con-
centrated, compared to that prepared by the injection method examined in their
previous method [64]. The concentration of silver nanoparticles obtained by the
present approach was about one hundred and thirty times larger than that obtained
by the injection method. The color of the solution after dilution was yellow, similar
to the case of injection method, and its UV–Visible absorption spectrum exhibited
the peak around 403 nm, which corresponds upon the localized surface plasmon
resonance (LSPR) of silver nanoparticles [67]. The relationship between surfactant
concentration and the absorbance at 403 nm of colloidal solutions of silver
nanoparticles preliminarily diluted one hundred-fold with n-butanol is as follows:

Absorbance (a.u.)/DKSS (sucrose fatty acids of 99 wt% monoesters and 1 wt%
di- and triesters, fatty acid constituent consisting of 60 wt% stearic acid, and
40 wt% palmitic acid) (wt%) [66]:

226 3 Stabilizers-Mediated Nanoparticles Syntheses



0:1=10; 0:2=20; 1:0=30; 1:5=40; and 2:7=50 ð3:5Þ

Any absorbance at 403 nm was not observed without surfactant. On the other
hand, the absorbance at 403 nm increased above 20 g/dm3 of surfactant concen-
tration. The apparent critical micelle concentration in sucrose fatty acid/n-
butanol/isooctane system was observed to be around 10 g/dm3 [68]. Consequently,
it is suggested that the preparation of silver nanoparticles proceeds as follows. First,
empty reverse micelles containing a small amount of water approach solid reactants
added in large excess. When the water pools of reverse micelles contact solid
reactants, reactants are solubilized into the water pools. Then, silver nanoparticles
are synthesized from reactants solubilized in reverse micelles. Resultant silver
nanoparticles are coated by surfactants, and are dispersed in organic solvents. Thus,
the production of silver nanoparticles is promoted by repeating the process com-
posed of the extraction of reactants, the synthesis of silver nanoparticles, and the
dispersion of resultant silver nanoparticles (AgNPs).

The average particle diameter (d) of AgNPs prepared in the reverse DKSS
micellar system at different reaction temperatures increases with temperature as
follows:

dðnmÞ=temp: �Cð Þ: 6:8=5; 7:3=15; 7:8=25; 9:6=40 ð3:6Þ

The TEM images showed that the obtained silver nanoparticles displayed a wide
variety of shapes. The size of resultant AgNPs was almost similar to that prepared
in AOT reverse micelles by the conventional injection method [64]. The line in this
dependence represents the fitting curve as

d ¼ 0:079 tþ 6:2 ð3:7Þ

where d is the mean diameter of silver nanoparticles, and t is the reaction tem-
perature. The solubilization of reactants, the exchange of reactants between reverse
micelles, the reduction reaction, and the growth of nanoparticles increase with
increasing the reaction temperature [69]. The wavelength in the peaks increases
with an increase in the mean diameter of silver nanoparticles. The line in this
dependence represents the fitting curve as

k ¼ 8:2 dþ 340 ð3:8Þ

where k is the wavelength of peaks. The position of the plasmon adsorption peak
depends upon the particle size and shape, and especially tends to be redshifted with
increasing the particle size [69, 70].

The formation and stability of micelles are due to the structure and/or
hydrophobic hydrophilic balance (HLB) of surfactants [71]. The structure and
HLB of sucrose fatty acid esters alter with the esterification degree [65]. In order to
elucidate the effect of those factors on the formation of AgNPs, the synthesis of
silver nanoparticles was examined in the reverse micelles of sucrose fatty acid
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esters by mixing DKSS (average esterification degree = 1.01, HLB = 19) with
DKF20 W (average esterification degree = 3.1, HLB = 2). The more weight frac-
tion of DKF20 W is, the larger the average esterification degree is. When AgNPs
were prepared in the reverse micellar system of sucrose fatty acid esters at different
average esterification degrees (AED), the particle diameter varies as follows:

dðnmÞ=AED: 7:8=1:01; 7:9=1:43; 8:2=1:85; 9:2=2:68; 12:4=3:1 ð3:9Þ

As shown, the mean diameter of silver nanoparticles increases with the average
esterification degree [64]. Thus, when the bulkiness of surfactants increased or the
HLB value decreased, the size of silver nanoparticles tended to increase.

Driven by thermal movement, the small nanoparticles assembled into larger
particles with spherical or near-cubic shapes, on the basis of which nanocubes were
eventually formed [57]. Obviously, from the spherical or near-cubic silver particles
to the final nanocubes, the {111} and {110} facets of the particles had to grow
faster than their {200} facets so as to form the sharp vertexes and edges of the
cubes. That is, the silver colloids should have preferential {111} and {110}
assembling orientation. Similar to the case of the formation of cubic gold
nanoparticles in the presence of cetyltrimethylammonium bromide (CTAB) as
reported by Murphy et al. [72], HTAB molecules probably bound more strongly to
the {200} than to the {111} and {110} facets, which led to an increase in the
growth rate along the 111h i direction and a reduction in the growth rate along the
100h i direction, thus resulting in the formation of the nanocubes [73]. On the other
hand, from the kinetics point of view, the lowest energy {111} facets were
favorable for the colloids to assemble, leading to their disappearance and the for-
mation of {200} facets till a cubic structure bounded by the six {200} facets was
achieved.

In fact, synthesis of silver nanoparticles in the presence of coating agents, such
as amino acids or small peptides, often produces nanoparticles with variable
dimensions, which depend on the concentration of the coating agent [74], and on
reaction conditions [75].

3.2.3 Gold Nanoparticles

Controlled nucleation and separation of nucleation from growth are the keys to
synthesizing near-monodisperse gold nanoparticles [76]. This can be 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 [76]—or by varying the ratio of strong and weak
reducing agents [77]. 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 [78]. The simplest approaches for isotropic and
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anisotropic gold nanoparticle synthesis are various surfactant-based methods,
mainly microemulsion approach [79].

Surfactant-based (an)isotropic micelle templates can be easily prepared [80]. For
example, the *6 nm spherical micelles formed by a dilute (>1 mM) solution of
CTAB surfactant convert to cylindrical micelles at higher concentrations
(>20 mM), more elongated rodlike micelles in the presence of organic solubilizates
[81], and wormlike micelle structures in the presence of salicylate [82]. Surfactant
molecules can be used as “simple” capping, soft template, and stabilizing agents as
in the organometallic precursor decomposition reactions.

Fu et al. [83] and Jana et al. [84] have proposed a micelle template mechanism
that can explain the origin of various shapes of gold nanoparticles (Scheme 3.4).
There are three important parts of this mechanism: First, the cylindrical micelle
induces breaking of symmetry in the growing nanoparticle; second,
symmetry-breaking performance is dependent on nanoparticle size; third, beyond a
size limit (>5–10 nm) the nanoparticle detaches from the micelle surface because of
its comparatively larger mass, and the micelle template mechanism does not work.
Nanorods are obtained in high yield only when the nonseeding method is used or
when the smallest seed of 1.5 nm was used in the seeding growth method.

Lower symmetric spheroids, platelets, cubes, and stars were formed if the seed
size was between 3 and 5 nm or the gold nanorods were allowed to grow further. If
the seed particle size was >5 nm, the anisotropic nanoparticle yield was very low
regardless of seed concentration used. According to earlier mechanisms [85],
monomers organize on the micelle surface, make a covalent organic shell sur-
rounding the micelle, and these primary core@shell particles are connected to each

Scheme 3.4 Proposed rodlike micelle template mechanism for (top) borohydrate or (bottom) gold
seed nanoparticles [84]
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other via interparticle bonding. Primary rodlike particles are formed while occu-
pying only a part of each micelle surface [84]. When the particle–particle inter-
action is weak, the primary particles remain isolated during the entire growth
processes. The final particle size is dictated by the size of the micelle template and
the relative rates of nucleation and growth.

Variations of noble metal nanorods to spheres were initiated by using cyanide as
oxidant in the presence of CTAB micelles [86]. Herein, short spheroids with sharp
tips dissolve preferentially from the tips, leading to lower aspect ratio nanorods and
eventually to spheres. However, for longer nanorods, cyanide oxidation occurred at
various spots along the side edges, with no intermediate shorter rods being formed.
Rodrıguez-Fernandez et al. have shown that the AuCl4� ions are quantitatively
bounded to CTAB micelles and can be used to vary the particle size and shape [87].
The crystal growth can be manipulated and spatially controlled by CTAB if the
active solution species that deposit onto the growing particle surface is adsorbed to
the CTAB micelles. Conversely, in its absence corrosion should be homogeneous
over the particle surface. The dissolution of gold nanorods by AuCl4� is shown via
reaction (3.10)

AuCl4� þ 2Au0 þ 2Cl� � 3AuCl2� ð3:10Þ

which only takes place in the presence of CTAB because of a change in the
reduction potential of AuCl4� upon complexation, and leads to gradual oxidation of
gold nanoparticles. Careful analysis of this reaction shows that it occurs preferen-
tially at nanoparticle surface sites with higher radius of curvature, and provides an
elegant procedure for the narrowing of the nanoparticle size and shape distribution.

If AuCl4� is added to the seed gold nanoparticles in the absence of CTAB, no
changes in either the optical response (plasmon band position, shape, or intensity)
or the morphology of the particles are observed, but if both the seed gold
nanoparticles and the gold salt are premixed with CTAB, then upon mixing there is
a gradual change in the spectrum [87]. There is a systematic blueshift of the
absorption peak, a clear decrease in the peak intensity, a narrowing of the
absorption band, and an increase in the symmetry of the band profile. Such spectral
changes are consistent with the gradual oxidation of Au0 since a decrease in particle
size will lower the absorbance and cause a blue-shift. Time evolution of the UV–
Vis spectra during oxidation of gold nanoparticles before (0) and after addition of
HAuCl4 with CTAB and Au:Au(III) molar ratios (a) 1:0.25 and (b) 1:0.5 is as
follows [87]:

(a) kmax (nm)/time (min):

550=0; 545=36; 540=131; 535=300 and 530=1036 ð3:11Þ
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Absorbance (a.u)/time (min):

1:0=0; 0:9=36; 0:8=131; 0:7=300 and 0:6=1036 ð3:12Þ

(b) kmax (nm)/time (min):

500=0; 490=36; 478=131; 465=300 and 450=1036 ð3:13Þ

Absorbance (a.u)/time (min):

1:05=0; 0:85=36; 0:6=131; 0:3=300 and 0:13=1036 ð3:14Þ

Furthermore, the narrowing and increased symmetry of the surface plasmon
(SP) absorption band also suggested that there is a progressive increase in
monodispersity [88]. This reaction only takes place in the presence of CTAB
micelles which carry complexed AuCl4� ions. If the concentration of CTAB is
lower than the critical micelle concentration, precipitation of the AuCl4� ions
complexed with CTAB monomers is observed [89]. Importantly, the different
shaped gold nanoparticles expose different crystallographic facets to the solution at
the protuberances. Since they all display the same surface smoothing during oxi-
dation, it is concluded that the mechanism that leads to spatially directed oxidation
of the particles is independent of the exact crystallographic facets present at the
sharply curved points on the particle surface. Hence, it is not determined by the
specific binding of CTAB to particular facets, but is a consequence of the high local
curvature. This suggests that both reduction of AuCl4� to form gold rods and the
dissolution of the rods take place at the rod termini. Micellization of the gold salt
leads to preferred electron transfer at the tips and implies that the collision fre-
quency of micelles with the gold rods is higher at the tips.

To provide a clear demonstration of the shifts in absorbance band with particle
sizes and shapes, Rodrıguez-Fernandez et al. have chosen samples with relatively
high aspect ratio (*5) [87]. They used a mixture of mostly rods (68%) and cubes
(32%). When HAuCl4 is added in the presence of CTAB, absorption spectroscopy
[the absorption band shifts from 900 nm before oxidation to 700 nm after oxidation
and simultaneously the absorbance decreased from 2.2 to 1.0 (a.u.)] reveals a
gradual blueshift and decrease of the longitudinal surface plasmon (LSP) band,
indicating the expected decrease in aspect ratio, which is also confirmed by TEM
(see Scheme 3.5). TEM images also show that nanocubes present in the sample
become more spherical after the oxidation (before: L = 48 nm, W = 10, L/W = 5;
after: L = 29 nm, W = 10.4, L/W = 2.8, [Au]:[AuIII] = 1:0.25, 0.05 M CTAB,
[width (W) and length (L)]). This is probably related to the extreme curvature
associated with such acute tips. This cube-to-sphere conversion is also reflected in
the UV–Vis spectra, since the band at 545 nm (due to nanocubes) in the spectrum at
time zero quickly merges with the absorption band, around 520 nm due to exci-
tation of surface plasmons in spherical nanoparticles.
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The addition of H2O2 to a phosphate buffer solution that includes AuCl4�, gold
nanoparticle seeds (*12 nm stabilized by citrate), and cetyltrimethylammonium
chloride (CTAC), as surfactant, results in the immediate increase of the absorbance
corresponding to the gold nanoparticle plasmon [90]. Figure 3.3 shows the evo-
lution of the absorbance spectra in the system with variable concentrations of H2O2.
As the concentration of H2O2 increases, the absorbance is intensified. Control
experiments reveal that no AuNPs are formed in the absence of the AuNP seeds and
that added H2O2 is essential to stimulate the absorbance changes. These results
suggest that the AuNP seeds act as catalysts for the reduction of AuCl4� by H2O2,
resulting in the enlargement of the particles and the enhanced absorbance features,
Eq. 3.15.

Scheme 3.5 Gold nanorods (left panel) before and (right panel) after oxidation with HAuCl4
([Au]:[AuIII] = 1:0.25) in the presence of CTAB 0.05 M [87]

Fig. 3.3 Variations of
absorbance spectra AuNP
seeds (*12 nm), with the
H2O2 concentrations, upon
growth in the presence of
HAuCl4, in phosphate buffer
solution that included CTAC,
and using different
concentrations of H2O2:
1 0 M, 2 5 � 10−5 M,
3 1.8 � 10−4 M,
4 6.0 � 10−4 M [90]
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AuCl4� þ 3=2H2O2 � AuNP ! Au0 þ 4Cl� þ 3Hþ þ 3=2O2 ð3:15Þ

A closer inspection of the spectral changes of the gold nanoparticle seeds upon
treatment with H2O2, Fig. 3.3, indicates that at low H2O2 concentrations a redshift
in the absorbance maximum is observed, curve (1), while at higher H2O2 con-
centrations, concomitant to the absorbance growth, a blueshift in the absorbance
maxima occurs (curve 4). While the redshift observed at low H2O2 concentrations
may support the enlargement of the particles [91], the blueshift at higher H2O2

concentrations with the concomitant absorbance growth may imply the formation of
more AuNPs of lower dimensions or the formation of a mixture of very small
crystalline AuNPs together with enlarged AuNPs.

The gold nanoparticles are found to exist in several morphologies (spheres,
rhombs, triangles, and polygons) with a very narrow size distribution *12 nm.
The gold crystallites are observed to be catalytically grown at the intersection of the
faces of the parent seed gold nanoparticles. The HRTEM analysis indicates that the
initial AuNP seeds are in the distinct decahedral or icosahedral structures [92, 93].
Upon the enlargement of the particles, gold is deposited on the seeds, and the
nanocrystalline flakes are deposited and catalytically enlarged at the sharp inter-
sections of (111)/(111), (100)/(110), and {110}/{210} faces. This mechanism may
smooth out the sharp edges of the nanoparticles and decrease their surface energy.

The enlargement of the gold nanoparticles seeds by H2O2 was also examined on
surfaces. The citrate-capped gold nanoparticles were assembled on an amino-
propylsiloxane film that was assembled on glass plates [94]. The resulting plates
were then reacted with a solution of AuCl4�/CTAC in the presence of different
concentrations of H2O2. The absorbance of the AuNP-modified interface increases
as the concentration of H2O2 is elevated. Interestingly, however, and in contrast to
the spectra in solution, the absorbance bands characteristic to the AuNPs are
constantly redshifted. As the H2O2 concentration increases, the AuNPs are
enlarged. The absorbance spectra of the slides correspond then to the net
surface-enlarged AuNPs. HR-SEM measurements support the enlargement process
of the AuNPs on the surface. The AuNPs are enlarged from *12 to *18 nm,
respectively.

Gold nanopopcorn synthesis was achieved through a two-step process, using
seed-mediated growth in the micellar solution. In the first step, very small, rea-
sonably uniform, spherical seed particles were generated using trisodium citrate as
stabilizer and sodium borohydride as strong nucleating agent. In the second step,
ascorbic acid was used as weak reductant as well as CTAB as shape-templating
surfactant so that the seeds grew into larger particles of the particular morphology
we desired. HAuCl4 together with gold-seeded nanoparticles and silver salt were
also present in the reaction solution. The ascorbic anions transfer electrons to the
spherical seed particles, which reduce gold ions to form a gold shell, which grows
into different shapes in the presence of CTAB. The solution turned pink immedi-
ately after the addition of NaBH4 and became red after it was kept in the dark
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overnight. The nanoseeds exhibited absorption spectra with a maximum at 510 nm,
which corresponds to a 4.3 nm seed, which was confirmed by TEM [95].

A generated popcorn-shaped gold nanoparticle has only one plasmon bond, like
spherical gold nanoparticles, but its kmax is shifted about 60 nm in comparison to that
of a spherical gold nanoparticle of the same size. The popcorn-shaped gold
nanoparticles concentration was measured using the plasmon absorption peak at
580 nm, given that the popcorn-shaped nanoparticles extinction coefficient is
4.6 � 109 M−1 cm−1. The extinction coefficient was measured by using inductively
coupled plasma (ICP) analysis to quantitatively determine the gold concentration in
nanoparticle solution and nanoparticle volume measured by TEM [96].

The organic coating was performed in nonionic surfactant (Igepal)-cyclohexane
reverse micelle medium [30]. Igepal produces 1–10-nm-size spherical reverse
micelles, depending on the water-surfactant molar ratio [97]. This coating method
has been extended to different hydrophobic nanoparticles as well as to different
imidazole monomers. Although the method works well for gold and silver, and
produces water-soluble particles, it did not work for iron oxide nanoparticles
(produces water-insoluble particles). Different imidazole monomers such as imi-
dazole, imidazole-4-acetic acid, L-histidine, L-histidinol, and their mixtures were
tested, and it was found that imidazole-4-acetic acid and L-histidine produce
water-soluble particles that are the most stable. The reaction conditions were
optimized by varying the molar ratio of different reactants and other reaction
conditions, in order to get the most stable colloidal solution. The possibility of
particle aggregation during polymer coating was minimized by examining different
experimental conditions and finding conditions that produce water-soluble
nanoparticles of smaller size [98].

The o/w microemulsion with gold precursor, HAuCl4, as aqueous phase was
subjected to an irradiation process [99]. Initially, before the irradiation, the size of
the nanodroplets HAuCl4 containing, in this pristine o/w microemulsion, was
around 20 nm. By increasing the irradiation time to 60 min, one can observe that

Fig. 3.4 Evolution in time of simple AuNP in pristine microemulsion (mE): DLS spectra; 1 initial
mE, irradiation time: 2 10 min, 3 20 min, 4 40 min, 5 50 min, and 6 60 min (left panel), electronic
spectra of mE solution irradiated from 10 to 60 min (right panel) [99]
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the sizes of the micelles are decreasing very much up to 5 nm (Fig. 3.4). Also, the
intensity of the size peak increased substantially and the polydispersity index was
high (*1) which indicates that polydisperse AuNPs with small size were obtained,
but with a high tendency of aggregation.

The UV–Vis electronic spectra in Fig. 3.5 show a maximum absorption peak at
325 nm for initial microemulsion characteristic for [AuCl4�] ions that disappears
after 20 min of irradiation, and the presence of the surface plasmon resonance band
at a 525 nm wavelength specific to colloidal gold nanoparticle evolves. These
results were similar with AuNPs obtained in w/o microemulsion [31]. The absor-
bance has limited values as the concentration and the size of the nanoparticles are
small. The absorption wavelength offers valuable information about the size of
AuNP, and absorbtion at 525 nm wavelength confirms the small size of 5 nm and
spherical shape [100].

As the simple AuNPswere not stable in themicroemulsion system, thiols (10−1M)
were introduced as stabilizer before the microemulsion formation. The volumetric
ratio tiol: HAuCl4 was 1:3. The DLS results of the microemulsion system containing
sodium 3–sulfonate mercaptopropan (SM)—HAuCl4 irradiated from 0 to 240 min
are presented in Fig. 3.5 (right panel). The DLS analysis showed that, in the synthesis
process of {Au–SM}NP, the microemulsion template used was very stable since the
sizes of the micelles were almost at the same initial value of 20 nm. After the addition
of SM thiol, the intensive band specific to [AuCl4�] at 325 nm disappeared and only a
shoulder between 300 and 350 nm remains corresponding to SM derivative. The
electronic spectra of AuNP functionalized with SM in a single-phase synthesis in o/w
microemulsion were not useful as, during the irradiation process, the color of the
microemulsion was yellow and the absorption peak specific for the plasmon reso-
nance band was not visible.

The behavior of cysteamine-monochlorhydrat (CS) thiol was similar with the
one of SM as the size of the AuNP stabilized with CS and dispersed in o/w

Fig. 3.5 Evolution in time of SM—AuNP in pristine mE: DLS spectra (left panel); electronic
spectra (right panel) [99]
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microemulsion was maintained at initial value of 20 nm (similar behavior to
Fig. 3.5). The o/w microemulsion containing CS–AuNP having the same behavior
and color as pristine SM–AuNP microemulsion. The “masking” behavior can be
explained by covering the AuNP surface with SM thiol molecules similar to
spectral shape being obtained by Hussain et al. [101] who studied the effect of
water-soluble alkyl thioether over AuNP size control.

The narrow shape of the size distribution indicates the homogeneity distribution
of the gold precursor in the o/w microemulsion [PDI * 0.229 (SM) and *0.237
(CS)]. After the o/w microemulsion has been formed the gold precursor and thiols
molecules are dispersed in continuous water phase, but after the irradiation and
formation of Au–S bond between AuNP and thiols, the CS–AuNP is transferred in
oil droplets due to the hydrophobic tail of CS thiols. These could be the reason for
the AuNP size and geometrical shape similar with the one of oil droplets.

The XRD analysis revealed the presence of the seven diffraction peaks that are
attributed to the crystalline phases of gold, similar for both gold nanoparticles
stabilized with SM or CS, at 2h = 38, 44, 64, 78, 82, 98, and 111 °C that corre-
spond to crystalline planes (111), (200), (220), (311), (222), (400), and (311) of
gold. The diffraction peaks corresponding to the diffraction planes (111), (200), and
(220) were indexed to the gold metal with face-centered cubic [100]. The
energy-dispersive X-ray fluorescence (EDXRF) qualitative analysis of the solid
sample of AuNP stabilized by SM thiol identified the presence of gold in a percent
of 99.41%. EDXRF analysis of the {Au–CS}NP in solid state indicated the pres-
ence of gold in a major percent, 99.54%. The overlapping of the two spectra, for the
two types of samples, Au–SM and Au–CS nanopartiles, showed they have a similar
composition.

HRTEM has shown that all {Au–SM} and {Au–CS}NPs are spherical in shape
and well dispersed from each other but size of 5 nm is smaller than the one obtained
from DLS measurements. When are dispersed in o/w microemulsion the AuNPs are
surrounded by a surfactant molecules layer which increases the size estimated by
DLS. The SAED patterns recorded at a camera length of 80 nm consisted of
a number of diffraction spots arranged in circular rings, indicating areas of crys-
talline AuNP structure [99].

Negatively AuNP surface charges were obtained using SM, whereas positively
AuNP surface charge using CS, as thiols capping ligands (SM = −28.1 mV and
CS = 24.9 mV) of gold precursor, HAuCl4. The negative charge for SM and the
positive charge in the case of CS were formed due to the free sulfate, SO3

� and
ammonium, NH3

+ ions remained at the surface of AuNP, after the strong chemical
bond between the gold and sulfur [102]. Positively and negatively gold nanoparticle
surface charge has various applications in biological and medicine field such as
gene delivery [103], colorimetric detection of glucose [104], inhibition of
Alzheimer’s amyloid–b fibrillization [105] and binding, and stabilization and
delivery of therapeutic DNA, RNA, and other biological macromolecules [106].
Relating to the delivery efficiency the polarity of AuNP is important, due to the
highest deliverance potential displayed by positively charged AuNP and grater
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cellular uptake showed by negatively charged AuNP than neutral AuNP which was
likely because of their affinity for membrane proteins [107].

3.2.4 Hybrid Nanoparticles

Specific supports or templates such as metal oxides [108], or activated carbon
[109], have been used to improve the activity in the adsorption of reactants, stability
of noble metal nanoparticles, and reusability of conjugates. Significant effort has
been made to develop gold nanocatalytic systems that mainly include discovering
adequate supports and efficient deposition methodologies [110], fabricating
core@shell-type morphologies [111], and integrating active nanoparticles [112].
Therefore, assembling noble metal nanoparticles by surrounding them with polymer
or inorganic (silica, SiO2) shells as a support (template) could be a potentially
useful method for the preparation of highly active hybrid nanoconjugates
assemblies.

The soft template formed by reverse micelles consisting of CTAB, 1-butanol,
and octane as the (co)surfactant, and the oil phase, respectively, was effective to
prepare the composite (hybrid) gold-coated iron nanoparticles [113]. The composite
nanoparticles were prepared in inverse micelles by reduction of Fe(II) salt with
NaBH4, and then Au(III) salt with NaBH4 were added. The typical size of the
composite nanoparticles is about 20 nm. Cho et al. have investigated [114] the
reverse micelle synthetic method more in detail and have found that the structure of
iron@gold (core@shell) nanoparticles is not as simple as either of the previous
reports indicated [113]. The gold shell was suggested to grow by nucleating from
small nanoparticles on the iron-core surface before it develops the shell structure.
These nanoparticle nucleation sites form islands for the growth and coalescence of
the thin gold overlayer. Specifically, Au3+ is reduced to Au(0) by NaBH4, which
initiates minimum nanoscaled seed gold nanoparticles, and they grow larger,
resulting in a gold shell (a heterogeneous nucleation).

Laser ablation of solvent-suspended metal powders can be used in for synthesis
of gold/silver alloy and core@shell nanoparticles of predetermined composition
[115]. Two general routes for synthesis of the Fe@Au nanoparticles have been
explored. The first one consists of making both the iron core and the gold shell
using the laser ablation method. The second one consists of preparing the iron core
by wet chemistry and subsequently coating the core with gold by laser ablation of
gold powder. Magnetic extraction and acid washing of nanoparticles constitute the
third step in both routes (Scheme 3.6) [116]. The main advantages of the second
route are a higher overall yield and better control of the size of the magnetic core.

Lin et al. have more in detail described a heterogeneous growth process in which
an organometallic source of atoms is slowly coinjected with a solution containing a
metal hydride reductant into a stirred vial containing the nanocluster seed crystals
[117]. They grew successive generations of metal particles from seeds formed in
cationic inverse micelles using the inverse micelle solution used to grow the seeds
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as the feedstock for each stage of growth. The effect of silver and gold deposition
on the absorbance properties of seed nanoparticles is summarized in Fig. 3.6 [118].
The red-colored parent solution with an absorbance peak at 518 nm (AuNPs)
blueshifts in a systematic manner as thicker shells of silver are formed around the

Scheme 3.6 Schematic diagram of the experimental process for fabrication of iron@gold
magnetic nanoparticles, 1 magnetic confinement, 2 redispersed in water with surfactant, and 3
remove surfactants; acid washing/redispersed in water with surfactant [116]

Fig. 3.6 Effect of deposition of progressively larger amounts of Ag on Au seed nanoparticles with
a core size of d = 5.4 nm (curve 1). The atomic ratios of Au:Ag are indicated for each case. The
ratios correspond to Ag shell thicknesses (total thicknesses) of *1.4 (2), 3.2 (3), and 5.3 (4) nm,
respectively (left panel). Effect of deposition of progressively larger amounts of Au on Ag seed
nanoparticles with a core size of d = 4.0 nm (curve 1). The atomic ratios of Au:Ag are indicated
for each case. The ratios correspond to Au shell thicknesses (total thicknesses) of *1 (2), 2.5 (3),
4.6 (4), and 8.2 (4) nm, respectively (right panel) [118]
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core, ultimately resulting in a yellow-colored solution with a narrower symmetrical
plasmon typically associated with a silver nanocluster [117]:

kmaxðnmÞ= Au:Ag ðatomic ratio):gold seed ð518 nm)f g;
480=1:1; 460=1:3; 450=1:7

ð3:16Þ

In the case of gold deposition onto silver clusters, the absorbance peak shifts in
the opposite manner, as shown in the example of Fig. 3.6 (right panel), where a
seed population of AgNPs was used:

kmaxðnmÞ= Ag:Au:silver seed ð430 nm)f g:
460=1:1; 480=1:3; 500=1:7; 505=1:15 and 510=1:31

ð3:17Þ

It is noteworthy that even when the particle has a 31:1 Ag:Au ratio which
corresponds to a d = 4-nm silver core with a total size of *12 nm, the damping of
the gold plasmon is much stronger than is observed in a pure gold particle of the
same size. These experiments indicate that, beyond a size of *6 nm, further
addition of gold feedstock atoms in the presence of alkanethiols leads to an etching
and mass redistribution process. Such a process has already been demonstrated for
thiolate-stabilized 8–10-nm-gold nanoparticles grown in nonionic inverse micelles
[119]. It is very interesting to note that the same mechanism appears to be causing a
size reduction in this case too. In aqueous solution, growth of large-size clusters in
the range of 12–100 nm by a seeding technique using relatively monodisperse
seeds has been demonstrated [120]. Herein, the clusters were charge stabilized by
the presence of citrate ions on their surfaces. This overcomes the requirement of
bulky, polymer-like steric stabilizers to prevent particle agglomeration.

In addition to gold nanoparticles, other noble-metallic nanoparticles with a
narrow size distribution can be synthesized by substituting gold precursor with
other metal precursors (e.g., AgCF3COO, Pd(II) acetylacetone, etc.) [121]. As
observed, both mono- and alloyed (Pd/Ag) metallic nanoparticles can be synthe-
sized (*5.5 nm AgNP; *6.3 nm PdNP; *3.8 nm 1:1 Pd/Ag alloy). Ayyanppan
et al. [122] obtained silver, gold, palladium, and copper nanoparticles by reducing
metallic salts in dry ethanol. Longenberger et al. [123] produced Au, Ag, and Pd
metal colloids from air-saturated aqueous solutions of poly(ethylene glycol) (PEG).
Reduction methods can also be used for the production of Pt, Pd, Cu, Ni, etc.,
although specific protocols depend on the reduction potential of the source ion
[124]. Under certain conditions, the metal particles can be oxidized and, therefore,
they require capping ligands to prevent the oxidation.

A useful technique for assembling gold nanoparticles within a silica shell was
reported by Park and Yoo research group [125]. Highly spherical nanoparticles with
a core comprising multiple gold nanodots and a silica shell ({Au@SiO2}NPs) were
synthesized via a reverse (water-in-oil) microemulsion-based method. The
silica-encapsulated gold nanodots with diameters of 2–5 nm were arranged such
that the interparticle gaps were in the subnanometer range. However, the gold
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nanodots within multi-Au@SiO2 nanoparticles ({Au@SiO2}NPs) were surrounded
by a thick and dense silica shell, which might restrict the potential availability of
multiple gold nanodots and the interparticle gaps. To use the physical and structural
properties of the gold nanodot assembly of {Au@SiO2}NPs in a variety of appli-
cations, further modifications of the silica shell such as imparting porosity were
required [126]. Au3+ ions were reduced during the formation of silica nanoparticles
from tetraethylorthosilicate (TEOS) and NH4OH in a reverse microemulsion, which
was generated using polyoxyethylene glycol dodecyl ether [(C2H4O)23C12H25OH,
Brij35], n-hexanol, and cyclohexane.

In an endeavor to develop {Au@SiO2}NPs, a “soft-etching” methodology was
employed through a thermal treatment without any surface-protective agents. This
synthetic method is based on the fact that amorphous silica nanoparticles can be
dissolved in the form of monomeric Si(OH)4 in water, and the solubility increases
with temperature [127]. Although single gold nanoparticle core@mesoporous silica
shell nanoparticles have been fabricated through similar strategies [128], there has
been no example of silica etching in types of {Au@SiO2}NPs. It was found that
thermal treatment of the {Au@SiO2}NPs in water without adding any other
additives leads to generation of mesopores over the silica shell without any change
in the size and number of the gold nanodots.

The {Au@SiO2}NPs were transformed to multi-Au@mesoporous-SiO2 NPs by
heating and clearly observed in TEM images. Scheme 3.7 (left) is the TEM image
of {Au@SiO2}NPs that was acquired before heating, and Scheme (right) is the
images of nanoparticles after heating at 90 °C for 12 h. Although both nanoparti-
cles show spherical geometries, the nanoparticles in a right image show much more
and larger holes over the silica shells than those in a left image. These empty spaces
are attributed to mesopores, which were generated by the etching of silica shells in
water at high temperature [128]. The average diameter of individual
multi-Au@mesoporous-SiO2 nanoparticles was *41.1 nm, which was similar to
that of multi-Au@SiO2 nanoparticles (*40.8 nm). Importantly, the multiple gold
nanodots core was not affected by the thermal treatment; the average size and
number of gold nanodots in multi-Au@mesoporous-SiO2 nanoparticles were *3
and *4.5 nm, respectively, and these values were not critically different from
those of {Au@SiO2}NPs (*3.6 and *3.4 nm [125]). Therefore, we can conclude
that thermal etching in water without adding any other additives is a facile and
valuable synthetic strategy to prepare multiple nanoparticles core@mesoporous
silica shell nanoparticles, without disturbing the structural motifs of metal nanodot
assemblies.

Almost no surface plasmon resonances were observed from the aqueous col-
loidal solution of multi-Au@SiO2 nanoparticles without any heating [125].
However, by etching the silica shell through thermal treatment, the extinction
approximately at 530 nm was gradually improved, and this can be assigned to the
SPR of spherical gold nanoparticles within the silica matrix (Fig. 3.7). During the
thermal reaction, the silica shell was partly etched out and mesopores were gen-
erated, which decreased the refractive index of the silica shell. Therefore, the SPRs
of gold nanodots could be detected in multi-Au@mesoporous-SiO2 nanoparticles.
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A higher intensity of SPRs was observed after heating, which demonstrates that
longer reaction times may lead to greater etching of the silica shell. However, with
much longer reaction times, the spherical morphologies of
multi-Au@mesoporous-SiO2 nanoparticles were not sustained, and the silica matrix
combined to generate wormlike multiple gold nanodots core@silica shell structures.
Hence, optimizing the etching reaction time was critical in obtaining highly
spherical multi-Au@mesoporous-SiO2 nanoparticles.

Scheme 3.7 Schematic representation of the formation of multi-Au@mesoporous-SiO2 NPs.
TEM image of multi-Au@SiO2 nanoparticles before thermal treatment (left images), TEM image
of multi-Au@mesoporous-SiO2 nanoparticles formed after thermal treatment of multi-Au@SiO2

NPs in water (right images) [125]

Fig. 3.7 UV–Vis spectral
changes of multi-Au@SiO2

NPs as a function of heating
time 0 (curve 1), 12 (2), and
36 h (3) at 90 °C [129]
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Themultiple gold nanodots can interact with each other because of their proximity
and exhibit interesting collective properties. To understand any collective property of
multiple gold nanodots in multi-Au@mesoporous-SiO2 NPs, authors attempted to
create single gold nanodot core@silica shell nanoparticles {(single-Au@SiO2)NPs
and (single-Au@mesoporous-SiO2)NPs}. Interestingly, when the (multi-Au@SiO2)
NPs were stirred in aqueous polyvinylpyrrolidone (PVPo) solution at room tem-
perature, the multiple gold nanodots within the silica matrix were merged together
and changed to a single gold nanoparticle. Each silica nanoparticle encapsulated only
one gold nanoparticle, which was localized at the center of the silica matrix. The sizes
of individual spherical silica nanoparticles were not considerably changed upon
aggregating multiple gold nanodots (before: *40.8 nm, after: *46.2 nm). On the
other hand, the average diameter of the gold nanoparticles within the silica matrix
was *5.50 nm, which increased about 50% from that of each gold nanodot in
multi-Au@SiO2 nanoparticles (davr. * 3.60 nm). Furthermore, there was a little
empty space between the gold nanoparticle and silica layer in each multi-Au@SiO2

nanoparticle, which made this particle a “york-shell”morphology [130]. Previously,
it was reported that PVPo can protect the outmost silica layer to allow selective
etching of the inner section preferentially [131, 132]. In the current discoveries, the
internal silica matrix around multiple gold nanodots is believed to be much “softer”
than the outer sides, therefore could be unevenly etched when PVPo is used as a
surface-protective agent. In particular, after the inner silica matrix is firstly etched, a
void water environment might be formed on the center of silica nanoparticles. In this
condition, multiple gold nanodots could be aggregated to generate a single gold
nanoparticle within a hollow silica nanoparticle due to their high surface energies.
Similar uneven etchings of silica matrix have been observed in water [128] and in
acidic conditions [133].

3.2.5 Polymer-Coated Nanoparticles

The external polymeric coating of gold or silver cores defines both the spacing and
the interactions in nanoparticle systems with this type of architecture. We can,
therefore, take advantage of modern macromolecular engineering knowledge to
synthesize next-generation polymer coatings for noble metal nanoparticles that may
feature stimulus-responsiveness (pH, temperature, ionic strength, and light) and
spontaneously form versatile supramolecular structures. A number of methods have
been described for preparation and stabilizing NMNPs, including soft micelle
templates of ionic and nonionic polymeric surfactants such as polyoxyethylene
(20) sorbitan monolaurate (Tween 20) [134], direct attachment of bolaamphiphile
surfactants [135] or thiolated polymers [136], and layer-by-layer deposition
of polymers using charge interactions on the surface of NMNPs as a driving
force [137].
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The fabrication of metal core@polymer shell nanoparticle architectures in which
a layer of polymer material surrounds an inorganic core has been the focus to
potential applications in fields of research ranging from optics [138] to electronics
[10], to catalysis [11]. Such applications typically involve tailoring the surface
properties of the core particles by coating and encapsulating them within a desired
polymeric material. Some of the physical and chemical properties of the core
nanoparticles are often imparted to the resulting polymeric shell system, producing
hybrid materials with novel properties and functions that are not possible from the
single-component structure alone. Among the various polymer shell/metal core
structures of particular interest is the encapsulation of gold nanoparticles within
functional polymers [139, 140]. Such systems are attractive due to their biocom-
patibility [141], ease of functionalization because of the strong thiol–gold bond
[142], and optical properties related to the gold core and its surface plasmon
characteristics, which arise from light coupling to the collective oscillation of the
conduction band electrons of the metal [143].

The incorporation of amphiphilic copolymers into the gold nanoparticle fabri-
cation process has led to the interesting discovery that both the formation and the
stability of colloids are dictated by the chemical structure of macromolecular
chains. Environmentally friendly, single-step/single-phase synthesis of core@shell
NMNPs can be mediated by surface-active polymers that simultaneously play the
roles of reductant and stabilizer while imparting unique properties to the resulting
hybrid material. To date, the above strategy has been applied successful mainly to
pluronics and polyacrylates with amino groups, which have a strong ability to
coordinate on metal surfaces [144, 145]. The reduction of Au(III) species is induced
by the poly(propylene oxide) segment and nitrogen atoms, respectively. Polymer
chains chemisorb onto the newly generated particle, being consequently tethered
from the surface into the solvent phase.

Compared with classical surfactant-formed micelles, the copolymer
surfactant-formed micelles have several advantages. First, the critical micelle
concentration of copolymers is much smaller, and their kinetic stability is larger
than that of low-molecular weight surfactants. Second, the size and shape of
copolymer micelles is easily tuned by varying the composition of the copolymer,
the length of the constituent blocks, and the architecture of the copolymer. Third,
the stability of the AuNPs is enhanced upon increasing the length of the coronal
blocks [146, 147]. Poly(styrene)-block-poly(vinylpyridine) (PSt-b-PVP) [148, 149]
and poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)
(PEO-PPO-PEO) [150, 151] are the most widely used polymer micelles for AuNPs
synthesis, and these AuNPs are applied in catalysis [152] and biosensing [151].
PSt-b-PVP micelle-stabilized AuNPs are typically synthesized as described by
Möller’s group [149]. A solution of the block copolymer in toluene is mixed with
HAuCl4 in appropriate amount. The reducing agent hydrazine is added under
stirring to form the AuNPs (Scheme 3.8) [148].

Various reducing agents introduced into PSt-b-PVP micelle systems may result
in the formation of AuNPs of various sizes [149]. In addition, microcalorimetry was
used to investigate AuNP formation in the copolymer micelles. For instance,
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PEO-PPO-PEO-stabilized AuNPs were prepared in an efficient one-pot
aqueous-phase synthesis from the reduction of gold salts by using
PEO-PPO-PEO, both as reducing agent and stabilizer [153]. The formation of
AuNPs from gold salts comprises three steps: (i) initial reduction of Au ions in
crown ether-like domains formed by block copolymer in solution, (ii) absorption of
block copolymer on AuNPs and further reduction of gold ions on the surface of
these AuNPs, and (iii) growth of particles stabilized by block copolymers [154].
Increasing the PEO chain length favors the reduction of gold salts and formation of
AuNPs [154]. In addition, the temperature [155], micelle environment [150], and
shapes and sizes of micelles [150] are also considered to be the main contribution
factors in the overall growth kinetics leading to a specific morphology of AuNPs
[150]. For example, the smaller micelle size with few surface cavities produced
small AuNPs (Scheme 3.9) [150].

Other polymer reverse micelle-stabilized gold nanoparticles were also recently
prepared using similar approaches. For example, poly(ethylene oxide)-b-poly

Scheme 3.8 Molecular structure of the PSt-b-P4VP (PSt-b-P4VP) copolymer and schematic
illustration of the micellation process with in situ synthesis of AuNPs by reduction with hydrazine
(N2H4) in PSt-b-P4VP micelles. The molar ratio of HAuCl4:P4VP is 0.1 [26, 148]

Scheme 3.9 PEO-PPO-PEO micelle with the core occupied by PPO units and the corona
constituted by PEO units [26, 150]
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(e-caprolactone) (PEO-b-PCL)-stabilized AuNPs with 5–7 nm core size have
potential for the exploration of drug delivery systems with biodegradable PCL units
and biocompatible PEO units [156]. Polyethylenimine-g-hydrocaffeic acid (PEI-g-
HCA)-covered AuNPs are also the subject of biomedical applications [157].

Despite their simplicity (one-pot, two-reactants, and no workup), this class of
reactions still offers a number of possibilities in relation to tweaking the experi-
mental conditions (concentration of reactants, polymer composition and architec-
ture, temperature, and additives) to generate particles with controlled dimensions
and properties. Scaravelli et al. have addressed this issue in relation to gold
nanoparticle synthesis using the versatile poly(ethylene oxide)-b-poly
(2,3-dihydroxypropyl methacrylate)-b-poly[2-(diisopropylamino) ethyl methacry-
late] (PEO-b-PDHPMA-b-PDPAEMA) triblock copolymer (1) [158]. PEO113-b-
PDHPMA30-b-PDPAEMA50 triblock copolymer can originate pH-responsive,
cross-linkable nanostructures in both organic and aqueous media [159].
Molecularly dissolved and positively charged chains in water self-assemble on
addition of phosphate buffer solution (PBS) at pH 6.8, owing to the increase in the
solution pH to values close to the characteristic pKa of amino groups of the
PDPAEMA segment (pKa = 6.8) [160]. Deprotonation of amino groups (50% at
pH = pKa = 6.8) renders polymer chains sufficiently amphiphilic to trigger a
micellization process, which reduces nonfavorable interactions with the solvent.
The resulting self-organized morphology comprises spherical micelles with a
three-layer onion-like core@shell–corona architecture, with the PDPAEMA block
occupying the micelle core and the PDHPMA and PEO block forming the inner
shell and corona, respectively.

The observed absorption at around 530 nm is due to the characteristic localized
surface plasmon resonance (LSPR) of gold nanoparticles formed by reduction of
Au(III) species in the presence of block copolymer micelles (Fig. 3.8). The
nanoparticles also absorb light to a certain extent within the whole range, especially
at 300–650 nm. Bands below 400 nm (310 and 320 nm) are assigned to
ligand-to-metal charge transfer (LMCT) of chlorohydroxoaurate species
[AuClxOH4−x]

− (pH dependent) and polymer species, as well as to polymer–
[AuClxOH4−x]

− complexes [161]. The absorbance of these bands decreases at first
with a decrease in Au(III) concentration, eventually increasing owing to the
accumulation of Au(0) as nanoparticles. It is worth noting the distinct profile of the
first spectrum recorded after buffer addition (t = 0 min) as compared to that shown
in Fig. 3.8 (t = 10 min) (left panel). Clearly, the absorption centered at 320 nm
rapidly decreases due to the changes in the coordination environment around the Au
(III) metal center that generate absorbing species with lower extension coefficient
values. It is ruled out the possibility of Au(III) reduction since the same behavior
was also identified in acidic solutions (pH 4.0), where AuNPs cannot be synthe-
sized by the method investigated herein (right panel). There is no evidence of an
LSPR band after 48 h at pH 4.0 based on the data provided in Fig. 3.8.

The right panel (Fig. 3.8) highlights the sigmoidal growth kinetics of AuNPs
when the only substance used is the triblock 1 copolymer, which, at pH 6.8, is
self-assembled into micelles which not only serve as a nanoreactor but also act as a
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reducing agent and particle stabilizer [162]. The sigmoidal shape of the curve is
typical of an auto-catalytic process often observed in the synthesis of metallic
nanoparticles [8], as well as of the so-called aggregative nanocrystal model used to
describe gold nanocrystal growth [163]. In general, the process starts with an
induction period (t0) during which absorption at the LSPR is negligible, and the
absorption originating from Au(III) species decreases. Au(III) reduction during the
induction period t0 corresponds to the initial nucleation step, which leads to criti-
cally sized aggregates [161]. Since the redox-active block of the copolymer is
located in the micelle core, these aggregates are formed within the nanoreactor
(core) and at the core–shell interface. The interaction between gold species and
micelle core is favored by a high concentration of nitrogen atoms.

As the reaction proceeds, nanoparticle growth inside the micelle core occurs by
coalescence of very small aggregates [164] or by an auto-catalytic processes [165].
As a result, the micelle diameter (dh = 2rh) and the total scattered light intensity
(Isc) increase as a function of the reaction time (Fig. 3.9, left panel, DLS). Size
distribution profiles given in Fig. 3.9 (right panel) confirm the presence of a single
population of objects with characteristic diameter of 63 nm in solutions of
AuNP@triblock (1) at pH 6. 8. Interestingly, the polymer-coated AuNPs retain their
stability at pH 3.0, where micelles are known to disassemble due to the protonation
of PDPAEMA [159]. DLS measurements under acidic conditions show an increase
in the overall particle size, because the positively charged, water-soluble block
copolymer chains that are adsorbed onto the gold surface assume an extended
conformation.

The spherical core@shell morphology of the hybrid nanostructures was con-
firmed by HRTEM images, which generally show that the metal particle is located
in the core and surrounded by a polymeric shell of comparatively much lower
electron density. According to the thermogravimetric analysis of nanoparticle

Fig. 3.8 Evolution of UV–Vis spectra during a typical AuNP synthesis procedure involving the
reaction between HAuCl4 and triblock 1 copolymer in buffer solution at pH 6.8, time: 0 (curve 1),
10 min (7) (left panel) and corresponding particle growth kinetics—AuNP: pH = 6.6 (curve 1) and
4.0 (3), Au (III) salt: pH = 6.8 (2) (right panel) [158]
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sediments, the organic content (polymer) was approximately 80%. FTIR spectra of
AuNP@triblock (1) revealed a significant shift in the carbonyl group stretching
frequency from 1733 to 1720 cm−1, suggesting the adsorption of polymer onto the
particle surface, in agreement with previous results obtained by other authors [166].
The results reported above reveal that gold nanoparticle formation only occurs in
the presence of triblock 1 when the solution pH is close to, or above, the pKa of the
amino groups of the PDPAEMA segment.

Evidently, the PEO block alone or PEO-b-PPO-b-PEO triblock cannot promote
the formation of AuNPs; the characteristic plasmon resonance of AuNPs was not
detected. In fact, a much higher concentration is needed to induce AuNP formation
via oxidation of the oxyethylene and oxypropylene (if present) segments by the
metal center as observed in Fig. 3.10 (left panel). The reason for such an effect is
that oxidation is only favorable when these polymers adopt conformations similar
to a pseudo-crown-ether structure, which binds with metal ions; the cyclization is
caused by ion–dipole interactions between the templating ion and the electron lone
pairs of the ethylene oxide linkages, and several oxygen atoms interact with one ion
[154]. Therefore, the strength of the attraction is dependent on the concentration. In
fact, no electrochemical response was seen at low concentrations. Additional
reductants, such as sodium borohydride, may be used in the synthesis, but the
polymer will primarily function as a stabilizer while still potentially dictating the
size and shape of the nanoparticles [167]. Accordingly, the chemical moiety that
effectively mediates the AuNP synthesis is the 2-(dialkylamino)ethyl substituent
grafted to the polymethacrylate polymer. This verifies that tertiary amines with

Fig. 3.9 Total scattered light intensity (Isc) and hydrodynamic diameter (dh) variations during
triblock 1@AuNP particle growth in buffered solution (pH 6.8) of 0.275 mM HAuCl4 and
1.0 mg mL−1 triblock 1 copolymer (left panel), and particle size distribution recorded during
selected steps of the synthetic procedure, as indicated (right panel) [158]
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aliphatic substituents are good reducing agents for the AuNP preparation, in
agreement with the findings of the pioneer work of Yuan et al. [166] and with the
electrochemistry results reported by Newman and Blanchard [168] for low molar
mass molecules.

The validity of the statement above by conducting reactions was tested with
PEO-b-PDEAEMA (diblock 2), PMPC-b-PDPAEMA (diblock 3), and
polyethylenimine (PEI, branched polymer 4) . In the case of 3 and 4, both reactions
occurred in a very similar way to 1; kmax and corresponding absorbance values were
comparable. In PEI-mediated AuNP synthesis, however, large, dark aggregates
were visible within a short period of time because PEI chains are not efficient steric
stabilizers of gold colloids. The same comments also apply to the 2-(dialkylamino)
ethyl methacrylate monomer, as can be deduced from the corresponding spectra
shown in Fig. 3.10 (right panel).

AuNP growth using diblock 2 is feasible, but reactions are characterized by a
longer induction time and slower kinetics when compared to triblock 1 system. It
should be noted, however, that PDEAEMA and PDPAEMA have distinct pKa
values (7.3 and 6.8, respectively) [169]. Thus, the concentration of hydrophobic
amino groups is a function of the solution pH, and consequently, the reaction
parameters should also vary according to the solution pH. At pH 6.8, the induction
period is significantly shorter and the reaction is faster (steeper absorption increase)
for triblock 1 (the molar fraction of neutralized amino groups a = 0.50) than for
diblock 2 (a = 0.24) (Fig. 3.11). On increasing the solution pH to 7.4, the a-value
of 2 (0.55) becomes comparable to the a-value of 1 at pH 6.8 (0.50), but the kinetics
remain vastly different. Therefore, it is not only the degree of neutralization which
explains such a behavior, which is ultimately related to the polymer structure–
reactivity relationship—PDPAEMA being more efficient than PDEAEMA. The

Fig. 3.10 UV–Vis spectra recorded (4 h) after mixing HAuCl4 with selected molecules at
concentrations corresponding to the following stoichiometric ratios. PEO-b-PPO-b-PEO: [EO]/
[Au] = 692 (1), PEO: [EO]/[Au] = 4132 (2), PEO: [EO]/[Au] = 20 (3), PEO-b-PPO-b-PEO:
[EO]/[Au] = 20 (4) (left panel), PEI: [N]/[Au] = 9 (1), DPA: [N]/[Au] = 9 (3), and PMC-PDPA:
[N]/[Au] = 9 (2) (right panel). All reactions were carried out in buffer solutions (pH 6.8) [158]
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reactions carried out in the presence of triblock 1 featured a short induction period
and led to AuNP solutions with low absorption (*fourfold decrease as compared to
pH 7.3). The latter is ascribed to a low concentration of AuNPs since no changes
were observed in the UV–Vis spectrum and LSPR band. Two effects favor a
decrease in the AuNP concentration; firstly, the reduction potential of Au(III)/A(0)
is shifted toward cathodic values at high pH; secondly, the micelle core is highly
dehydrated at pH 9.1 and diffusion of Au(III) species to, and within, this com-
partment during the reaction is more difficult, particularly for PDPAEMA systems.

A linear increase in the SPR absorbance with Au(III) concentration in Fig. 3.12
(left panel), denoting an equally linear variation in the number of particles whose
size is not dependent on the concentrations, and hence, the number of objects is
directly proportional to the concentration. Indeed, UV–Vis spectra recorded after
the synthesis show, in all the cases, a well-defined profile with a constant kmax

value, which suggests similar electronic and morphological properties. The highest
amount of Au(III), which represented the maximum limit, led to the appearance of
stable gold sols. Higher concentrations produced particles that aggregated and, on
standing, subsequently settled out at the bottom of the vial. These experiments also
revealed that at Au(III) concentrations above 0.5 mM, the metal centers can create
cross-linking points, connecting multiple polymer chains and leading to slightly
turbid solutions even under acidic conditions. These solutions show a low back-
ground absorption in the UV–Vis kinetic experiment, and when this was detected,
the induction time was no longer reproducible.

A small amount of unstable AuNPs was produced at the lowest polymer (tri-
block 1) concentration (see broad absorption with a low intensity band at around
530 nm) (Fig. 3.12, right panel, curves 4–6). While the reduced amount of polymer
was sufficient to promote the synthesis, it was not enough to provide colloidal
stability. The threshold for this was 0.4 mg mL−1 triblock 1, after which the LSPR
band was well defined and centered at 532 nm. The corresponding absorption
intensity reached a stable plateau when the triblock 1 concentration exceeded

Fig. 3.11 Kinetic profiles of
typical synthesis procedures
involving the reaction
between 0.275 mM HAuCl4
and triblock 1 (curve (1) pH
9.1, a 0.99, (2) 7.4, 0.79, (3)
6.8, 0.5, (4) 4.0, 0.0) or
diblock 2 (closed symbols
curve (1′) pH 9.1, a 0.98, (2′)
7.4, 0.55, (3′) 6.8, 0.24, (4′)
4.0, 0.0) at concentrations
corresponding to [N]/
[Au] = 9, in solutions
buffered at different pH values
(indicated) [158]
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2.0 mg mL−1. However, a background absorption above the LSPR band was evi-
dent for 5.0 mg mL−1, which indicates the formation of ill-defined particles.
Moreover, the LSPR band is redshifted, thus suggesting the presence of compar-
atively larger particles.

The reversible aggregation/deaggregation of AuNPs functionalized with adsor-
bates having various chain lengths of terminal poly(ethylene glycol methyl ether)
moieties, thiol head groups, and intervening free radical initiator moieties was
reported [170]. For these adsorbates, the thiol group at one end of the chain is
utilized to anchor these surfactants to the AuNP surface by Au–S bond formation,
and the PEG groups at the other end are used to stabilize the AuNPs via steric
hindrance. In a selected example utilizing this architecture, the intervening initiator
moieties were shown to promote the growth of poly(N-isopropylacrylamide)
(PNIPAM) hydrogel coatings on AuNPs [171]. In the present investigation, the
stability of the adsorbate-functionalized nanoparticles in water was evaluated as a
function of nanoparticle size (� 15, 40, and 90 nm in diameter) as well as PEG
chain length (Mn = 350, 750, and 2000). Thus, this process was performed for each
of the different lengths of initiator-containing adsorbates (HSPEG350, HSPEG750,
and HSPEG2000). AuNPs coated with HS–NN–(but not modified with PEG)
aggregated immediately, contrasting with the behavior of those modified with
HSPEG350, HSPEG750, and HSPEG2000 (Chart 3.1) (HSPEG350-AuNPs,
HSPEG750-AuNPs, and HSPEG2000-AuNPs, respectively).

The spectrum for the as-prepared 15 nm gold sol is also shown for comparison.
In each case, the SPR band indicates a gradual redshift from 524 nm for mea-
surements made after the adsorbates were added to the AuNP solutions, regardless

Fig. 3.12 Influence of triblock copolymer 1 and gold precursor concentrations on the AuNP
synthesis process, a linear increase in the SPR absorbance with Au(III) concentration (left panel,
curve 1), corresponding UV–Vis spectra recorded after the synthesis with a constant kmax value (a
right panel, curves 1–3), an increase in the SPR absorbance with triblock copolymer 1
concentration (left panel, curve 2), corresponding UV–Vis spectra recorded after the synthesis with
a kmax value (a right panel, curves 4–6) [158]
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of the chain length of the adsorbate, indicating the immobilization of the molecules
on the surface of the AuNPs (Fig. 3.13). The formation of a dielectric layer around
the AuNPs will also result in a redshift of the SPR band, if the dielectric constant of
the layer is larger than that of the medium [172]. These observations are consistent
with the formation of adsorbed organic layers around the metal nanoparticles in
solution [173]. The 15-nm gold core AuNPs coated with the shortest PEG chain
(HSPEG350-AuNPs) were unstable and all precipitated out of suspension within
several days. This aggregation gives rise to the dramatic decrease in the extinction
maxima in the SPR bands, as shown in Fig. 3.13. The rate of the aggregation is
much slower for the 15-nm-gold core nanoparticles functionalized with longer PEG
chain adsorbates when compared to the HSPEG350-AuNPs. Interestingly, the
15-nm-gold core nanoparticles with the longest PEG chains, HSPEG2000-AuNPs,
showed almost no peak broadening or decrease in the intensity of the SPR band,
implying that these nanoparticles undergo little or no aggregation for up to five
days. Thus, when the AuNPs aggregate and the distance between aggregating
particles become small as compared to the particle radius, the SPR band will appear
at longer wavelengths than those of the individual particles [174].

The SPR bands of the nanoparticles redshifted from 524 nm after the adsorbates
were added to the 40-nm-gold core nanoparticle solutions regardless of the chain
lengths of the adsorbates, as also occurred with the HSPEG350-AuNPs (Fig. 3.14,
left panel). The rate of change for the SPR band appears to be inversely dependent
on the PEG chain length (similar to the results obtained for the 15-nm-gold core

Chart 3.1 Initiators based on HSPEG350, HSPEG750, and HSPEG2000, where n � 7, *16,
and *45, respectively [170]

Fig. 3.13 UV–Vis extinction
spectra of bare and
adsorbate-functionalized
AuNPs with � 15 nm gold
cores (Au15) as a function of
increasing time in solution
where the adsorbate is
HSPEG350 (P350), HSPEG750

(P750), and HSPEG2000

(P2000): 1 Au15pure, 2
Au15P350-24 h, 3 Au15P350-
5 days, 4 Au15P750-5 days, 5
Au15P2000-5 days [170]
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nanoparticle system), exhibiting the largest change with the shortest PEG chain. As
shown in Fig. 3.14, a dramatic broadening and redshifting of the SPR band to
585 nm was observed for the 40-nm-gold core HSPEG350-AuNPs. The SPR band
shifts to 585 nm, thus substantial aggregation occurred as characterized by the
broadening and decreased intensity of the SPR band. In contrast, the SPR bands of
the 40-nm-gold core HSPEG750-AuNPs and HSPEG2000-AuNPs show little or no
SPR band broadening or diminishment, suggesting that the AuNPs modified with
the longer PEG chain adsorbates undergo almost no aggregation after adsorption of
these adsorbates. The 90-nm-gold core nanoparticles produced a similar redshifting
trend (Fig. 3.14, right panel), and the AuNPs modified with HSPEG350 aggregated
and precipitated out of suspension within 24 h. However, unlike the other two
series, the 90-nm-gold core nanoparticles modified with the longer adsorbates
showed signs of diminished stability within five days.

Thus, the SPR bands in the UV–Vis spectra of the HSPEG350-AuNPs were
significantly broadened and redshifted and exhibited a decrease in intensity. The
HSPEG750-AuNPs and HSPEG2000-AuNPs on the 15 and 40 nm gold cores
exhibited little, if any, change in the UV–Vis spectra as a function of time. These
observations support the notion that steric stabilization by the PEG moieties sur-
rounding the AuNPs can play a key role in their resistance to aggregation. The
PEG750 adsorbate was long enough to stabilize these two sizes of AuNPs in water
for several days. Indeed, the radius of the HSPEG750-AuNPs increased the
hydrodynamic radius by 5 nm for the particles in solution, as verified by DLS
measurements, and this value is consistent with results reported previously [175].
However, there are indications in the data for the nanoparticles with 90 nm gold
cores that the ability of the PEG moieties to prevent the coated AuNPs from
aggregation depends on the sterically repulsive layer being of sufficient thickness to
offset the underlying attractive van der Waals forces between the metal cores. The

Fig. 3.14 UV–Vis extinction spectra of bare and adsorbate-functionalized AuNPs with � 40
and � 90 nm gold cores (Au40) as a function of increasing time in solution where the adsorbate is
HSPEG350, HSPEG750, and HSPEG2000: 1 Au40pure, 2 Au40P350-1 h, 3 Au40P350-24 h, 4
Au40P350-5 days, 5 Au40P750-5 days, 6 Au40P2000-5 days (left panel), and 1 Au90pure, 2 Au90P350-
1 h, 3 Au90P350-24 h, 5 Au90P750-5 days, 6 Au90P2000-5 days (right panel) [170]
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overall results regarding the stability evolution of the functionalized AuNPs are
summarized as follow:

1: HSPEG750;2000 � AuNPs;15;40 and 90 nm and HSPEG350

� AuNPs;15 nm are stable ð3:18Þ
and

2: HSPEG350 � AuNPs;40 and 90 nm and HS� N
¼ N� AuNPs;15;40 and 90 nm are unstable: ð3:19Þ
Furthermore, the IR spectra of the HSPEG750-AuNPs are similar to that of pure

HSPEG750, providing evidence that HSPEG750 is indeed a part of these composite
nanoparticles. The prominent peak for the –C–O–C– bending bands associated with
the PEG moieties was observed at 1110 cm−1, and the C=O bands of the ester and
thioester groups were found at � 1700 cm−1 [176]. The bands observed at 2930
and 2864 cm−1 correspond to the antisymmetric and symmetric stretching vibra-
tions of the –CH2 units in the PEG chain, respectively [177]. Although the IR
spectra indicate that the HSPEG750 molecules were successfully grafted onto the
AuNPs, it is difficult to determine the precise nature of the bonding between the
AuNPs and HSPEG750 with the FTIR spectra.

The S2p region of the XPS spectra can provide strong evidence for bond for-
mation between sulfur and the gold substrate. This is because the binding energy of
the S2p3/2 peak for sulfur bound to gold is known to be � 162 eV. In contrast, the
S2p3/2 peak for unbound sulfur appears at around 164 eV in the XPS spectra [178],
which is also associated with the S2p3/2 peak of thioester [179]. XPS spectra for
HSPEG750-AuNPs with gold core sizes of � 15, 40, and 90 nm were collected, and
the binding energy (BE) scales for the organic layers on the AuNPs were refer-
enced by setting the Au4f7/2 BE to 83.8 eV. The presence of the covalent bond (in
XPS spectrum of the S2p3/2 region) between the HSPEG750 and the 40 nm AuNPs
was verified with the S2p3/2 peak at � 162 eV. The strong S2p3/2 signal
at � 164 eV can be rationalized either as an incomplete adsorbate binding of the
HSPEG750 or confirmation of the presence of the thioester sulfur within the
adsorbate chain. It is believed the latter case given the relative attenuation of
photoelectrons and their different positions around the modified AuNPs; bound
thiol sulfur is at the HSPEG750–AuNP interface, and the thioester sulfur is closer to
the outer surface. Attenuation in a layered structure tends to underestimate the
elements buried deeper relative to those at the outer surface, resulting in a much
smaller XPS intensity for the buried atoms. This would explain the smaller intensity
of the S2p3/2 peak at 162 eV associated with the bound thiol sulfur. Considering the
presence of the S2p3/2 peak at 164 eV, we cannot rule out the possibility of the
presence of some unbound HSPEG750 (unbound thiols); however, the S2p3/2 peak at
164 eV is believed to be mainly from the thioester sulfur and that almost all of the
HSPEG750s are adsorbed on the surface of the AuNPs.
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Both the aqueous solubility and the general stability of these nanoparticles can
be attributed to the exposed PEG moieties. The HSPEG750-AuNPs were colloidally
stable not only in water but also in solvent-free “dried” form and could be readily
redispersed in aqueous buffer solutions (pH 4, 7, and 10) and in nonaqueous sol-
vents [(ethanol (EtOH), methanol (MeOH), tetrahydrofuran (THF), and dichlor-
omethane (CH2Cl2)] without any noticeable loss to aggregation. Figure 3.15
provides evidence of this phenomenon, showing HSPEG750-AuNPs (curves 1–3)
dispersed in aqueous solution and (curves 1′–3′) isolated in a solvent-free “dried”
form. When dispersed in aqueous solution, the HSPEG750-AuNPs exist as discrete
species, producing the characteristic color associated with individual AuNPs; ruby
red, purple, and brown for the � 15, 40, and 90 nm gold cores, respectively. As the
solvents were evaporated, the nanoparticles began to aggregate, revealing the bulk
metal color of the gold core, as shown in Fig. 3.15. Moreover, the isolating–
redispersing process of these nanoparticles (aggregation/deaggregation) was com-
pletely reversible; the HSPEG750-AuNPs failed to undergo fusion of the metallic
cores even in the solvent-free form. Irreversible aggregation is a notorious problem
for large AuNPs (>10 nm) during preparation and purification [180]. Importantly,
the dried monolayer-coated AuNPs described here could be redispersed in a variety
of solvents without any signs of particle degradation or formation of permanent
aggregates.

The aqueous solution of HSPEG750-AuNPs exhibits similar features in their
extinction spectra with values of kmax at 520, 530, and 600 nm (corresponding to
the � 15, 40, and 90-nm-diameter gold cores), which are the characteristic values
for spherical AuNPs in aqueous solution (Fig. 3.15) [143]. In accordance with the
visual observations, the HSPEG750-AuNPs in the solvent-free form show dramat-
ically redshifted SPR bands with values of kmax at 650 and 750 nm, corresponding
to the � 15 and 40 nm gold cores, and accompanied with noticeable broadening of
the spectra. Additionally, the SPR band for the 90-nm-gold core HSPEG750-AuNPs
resulted in a broad absorption that stretches from the UV to the IR region, which is
a characteristic response expected for a continuous metal film [143]. These results
might be attributed to a form of aggregation where the functionalized AuNPs group
in aggregate characteristics of their size or to plasmon hybridization between the
neighboring nanoparticles. Since simple aggregations of AuNPs in solution showed
no similar dramatic redshift (Dk � 120 nm) in their extinction spectra, this phe-
nomenon is believed to be more likely related to the latter case for our system.

For the HSPEG750-AuNPs in the solvent-free form, the nanoparticles are in close
proximity at a distance determined by the monolayer boundaries between the gold
cores. The uniformity of the distances established by the HSPEG750 adsorbates
gives an average interparticle spacing of about 3 nm as estimated from the SEM
and TEM images. The resulting plasmon hybridization between neighboring indi-
vidual nanoparticles in particle aggregate assemblies produces surface plasmon
bands that are more dramatically redshifted [181]. These intermixed, hybridized
plasmon bands disperse strongly to lower energies, corresponding to infrared
wavelengths of the spectrum for the larger gold cores, leading to a redshift of the
surface plasmon band of all three samples. As with the reversible aggregation/
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deaggregation observed by the naked eye, these optical properties were found to be
completely reversible for this system. This unique reversibility might prove useful
for chemical vapor sensing as well as for the self-assembly of monolayer-coated
AuNPs in nanoscale electronic devices [170, 182].

3.2.6 Stabilizers, Solutes, and Additives-Mediated
Nanoparticle Synthesis

3.2.6.1 Surfactants

Several simpler single-phase syntheses have been presented [77, 183]. They employ
the reduction with borohydrides that are soluble in the organic solvent in the
presence of a capping ligand. If unpolar solvents (e.g., toluene) are used, additional
stabilizers (surfactants) have to be added to render the gold salt soluble. The
advantages of all of these methods are (i) good control over the particle size and
dispersity by tuning the gold salt-to-ligand ratio and reaction conditions [184],
(ii) the possibility of introducing a variety of functionalized ligands, and (iii) simple
isolation, cleaning, and redispersion of the particles in different solvents.
Disadvantages are the impurities that are introduced by the use of surfactants and
the restriction of carrying out the reduction in the presence of the capping ligand.
The latter can be partially circumvented if functional ligands are introduced by
ligand exchange reactions on stable nanoparticles [185]. However, this approach is
generally more elaborated and still suffers some limitations, especially the problem
of getting a complete ligand exchange.

Two principal concepts can be distinguished in the solution synthesis of gold
nanoparticles. The first, and older one, involves the reduction of tetrachloroaurate
ions in aqueous media, employing reducing agents such as sodium citrate [186] or
sodium borohydride. This step can be performed in the presence or absence of
additional ligands, as the nanoparticles in the resulting hydrosols are stabilized

Fig. 3.15 Extinction spectra
of the HSPEG750-AuNPs in
aqueous solution (curves 1–3)
and d in solvent-free “dried”
form (curves 1′–3′), the
HSPEG750-AuNPs
with � 15, 40, and
90-nm-diameter gold cores
[170]
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electrostatically. Functionalization of the nanoparticles can easily be achieved, but
is restricted to water-soluble ligands. However, the control over particle size and
monodispersity in a particular synthetic protocol is rather poor. The second concept
involves the synthesis in organic solvents. The most popular method is the
two-phase synthesis reported by Brust et al. [187], which involves the transfer of
tetrachloroaurate ions into toluene with the use of tetraalkylammonium bromide and
subsequent reduction with sodium borohydride in the presence of thiols.

Surfactants stabilize the gold nanoparticles by electrostatic bonding between the
gold surface and the surfactant heads. The surfactant tetraoctylammonium bromide
(TOAB) is normally used in the Brust–Schiffrin two-phase method as a
phase-transfer agent, and it also acts as metal nanoparticle stabilizer. The
TOAB-capped AuNP is obtained by the Brust–Schiffrin two-phase method without
adding the additional stabilizer and utilized in further functionalization or
self-assembly [188–190]. Another example is Nikoobakht et al. synthesis of
CTAB-stabilized AuNPs [191, 192]. The AuNPs are obtained by adding NaBH4

solution into the mixture of CTAB and HAuCl4 solution, yielding AuNPs of
average size up to 4 nm with a net positive interfacial charge. It is frequently used
as a seed for the preparation of monodispersed gold nanorods (AuNRs) [191] and
size- and shape-controlled AuNPs [193].

Farren-Dai et al. [194] have presented gold nanoparticles stabilized by an IL
(ionic liquid)-surfactant in solution. The IL used–benzyldimethyltetradecylammo-
nium chloride (BAC) –stabilizes the nanoparticles noncovalently via electrostatic
interactions [195], (Scheme 3.10). Ionic liquids are liquid (molten) salts of weakly
coordinating cations and anions. By definition, the melting point of ILs has to be
below 100 °C. Typical IL cations are 1-alkyl-3-methyl-imidazolium and
tetraalkylammonium, and typical anions for ILs are halide anions, tetrafluoroborate
BF4�, hexafluorophosphate PF6−, trifluoromethanesulfonate (triflate) TfO−,
CF3SO3

�, and bis(trifluoromethylsulfonyl)amide Tf2N−, (CF3SO2)2N
−. ILs have

an intrinsic “nanostructure” which is caused by electrostatic, hydrogen bonding,
and van der Waals interactions.

Astruc et al. proposed a model based on differential anion stabilization of metal
nanoparticles in the following order: polyoxometallate > citrate > polyacry-
late � chloride. They argue that the anion must be at the surface of the metal,
because the stabilization of the nanoparticles correlates with the sterics of the anion
[195]. However, some mechanistic descriptions of AuNP stabilization by imida-
zolium chloride ILs posit that the cation is at the surface of the metal (Scheme 3.11)
[196]. Herein, a stabilization is similar to what was proposed by Thomas et al.
which was based on the strong association of photo-responsive molecules on the
surface of AuNPs (Scheme 3.12) [197].

The IR spectra, however, showed some significant differences between pure
BAC and the dried stabilized AuNPs. The most significant change outside the
fingerprint region was a new peak at 1562 cm−1 in the AuNP IR. The changes seen
in the fingerprint region have been attributed to the lengthy alkyl chain gaining
more vibrational freedom while in a stabilizing conformation. If BAC IL molecules
are surrounding the AuNP in a radial arrangement similar to a micelle, then they
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have much more freedom sterically as opposed to the close stacking of solid BAC,
as can be seen in its crystal structure [198]. The optimized structure demonstrates
that the chloride and cationic head of BAC are both close to the Au(0) atom in a
minimum energy structure. Characterization of the synthesized gold nanoparticles
suggests that the Au(0) is stabilized at the surface of NPs by both the cation and
anion of BAC.

It has been shown that ionic liquids are remarkable and excellent media for the
synthesis and stabilization of noble metal nanoparticles without the need of addi-
tional stabilizers, surfactants, or capping ligands. ILs can be regarded as
supramolecular three-dimensional electrostatic and hydrogen-bonded networks.
The stabilization of metal nanoparticles in ILs can be further attributed to effects
from the network properties of ILs such as hydrogen bonding, the hydrophobicity,
and steric interactions which prevent NMNPs agglomeration (Schemes 3.10, 3.11

Scheme 3.10 Metal
nanoparticle stabilization by
an alkyl ammonium chloride
mechanism as proposed by
Astruc et al. [194, 195]

Scheme 3.11 Imidazolium
cation coordination and
stabilization [194]
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and 3.12). Various methods of chemical synthesis for metal nanoparticles in ILs
allow for the design of a variety of NMNP shapes and sizes. The synthesis of
ILs-stabilized NMNPs can proceed by chemical reduction, thermolysis, photo-
chemical decomposition, electroreduction, microwave and sonochemical irradia-
tion, and gas-phase deposition methods.

3.2.6.2 Amine-Based Additives

Efforts have also been made to develop one-phase syntheses in which the reduction
of metal takes place homogeneously in a selected organic solvent rather than at the
two-phase interface as in the Brust method [199]. These one-phase syntheses have
been shown to significantly narrow the particle size distribution, and monodisperse
metallic particles with size dispersivity <5% can be prepared. Zheng et al. [121]
have reported a facile one-step one-phase synthetic route to achieve a variety of
metallic nanoparticles by using amine–borane complexes as reducing agents. With
the use of different metal sources, both mono- and alloyed metallic nanoparticles
with a narrow size distribution can be obtained in a single step. All syntheses were
carried out in air by mixing metal source(s) and capping ligand (e.g., thiols) in an
organic solvent, such as benzene, toluene, or chloroform. An amine–borane com-
plex was then added to the mixture and stirred until the reduction was complete. As
reported, long-range close-packed superlattices of gold nanoparticles can be
obtained even without control over the evaporation rate. The synthesized
nanoparticles are ready to function as building blocks for the formation of large
colloidal crystals directly from the reaction mixtures.

Zheng et al. [121] found that the reducing rate of metal cations by certain amine
(phosphines)–borane complexes is dependent on the reaction temperature and

Scheme 3.12 Proposed schematic for a gold nanoparticle stabilized by TOAB (left panel) and
BAC (right panel) [194]
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concentration of reactants. The higher the temperature or the concentration of
reactants, the faster the reducing reaction. The reaction at lower temperature for a
short period typically leads to a relatively broad size distribution due to the exis-
tence of small nanoparticles. When the reaction time is long enough or the reaction
temperature is increased, these small nanoparticles can grow to reach the size of
larger particles. As observed, the reduction of AuPPh3Cl in benzene gave 5.3 nm
particles at room temperature, 6.2 nm at 55 °C, 7.1 nm at 85 °C, and 8.3 nm at
100 °C. Reaction solvents can also have a significant effect on determining the
average size of nanoparticles. Stable smaller gold nanoparticles can be synthesized
by using a polar solvent. The 2.1 nm nanoparticles were produced at room tem-
perature when 3:1 (by volume) chloroform/ethanol was applied as solvent; the
reaction in chloroform gave uniform 3.5-nm-gold nanoparticles. The average size
and size dispersivity of nanoparticles are mainly controlled by the balance of
nucleation and growth rates. Thus, strong ligands, such as thiols, should be avoided
in order to get monodisperse gold nanoparticles because they limit the activity of
metal precursors [77]. In these syntheses, however, it was found that strong thiol
ligands facilitate the formation of monodisperse nanoparticles better than weak
ligands (e.g., phosphines, amines). Fortunately, by using low concentration and low
temperatures (i.e., room temperature), the reaction rate can be significantly reduced,
which allows us to monitor the formation of nanoparticles during the course of
reaction. It was found that large nanoparticles formed at the very beginning of the
reaction and neither grew nor aggregated with the reaction time. These large-sized
nanoparticles can be considered as a thermodynamic metastable state that can be
better stabilized by long-chain alkanethiols.

A high-temperature solution-phase synthesis as an inexpensive, versatile, and
very reproducible method can be used for the large-scale synthesis of organoamine-
protected gold and silver nanoparticles in the 6–21 nm (gold) and 8–32 nm (silver)
size ranges and with polydispersities as low as 7% [200]. In terms of achievable
particles sizes, polydispersites, and simplicity (only three reagents, tetrachloroauric
acid or silver acetate, oleylamine, and a solvent are required), the method is superior
to that of Jana et al. [77]. The syntheses are fast, very reproducible, and simple. 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 nanoparticles of variable sizes form by refluxing a
solution of tetrachloroauric acid and oleylamine in the organic solvent. The
reducing equivalents in the reaction are provided by the amine, which can undergo
metal ion-induced oxidation to nitriles [201]. The carbon double bond in oley-
lamine does not play a significant role in this process since other aliphatic amines,
for example, 1-dodecylamine, work equally in the reaction. Figure 3.16 (top panel)
shows the evolution of the gold nanoparticles size as a function of time. The particle
size data can be interpreted in terms of a classical nucleation/diffusional growth
model [202]. Here, the initially formed gold atoms self-nucleate to form a fixed
number of seeds during the first stage of the reaction, and particles then continue to
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grow by diffusion-driven deposition of gold atoms onto these existing seeds
(Fig. 3.16, bottom panels).

Assuming that the rate at which gold atoms are deposited onto the nuclei is
linearly dependent on the concentration of gold precursor in the solution, one
obtains the exponential growth curve shown in Fig. 3.16, which agrees well with
the data. The intersection of the theoretical curve with the x-axis indicates that the
end of the particle nucleation phase occurs roughly 300 s after the mixing of the
reactants. By quenching the reaction, it is possible to obtain gold nanoparticles in
the 4–13-nm-size regime. Alternatively, the gold nanoparticle sizes can be regulated
with the concentrations of the gold precursor and of the amine from 15.3 nm (6.7%)
to 21.3 nm (6.9%). Here, the maximum particle size is limited by the solubility of
the nanoparticles. Higher concentrations of the gold precursor give smaller particles
because more seed particles are formed at the beginning of the reaction. While the
surfactant concentration has only a small influence on nanoparticles size, it greatly
influences polydispersity of the formed colloid. Polydispersities below 10% gen-
erally require the larger amount of amine.

Multidomain colloidal crystals of 16–21-nm-oleylamine-ligated gold nanopar-
ticles are routinely obtained as black solids directly from the reaction mixture upon

Fig. 3.16 Evolution of the gold nanoparticle size as a function of time (top panel). Growth
dynamics (size of nanoparticles) for gold particles from left to right bottom panel in toluene [200]
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cooling to room temperature, or by slow evaporation of the solvent from the heated
solution. Crystals grown at lower temperature show a preference for the hcp
(hexagonal close packed) lattice, whereas crystals grown at higher temperature
contain an increased number of domains in the fcc (face-centered cubic) structure
type. Submicrometer crystals of <10 nm amine [203], thiol [204], and tetraalky-
lammonium-[205] stabilized gold nanoparticles with fcc and hcp structures have
been reported also by other groups.

Li and Wu used alkylamines as stabilizers for silver nanoparticles [206] since
they have weaker interactions with silver [200]. These weak interactions can
potentially be broken up at significantly lower temperatures, thus enabling the
“stripped” silver nanoparticles to coalesce to form a continuous conductive layer.
The reduction of silver acetate at lower temperatures could be accelerated if an
appropriate reducing agent was added. While reducing agents, such as NaBH4,
hydrazine, and aldehyde, provided rapid acceleration leading to large silver
aggregates, substituted hydrazines, such as phenylhydrazine, were effective in
modulating the reduction to an extent which gave stable silver nanoparticles.
Specifically, with just 0.5 molar equiv of phenylhydrazine in the presence of an
alkylamine (1-hexadecylamine, 1-dodecylamine, etc.) in toluene, the reduction of
silver acetate at 25–60 °C proceeded smoothly yielding a dark brown solution
without precipitation. Silver nanoparticles prepared in this manner were soluble in
common organic solvents (e.g., hexane, toluene, THF, etc.) and were stable under
ambient conditions (the particle size was <10 nm). UV–Vis absorption spectrum
exhibited a plasmon band at *415 nm, indicative of metallic silver. The present
synthesis is facile and offers the following advantages:

(i) one-phase reaction without additional surfactants;
(ii) low reaction temperature and short reaction time;
(iii) less stabilizer and high concentration of silver nanoparticle product; and
(iv) relatively inexpensive starting materials.

A reddish-brown thin film with a thickness of *70 nm spin cast from a solution
of 1-hexadecylamine-stabilized silver nanoparticles [(Ag@C16)NPs] in cyclohex-
ane on a glass substrate turned to a shiny silvery film upon heating on a hot plate.
Use of a shorter alkylamine, such as 1-dodecylamine, as a stabilizer further lowered
the metallization temperature. X-ray diffraction pattern of the resulting silver film
showed diffraction peaks at

2h ¼ 38:1�; 44:2�; 64:34�; and 77:39�; ð3:20Þ

which are identical to those of a vacuum-deposited silver thin film. SEM image
revealed formation of a continuous layer comprising of larger coalesced particles of
100–500 nm. The electrical conductivity of the resulting silver film was in the
range of 2–4 � 104 S c@@@m−1, which is in the same order as that of a
vapor-deposited silver thin film of similar thickness (4–6 � 104 S c@@@m−1).
This high level of conductivity is more than sufficient for application in any elec-
tronic devices. In addition, the alkylamine-stabilized silver nanoparticles prepared
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by the present procedure exhibited good shelf-life stability both in powder and in
solution forms, and this is of critical important in electronic circuit manufacturing.

The concentration and chain length of the surfactants (and/or the weak ligands)
played a key role in determining the concentration of the nuclei formed in the
solution, judged by the final average particle size, a high concentration of ligands,
or ligands with a bulky tail suppressed the activity of the monomers [207, 208].
Consequently, the number of nuclei formed was low, which results in relatively
large nanocrystals. This strategy yields nearly monodisperse gold nanocrystals
between 1.5 and 7 nm in size. Control experiments with thiols in place of the weak
ligands (amines or fatty acids) were performed. The average nanocrystal size was
limited in the range between 1 and 3 nm, which is similar to the Brust method. The
size distribution of very small-sized gold nanocrystals synthesized using thiols was
decent, but the samples for relatively large nanocrystals all showed a significantly
broader size distribution (Fig. 3.17). These control experiments verified the
hypothesis that very strong ligands should be avoided for the synthesis of noble
metal nanocrystals. When the formed nanocrystals were coated by strong ligands,
the subsequent growth at room temperature was hindered, and the remaining
monomers in the solution supported a continuous nucleation process, which
resulted in samples being rich with very small particles (Fig. 3.17).

The final size achievable through the first strategy was limited to roughly smaller
than 7 nm. The second strategy was developed for the synthesis of large
nanocrystals, 6–15 nm in size, by decreasing the reducing power of the reducing
reagents. This was done by replacing a part of TBABs and strong reducing reagents
with hydrazine that is relatively weak at room temperature. Presumably, TBAB
(tetrabutylammonium bromide) was mostly used for the nucleation, and hydrazine
was consumed in the growth stage. As a result, the final size of the resulting
nanocrystals increased by decreasing the relative concentration of TBAB.

In the third strategy, small-sized nanocrystals were formed first, after that, more
metal precursor and reducing reagents were added into the growth solution in
a dropwise fashion. The volume increase of the nanocrystals grown by this strategy
roughly matched the amount of the metal precursors added in each injection,
indicating an insignificant secondary nucleation. Different from the seeding growth

Fig. 3.17 Size distribution of
Au nanocrystals formed with
thiol (curve 1) and amine
(curve 2) as the ligands [77]

262 3 Stabilizers-Mediated Nanoparticles Syntheses



[76], the entire synthesis was conducted in a one-pot fashion although multiple-pot
schemes also worked. The nanocrystals obtained in this way were similar to the
ones grown by the second strategy.

After reduction, the nanoparticles are presumably stabilized only by solvent
molecules, which should be easily replaced by ligands that offer stronger binding
groups, such as thiols or amines, and an enduring stabilization of the nanoparticles.
The average size of the nanoparticles increases with increasing amounts of
reduction solution, which was already suggested by the evolution of the surface
plasmon resonance. For example, the size of the dodecanethiol-capped nanoparti-
cles could be tuned within the range of 1.9–5.2 nm. Addition of a high excess of
reduction solution did not result in larger particles. The achieved dispersities of 15–
20% are narrow and comparable to the leading methods in the field. Ligands with
thiol or amine binding groups that lead to gold nanoparticles that are soluble in
organic solvents were added as a solution in diglyme or toluene to the weakly
stabilized nanoparticle solutions, and the ligand-capped nanoparticles were isolated.
Water-soluble gold nanoparticles (d ca. 5 nm) were obtained by the use of 2-
(dimethylamino)ethanethiol hydrochloride as a ligand.

The characteristic surface plasmon resonance in the absorption spectra of gold
nanoparticles capped with different types of ligands (dodecanethiol capped, d ca.
4.7 nm, toluene; dodecylamine, 4.2 nm, toluene and 2-(dimethylamino)ethanethiol
hydrochloride, 5.3 nm, water) was observed at ca. 520 nm. Notably, larger particles
could be obtained with amine ligands than with thiol ligands (4–5 nm). 8.9 nm
dodecylamine-capped nanoparticles exhibit a narrow dispersity, as indicated by the
formation of 2D hexagonal close-packed arrays. This implies a significant particle
growth during the ligand-binding process of the weaker amine ligands as compared
to the stronger thiol ligands.

In the next study, a water-soluble acrylamide or polyacrylamide was used to
prepare silver nanoparticles [209]. Neither a commonly used reducing agent for the
reduction of silver ions nor an initiator for the polymerization of monomer acry-
lamide (AM) was employed. The solution containing only silver nitrate in water
was heated to above 150 °C, which is much lower than the decomposition tem-
perature of silver nitrate (440 °C), and no silver particles were found. Meanwhile,
heating the solution of neat acrylamide in water at 100 °C could not initiate the
polymerization reaction of monomer but the spontaneous polymerization of acry-
lamide could take place at 120 °C or above and a certain pressure. Colorless
floccular precipitates formed when commercial polyacrylamide was added into
aqueous solution including silver nitrate at room temperature, which indicated the
coordination of silver ions with NH2 groups in polyacrylamide (PAM) , and silver
ions served as weak cross-linkers to attach polymer chains. Fast formation of silver
nanoparticles occurred upon exposing the above mixture to ambient (indoor) light.
No such process happened with the solution of acrylamide and silver nitrate in
water, even when light irradiated for several days. These observations highlighted
the significant role that the polymer plays in the photoreactions and also in the
present preparation.
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Chen et al. have suggested two possible mechanisms for the formation of silver
colloids [209]. One involves the electron transfer from the water or acrylamide
molecules to silver ions at a certain temperature, similar to that for the photolysis of
silver ions in aqueous solution [210]. This mechanism can be proven by the for-
mation of large black silver particles visible by the naked eye when the aqueous
solution of silver nitrate and acrylamide was heated to above 100 °C, in which no
obvious polyacrylamide was found. The other one is related to the reduction of
silver ions by the organic radicals [211] produced in the thermal polymerization of
acrylamide, which is possibly initiated by the thermal homolysis of impurities
(including peroxides or hydroperoxides formed due to O2) present in the monomer
[212].

The presence of the above two kinds of mechanisms could also be further
supported by the formation of PAM-stabilized silver nanoparticles with bimodal
size distribution. A small amount of silver nanoparticles formed with the first kind
of mechanism in the presence of acrylamide when the temperature was less than
150 °C and grew into larger ones when the reaction proceeded. Smaller silver
nanoparticles formed at the same time with the polymerization of acrylamide. As
we know, thermal polymerization of olefin at relatively high temperature is a free
radical chain polymerization with a fast reaction rate. A large number of organic
radicals thus formed could reduce silver ions and produce silver nanoparticles in a
very short time [211]. Furthermore, reduction of silver ions and thermal polymer-
ization of acrylamide occurred almost simultaneously and resulted in well-dispersed
silver nanoparticles protected by polyacrylamide. Nearly, spherical silver
nanoparticles about 5.0 nm but also large individual silver nanoparticles with sizes
between 10 and 30 nm are observed. There are still a few large silver nanoparticles
with an average size of 50 nm besides a large amount of small particles in the size
range of *17 nm.

In the presence of HNO3 the appeared distinct broad peak, which is located at ca.
450 nm belongs to Ag@Ag2O (core@shell) nanoparticles. However, this peak
vanished gradually with increasing amount of HNO3 and merged into the shoulder
band that belongs only to silver nanoparticles, and formed a relatively symmetric
peak whose location is eventually blueshifted to 413 nm (Fig. 3.18). At the same
time, another peak at 300 nm appeared and its intensity increased with the HNO3

concentration increasing, which inferred the gradual dissolution of silver oxide
layer and some of neat silver nanoparticles and the formation of silver ions. The
intensity, on the other hand, of the absorption peak at around 413 nm increased as
the HNO3 concentration increased, and then decreased with the HNO3 concentra-
tion increased; meanwhile, a significant increase in intensity of the peak at 300 nm
was also observed. The intensity variation of both peaks depending on the HNO3

concentration reveals the following conclusions: (1) The removing of silver oxide
layers from the surfaces of silver nanoparticles resulted in the increase of the
intensity of the SPR peak for silver nanoparticles. (2) Dissolution of silver
nanoparticles led to the decrease of the intensity of the SPR peak for silver
nanoparticles and the increase of the intensity of silver ions. The variation of the
position of the absorption peak indicated that the thickness of Ag2O layers was
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increased with the addition of a small amount of very dilute HNO3 solution (shown
in Eq. 3.21), and then part of Ag2O layers was removed when more HNO3 was
used (shown in Eq. 3.22).

2Agþ 2HNO3 ! Ag2O # þ 2NO2 " þH2O ð3:21Þ

Ag2Oþ 2HNO3 ! 2AgNO3 þH2O ð3:22Þ

To fully prove the existence of silver nanoparticles covered with Ag2O layers,
HNO3 was replaced with acetic acid (HAc) and NaCl solution (Fig. 3.19).
AM-stabilized silver colloids were added to NaCl solutions. The broad SPR bands
between 350 and 550 nm disappeared, and a relatively symmetric peak at around
412 nm could be observed, indicating that the Ag2O layers were completely
removed and the AM-stabilized pure silver nanoparticles were present. In addition,
a small shoulder at ca. 280 nm was also seen owing to the formation of AgCl
particles [213]. The mechanism for the formation of AgCl might involve the fol-
lowing chemical reaction:

Ag2OþH2Oþ 2NaCl ! 2AgCl # þ 2NaOH ð3:23Þ

3.2.6.3 Thiol-Based Additives

Nanoparticles with a narrow size distribution can further function as building
blocks for the construction of higher-ordered superlattices that exhibit collective
properties of individual nanoparticles [214]. Although several synthetic routes of
noble-metallic nanoparticles have been developed, the challenge remains of
obtaining monodisperse nanoparticles with size <10 nm on a large scale. Since the
first report in 1994, the syntheses of metallic nanoparticles with size less than
10 nm have been dominated by the Brust method, a two-phase protocol that can be
easily scaled up to gram scale. However, the nanoparticles prepared by the Brust

Fig. 3.18 UV–Vis
absorption spectra of the
colloidal silver solution
prepared by dropping of
AM-stabilized silver colloids
into HNO3 solutions with
concentrations of 0 (curve 1),
1 mM (2), 2 mM (3), 0.1 M
(4), and 2 M (5) [209]
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method and its variations typically have a continuous and broad size distribution
[187, 215].

The Brust–Schriffin in situ biphasic gold nanoparticle synthesis introduced the
use of TOAB (tetraoctylammonium bromide)—a quaternary ammonium ion sta-
bilized by a bromide anion—as a stabilizing agent, and phase-transfer catalyst in the
production of colloidal gold from chloroauric acid. When reducing HAuCl4 with
sodium borohydride, TOAB stabilizes the precipitating colloidal gold in the
aqueous phase. This stabilizing interaction allows the AuNPs to solvate into an
organic phase, with TOAB effectively acting as a phase-transfer catalyst. However,
TOAB does not bind gold particularly strongly and thus only provides temporary
stabilization, with gold aggregating in the long term. Thus, usually a subsequent
covalent stabilizer such as a thiol is added [195]. Thus, tetrachloroaurate (III) is
transferred to toluene using TOAB as the phase-transfer reagent and reduced by
NaBH4 in the presence of dodecanethiol (DDT). Larger thiol/gold mole ratios give
smaller average core sizes, and fast reductant addition and cooled solutions pro-
duced smaller, more monodisperse particles. Following the Brust–Schiffrin method,
gold nanoparticles with a variety of functional thiol ligands have been synthesized.
Later, a simple protocol for the one-step aqueous preparation of highly monodis-
perse gold nanoparticles with diameters below 5 nm using thioether- or
thiol-functionalized polymer ligands, such as alkyl thioether end-functionalized
poly(methacrylic acid), has been developed by Hussain and coworkers [216, 217].
In this approach, the particle size and size distribution is controlled by subtle
variation of the polymer structure, concentration and “denticity.” By varying sys-
tematically the polymer to gold ratio, the size of the nanoparticles can be finely
tuned and a transition from nonfluorescent to fluorescent nanoparticles is observed
for core diameters between 1.1 and 1.7 nm [218]. Most hydrophobic gold
nanoparticles [also sometimes called monolayer-protected clusters (MPCs)] with
diameters in 1 to ca. 8 nm ranges are prepared by the Brust–Schiffrin method: The
gold (III) derivatives are reduced by sodium borohydride in an organic solvent in
the presence of thiol-capping ligands using either a two-phase liquid/liquid system
or a suitable single-phase solvent [187, 219]. Its high impact is due to:

Fig. 3.19 UV–Vis
absorption spectra of the
colloidal silver solution
(curve 1) with the addition of
(2) NaCl solution and (3, 4
and 5) HAc solutions of
different concentration (0.83.
3.33 and 10 M) [209]
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(i) facile synthesis in ambient condition;
(ii) relative high thermal and air stability of the AuNPs prepared in this way;
(iii) repeated isolation and re-dissolution without aggregation or decomposition;
(iv) control of the small size with narrow dispersity; and
(v) relatively easily functionalization and modification by ligand substitution.

These AuNPs are stabilized by relatively strong Au-S bonds, their diameters are
in the 2–5 nm range, and their shapes are cuboctahedral and icosahedral. Due to the
nucleation-growth-passivation kinetics model by which the sulfur-containing agents
inhibit the growth process [215, 220], larger S/Au mole ratios give smaller average
core sizes. Fast NaBH4 addition and cooled solutions also produce smaller, more
monodispersed AuNPs. During the reaction of the thiol with growing AuNPs, the H
atom of the thiol is lost, presumably by oxidative addition of the S–H bond onto
two contiguous Au0 atoms of the AuNP surface. The fluxional properties of the Au–
H bonds on the AuNP surface can provide the fast walking path of the H atoms on
the surface until two Au–H bonds become contiguous for H2 reductive elimination.
Later, the formation surface Au–S bonds were shown using Raman spectroscopy by
Li et al. who actually demonstrated the overall mechanism including all the steps of
the Brust–Schiffrin AuNP synthesis. In particular, they disclosed that, interestingly,
these Au–S bonds are formed only after adding NaBH4 as indicated in
Scheme 3.13. This work brings about a key understanding of the mechanism of this
synthesis [221], while a previous widely accepted assumption had been that the
thiol reduced Au(III) to Au(I) and formed [Au(I)SR]n [222].

Given the above advantages, the Brust–Schiffrin method is now much in use for
the preparation and application on thiolate-liganded AuNPs [223, 224]. This
method was improved by procedure upon which the p-mercaptophenol-stabilized
AuNPs were synthesized in methanol solution without the phase-transfer agent
TAOB [219]. Any thiol that is soluble in the same solvent as HAuCl4 such as
methanol, ethanol, or water allows the use of a single-phase system for AuNP
synthesis. Brust’s group further prepared biocompatible and water-soluble AuNPs
capped by (1-mercaptoundec-11-yl) tetraethylene glycol [225] with less than
10 nm. Due inter alia to the hydrophobic alkanethiol interior and tetra (ethylene
glycol) (TEG) hydrophilic shell, AuNPs are of great biomedical interest [226], in
particular in the form of AuNPs capped with thiolated poly(ethylene glycol)s
(PEGs) [227].

Thiol-capped silver nanoparticles are obtained analogously at room temperature
in chloroform [200]. When thiols with ionizable carboxylic acid groups, such as 11-
mercaptoundecanoic acid (MUA), are employed in the reaction, one obtains
water-soluble nanoparticles with virtually unchanged UV/vis spectra (Fig. 3.20) in
the case of silver and with slightly redshifted bands in the case of gold. Aliphatic
thiols, on the other hand, lead to particles that are soluble in nonpolar organic
solvents. Apart from the altered solubility, successful ligand exchange is also
supported by the FTIR spectra on the products.

The surface ligands of noble metal nanocrystals may need to be varied for certain
purposes. For instance, biomedical applications [228] require water-soluble
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nanocrystals. Using weak ligands in the synthetic schemes, then the surface mod-
ification of the gold nanocrystals is quite straightforward by reacting the synthe-
sized nanocrystals with strong ligands, such as thiols. Depending on the terminal
groups of the thiols used, gold nanocrystals can be made to either maintain its
hydrophobic nature or become water soluble (Scheme 3.14). The influence of
alkylthiol chain lengths on the colloidal properties of the AuNPs [H3C–(CH2)n–SH
where n represents the number of methylene (–CH2) groups] led to the following
results. For this study, the alkylthiols used were 1-nonanethiol (NT, n = 8) ,

Scheme 3.13 Mechanism for chalcogenate-protected noble metal NP synthesis by the Brust–
Schiffrin method [26, 221]

Fig. 3.20 UV–Vis spectra of
oleylamine [OA, Ag (curve
2), Au (4)] and
11-mercaptoundecanoic acid
[MUA, Ag (curve 1), Au (3)]
ligated gold (13 nm) and
silver (8.5 nm) nanoparticles
in toluene (OA) and water
(MUA) [200]
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1-dodecanethiol (DDT, n = 11) , 1-tetradecanethiol (TDT, n = 13) , and
1-hexadecanethiol (HDT, n = 15). TEM images confirm the formation of the thiol
coated nearly monodisperse AuNPs with an average particle diameter of *3.9
nm, *3.7 nm, *3.6 nm, and *4.0 nm for NT-, DDT-, TDT-, and
HDT-functionalized AuNPs, respectively [229].

The TEM images show organization of the alkylthiolate-functionalized AuNPs
into a 2D assembly. The growth termination through addition of the alkylthiols
ligands helps in producing nearly monodisperse AuNPs and contributes to forma-
tion of the 2D assembly. Interestingly, the particles form a pseudo-hexagonal
arrangement with regular interparticle spacing (edge–edge, d1). The theoretical
spacing (d2) was calculated using the equation:

d2 ¼ 0:25þ 0:127n; ð3:24Þ

where n is the number of –CH2 groups in the alkyl chain, 0.127 is the length per –
CH2, and 0.25 is the contribution of the terminal methyl group and carbon–sulfur
bond of the thiol [230, 231]. Close inspection of the TEM images reveals that the
interparticle spacing increases from A to D as the number of methylene groups
increases from 8 to 15, respectively, from NT to HDT.

The theoretical interparticle spacing (d2) is larger in comparison to the experi-
mentally observed spacing (d1) for nanoparticles coated with different chain length

Scheme 3.14 Schemes of the surface modification of Au nanocrystals with dodecanethiol
(DTT) and mercaptopropionic acid (MPA) [77]
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alkylthiols (Fig. 3.21). For example, the calculated spacing for NT-AuNPs
was *2.1 nm which is slightly lower than the theoretical calculation (d2) of
2.5 nm that is twice the length (NT)2 chain. The slightly shorter observed particle
spacing for thiolate-stabilized AuNPs could be due to alkyl chain interdigitation of
the molecules adsorbed on the two adjacent surfaces of the nanoparticles as shown
in Scheme 3.15. Another possibility could be the microscopic analysis of the
samples. TEM analyses were performed on a 2D surface of a 3D structure
(thiolate-protected AuNPs) where variation of height could be lost during the
measurement resulting in shorter apparent interparticle distances [232].

It has been shown that alkylthiolate-coated nanoparticles form a 2D assembly
due to a combination of electrostatic repulsion and van der Waals interaction. 2D
assemblies of the alkylthiolate-stabilized AuNPs were observed on the TEM grids.
The fact that the different alkylthiol stabilized AuNPs show different spacings in
TEM indicates that their LSPR properties would be different due to the change in
the short-range coupling distance. The NT-functionalized AuNPs showed a LSPR
peak absorption maxima (kmax) at 560 nm as shown in Fig. 3.21 (curves 1–4).
This LSPR peak is redshifted by 36 nm in comparison to the Et3P- and Cl−-
stabilized AuNPs (kmax) at 524 nm before addition of NT. The values of LSPR
peak (kmax) shifts are 26, 20, and 18 nm for DDT, TDT, and HDT, respectively.
The LSPR bands are clearly dependent on the thiol chain length, where the largest
LSPR shift (36 nm) was observed for the shorter chain thiol (NT, H3C–(CH2)8–SH)
and lowest LSPR peak shift (18 nm) was exhibited when the longer chain thiol
(HDT, H3C–(CH2)15–SH) was used.

There are two possible causes of such a noticeable shift of the LSPR kmax. The
first is the influence of local dielectric environment around the particles, which
includes change of solvent refractive index and the shell of stabilizing ligands
around the particles [233]. As thiol was added to NP solution, the change of solvent
refractive index (RI) is negligible (acetonitrile has RI * 1.334 and THF * 1.40)
and should not be responsible for such a large redshift of the LSPR kmax. In
addition, the amount of thiols introduced to the acetonitrile: THF mixture was small

Fig. 3.21 UV–Vis
absorption spectra of different
alkylthiol stabilized AuNPs
showing the dependence of
the LSPR wavelength on the
thiol chain length (DDT
(curve 1), TDT (2), HDT (3),
and NT (4). Interparticle
spacing (d1) of the AuNPs
functionalized with different
thiols (5) [229]
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and should not alter the bulk RI. However, Mulvaney and coworkers have theo-
retically shown that when uncoated 5.2 nm AuNPs were coated with alkylthiols, the
LSPR band redshifted [233]. According to their results, a 7 nm redshift could be
feasible for a 2.0-nm-thick monolayer shell on *5.0 nm AuNPs. A much larger
36-nm LSPR peak shift for 4.0 nm AuNPs containing a shell of 1.25 nm alka-
nethiols was observed. In a further report, it was shown that adsorption of different
chain length alkylthiol does not change the local dielectric environment of AuNPs
significantly [234]. Such a noticeable LSPR shift observed in the present study
implies that, rather than a change of local dielectric environment around the par-
ticles due to thiol functionalization, other factors are also playing a significant role
in LSPR kmax shift for the functionalized AuNPs.

The other possible cause of the LSPR kmax shift is near-field plasmon coupling
between the AuNPs. The spherical metal nanoparticles possess strong electro-
magnetic fields around the particle surface due to the LSPRs and when the elec-
tromagnetic fields couple in the near-field region, the LSPR properties of the NPs
are strongly influenced [235]. We could conclude that the shifts of LSPR wave-
length (kmax) ranging from 36 to 18 nm, depending on the thiol chain length,
occurred due to the electromagnetic coupling between nearby AuNPs in the
near-field region. Both the theoretical and experimental results showed that LSPR
interactions in the near-field region strongly depend on interparticle spacing. As the
spacing between the adjacent NP decreases, larger redshifts of LSPR wavelength
would occur [235]. This could be related to the observation of the 2D assembly of
the AuNPs in the TEM images. It may be the case that the trend in the LSPR kmax

shift correlates with interparticle spacing which changes in the 2D assemblies based
on the length of the alkylthiolate ligand. The values of kmax dependent on inter-
particle spacing taking into account the presence of different thiolated ligand are
shown in Fig. 3.21 (curve 5), where the LSPR wavelength decays exponentially
with an increase of the interparticle spacing. A similar interparticle spacing
dependent LSPR shift has been previously observed for alkanethiolate

Scheme 3.15 Schematic representation of alkyl chains interdigitation of thiolated ligand
(NT) adsorbed on the AuNP surface [229]
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protected >10.0 nm AuNPs [234] and lithographically fabricated gold nanostruc-
ture (>70.0 nm) on a solid surface.

A series of thiolate-stabilized AuNPs were prepared by a modified single-phase
method. Sardar and Shumaker-Parry introduced 9-borabicyclo [3.3.1] nonane
(9-BBN) as a mild reducing agent for the synthesis of a series of functionalized
alkylthiolate-stabilized AuNPs [236]. Other thiolate ligands such as bifunctional
alkanethiolate [237], arenethiolate [238, 239], and other functional
thiolate-stabilized have been used to synthesize functional AuNPs [240] from the
corresponding thiols.

The method based on the solvated metal atom dispersion technique is suitable
for preparation of metal nanoparticles on the gram scale [241], but postheat treat-
ment is generally required for good size dispersivity. Some postsynthesis treat-
ments, such as ligand exchange [242] and thermal annealing [243], are reported to
improve the size distribution of the gold nanocrystals formed through either the
mentioned Brust method or other synthetic approaches. The other drawback of the
Brust method is that the resulting nanocrystals are coated with a monolayer of
strong ligands, thiols, which makes it difficult to carry out the surface modification
and functionalization needed for certain purposes.

3.2.6.4 Various Additives

LSPR-based optical spectroscopy and electron microscopy were correlated to
investigate the formation of silver nanoparticles by reduction of AgClO4 in toluene
using the mild reducing agent heptamethyltrisiloxane (HMTS) in the presence of
the weak stabilizing ligand trioctylamine (TOA) [244]. AgNPs were synthesized in
toluene from AgClO4 using HMTS as a reducing agent in the presence of the
stabilizing ligand TOA at room temperature. After the addition of TOA, the color of
the solution was faint yellow and displayed a diffuse LSPR peak at 434 nm, which
can be attributed to the formation of ultrasmall silver nanocrystals [245] (Fig. 3.22,
curves 1–6). Over the next few minutes, the LSPR peak amplitude increased rapidly
with a concurrent redshift reaching a maximum at 439 nm followed by a monotonic
decrease to 431 nm over the remaining 150 min. The LSPR peak intensity
increased throughout the entire 160 min, but was biphasic with rate change near
50 min. A similar LSPR blueshift was previously reported during the synthesis of
thiolate-stabilized gold nanoparticles under mild reduction and was explained by a
decrease in the dispersity of the nanoparticles [246]. Approximately 160 min after
the addition of TOA, the amplitude of the LSPR peak approached its maximum.
Figure 3.22 (curves 7 and 8) summarizes the time dependence of the LSPR peak
intensity and position during the AgNP formation, and the plot reflects a slow
reduction process with a much slower rate of formation of nanoparticles relative to
sodium borohydride [247, 248]. The complete conversion of Ag+ ions to Ag0 was
confirmed by XPS analysis. The XPS survey scan of TOA-stabilized AgNPs
confirms the expanded silver 3d region. The signals at 368, 532, 285, and 402 eV
represent the silver 3d, oxygen 1s, carbon 1s, and nitrogen 1s binding energies,
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respectively. The peak position of the Ag 3d doublet [3d5/2 (368.2 eV) and 3d3/2
(374.2 eV)] with peak-to-peak separation of 6.0 eV confirmed that silver was
present only in the Ag0 oxidation state [249].

Thiols used are strong, stabilizing ligands, and the formation of
thiolate-protected gold nanoparticles is very complex [250–252], and unrelated to
the process described here for AgNPs. Two minutes after addition of TOA, for-
mation of � 1.7-nm average diameter AgNPs was observed, which increased to
2.1 nm within another � 12 min of the reaction. As the reaction continued, AgNPs
grew larger and by 50 and 90 min after addition of TOA, the particles had grown to
average diameters of � 2.5 and � 2.8 nm, respectively. Over the remaining time, a
gradual increase in nanoparticle size was observed, with the final AgNPs � 3.1 nm
in diameter at 160 min. The diameter change was biphasic and exhibited an initial
rapid increase, which was completed at approximately 10–15 min similar to that
found with the wavelength maximum in Fig. 3.22, and a more gradual increase
thereafter extending through 160 min. The data represent the slow, continuous
growth (increase in size) of AgNPs at time >50 min in agreement with the biphasic
nature of the LSPR amplitude increase previously discussed. Additionally, the TEM
analysis revealed that at the early stage of the reaction (<15 min) the dispersity of
the AgNPs increased from 35% at 2 min to 42% at 8 min, which is in agreement
with the redshift of LSPR peak illustrated in Fig. 3.22 (curves 7 and 8). After
reaching maximum dispersity, the AgNPs exhibited a gradual decrease of dispersity
to 19% at 160 min. This conversion of polydispersed AgNPs to nearly monodis-
persed nanoparticles by TEM analysis is also in agreement with a previous
observed blueshift of the LSPR peak over this time period [244].

It is known that hydrosiloxanes are weak reductants due to their slow liberation
of hydrides in the presence of metal ions [253] suggesting that in the present
investigation, reduction of Ag+ by HMTS was slow and continuous. Based on
time-dependent UV–Visible absorption studies and TEM analysis, the following
mechanism of TOA-stabilized AgNP formation was suggested:

Fig. 3.22 Time dependence
of synthesis of
TOA-stabilized AgNPs.
UV–Visible absorption
spectra at different times
(from 2 to 160 min, curves
1–6) after addition of TOA to
AgClO4 at room temperature
with HMTS as reductant.
Solution absorbance and
position of LSPR peak as a
function of reaction time
(curves 7 and 8) [244]
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(1) Immediately after the addition of TOA, the solution color turned from colorless
to faint yellow, indicating the very rapid formation of ultrasmall nanocrystals
which serve as “active nuclei”.

(2) With time, these active nuclei grow to form seeds. Simultaneously, more active
nuclei are formed from the reduction of Ag+ to Ag0, as evident by the
increasing LSPR peak intensity (Fig. 3.22). These seeds continue to grow
forming larger nanoparticles via Ostwald-ripening growth. The biphasic
behavior of the LSPR peak (Fig. 3.22) is interpreted as the result of simulta-
neously continuous reduction, nucleation, and growth processes until approx-
imately 50 min after the addition of TOA.

(3) The final stage of nanoparticle formation is almost exclusively dominated by
slow Ostwald-ripening growth as evident by the plot of nanoparticle volume
versus time. In the ideal case of Ostwald-ripening growth {VðtÞ}, the change in
average AgNP volume should be linear with respect to time [254]. Based on the
time-resolved TEM size analysis, linear nanoparticle growth kinetics, and
single crystallinity of the final AgNP structure, it is concluded that under the
slow reduction condition, nanoparticle growth is controlled by Ostwaldripening
[244].

The peak shape and LSPR wavelength maximum (� 431 nm) were comparable
when 1.5 and 2.0 mmol of TOA were used for synthesis; however, with 0.2 mmol,
the peak width was broader (Fig. 3.23). This figure (curves 1 and 2) shows that the
rate of absorbance change for 0.2 mmol TOA was faster than that with 1.5 or
2.0 mmol TOA. The average diameters determined by TEM of AgNPs were *2.9
and *3.0 nm for 1.5 and 2.0 mmol of TOA, respectively. However, when
nanoparticles were synthesized using 0.2 mmol of TOA, large-size polydispersed
AgNPs were formed (*7.3 nm) in agreement with the broader LSPR peak and
faster rate of formation [245].

Beside its stabilizing ability, TOA may also act as a catalyst for the Ag+

reduction process. Over the following 3-h period, the colorless solution turned to a
faint murky yellow which displayed a very weak, broad absorption band centered at
approximately 423 nm, indicative of silver nanocluster formation [245, 255].
However, the normalized intensity of the nanoparticle solution was � 2.0 � 102

times lower than that what was achieved for reduction of Ag+ to Ag0 at 160 min.
Furthermore, amines can readily coordinate to a tetravalent silicon center and form
pentavalent silicon species, as illustrated in Scheme 3.16 [256, 257]. Immediately
after addition, the solution turned yellow and displayed an intense and broad LSPR
peak at 429 nm indicating the formation of AgNPs in high concentration. The peak
intensity gradually increased over time and approximately 130 min after TOA
addition, a stable LSPR peak at 435 nm was observed. The above experimental
results strongly suggest that TOA plays dual roles in the formation of AgNPs.

The LSPR time course at 35 and 45 °C displayed qualitatively the same
behavior as observed when the synthesis was performed at room temperature with
reaction rates at 45 > 35 > 24 °C (Figs. 3.23 and 3.24). The increase of peak
intensity over time at both elevated temperatures suggests continuous formation of
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nanoparticles following the Ostwald-ripening growth mechanism. The average
sizes of the AgNPs synthesized at 35 and 45 °C were *3.8 and *4.0 nm in
diameter, respectively, which were greater than the AgNPs synthesized at room
temperature (*3.1 nm) [258]. More specifically, when the AgNPs were synthe-
sized at room temperature, a sharp LSPR peak at 431 nm was observed. When the
synthesis was performed at 35 and 45 °C, the LSPR peaks were centered at 436 and
443 nm, respectively. Previously, it was reported that the LSPR properties of metal
nanoparticles are strongly correlated with particle size, and as the size of the
nanoparticles increases, the LSPR peak redshifts [245, 259]. In this investigation, a
12 nm redshift was observed when the AgNPs were synthesized 45 °C compared to
nanoparticles made at room temperature. The observed increases in particle size and

Fig. 3.23 UV–Visible absorption spectra of AgNPs synthesized using different TOA concentra-
tions at room temperature. Lines 1 and 2 represent 0.2 and 2.0 mM of TOA, respectively, added to
0.1 mmol AgClO4 with HMTS as the reducing agent. The rate of nanoparticle formation
represented by absorbance increases in presence of 0.2 (curve 3) and 2.0 (4) mM of TOA,
respectively [244]

Scheme 3.16 Proposed mechanism of trioctylamine (TOA)-induced pentavalent silicon species
formation and liberation of hydride, which facilitate the reduction of Ag+ to Ag0 [244]
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dispersity also suggest that TOA is a weak stabilizing ligand at elevated tempera-
tures. In addition, solution temperature is expected to effect the concentration of
available reductant, in that the hydride generation rate in the reaction mixture
should increase with increasing temperature. Therefore, the concentration of active
nuclei in solution should increase more quickly at higher temperature, and the
newly formed active nuclei should undergo faster nucleation and growth resulting
in relatively larger nanoparticles than those formed at room temperature with slower
active nuclei formation. Figure 3.24 shows that after the reaction mixture displayed
stable LSPR peak absorptivity, continued heating caused it to decrease. Apparently,
continued heating produced nanoparticles of sufficiently large sizes that they
became unstable in solution, and then aggregated and precipitated. This behavior is
consistent with TOA being a weakly stabilizing ligand and unable to control AgNP
growth at elevated temperature.

Some of previous nanoparticle synthesis and growth studies were performed in
aqueous phase using the strong reducing agent sodium borohydride. In these studies,
the reduction and nucleation processes take place very rapidly, resulting in almost
immediate aggregation and coalescence. In contrast, some authors have also reported
that reduction, nucleation, and growth processes are occurring simultaneously over a
period of time. Moreover, in sodium borohydride-based reduction and formation of
NMNPs, aggregative growth of nanoparticles is the most common formation pathway
[248], whereas the researchers observed predominantly Ostwald-ripening growth.
Sodium citrate is the second most commonly used reducing agent for nanoparticle
synthesis and growth studies. [254, 260, 261]. However, the growth kinetics found
for HMTS-induced synthesis of AgNPs are different than classical citrate-mediate
nanoparticle formation, even though both HMTS and citrate are mild reductants. One
major difference between these two reductants is the resulting reaction medium. As
mentioned earlier, the presence of citrate in aqueous medium can alter the solution pH
and influence the growth mechanism [262]. Such behavior is negligible for
hydrosiloxane-induced synthesis of AgNPs due its stable structure in organic sol-
vents. In addition, aggregative growth of NMNPs was reported for citrate-based
synthesis, in contrast to what was observed.

The introduction of strong capping agents during nanoparticle synthesis has the
effect of stopping the growth of the NPs, whereas weakly associated ligands allow
for continued growth [246]. As a result, the presence of the capping agent whether

Fig. 3.24 Dependence of
AgNP synthesis on reaction
temperature. The rate of
AgNPs formation represented
by absorbance increases as a
function of time at 35 °C
(curve 2) and 45 °C (1) after
reduction of 0.4 mmol TOA
to 0.1 mM of AgClO4 [244]
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strongly or weakly binding is essential during the nanoparticle synthesis in order to
control the nanoparticle size and shape and to prevent aggregation. However, use of
strong capping agents makes further surface modification with alternative ligands
challenging [263]. In addition, the sizes of the nanoparticles produced using strong
capping agents, e.g., alkylthiols, vary from batch to batch [264].

In order to synthesize gold nanoparticles without the use of strong capping
agents, the synthetic method requires a reducing agent to generate nanoparticles at a
slow rate with the resulting particles stabilized by coordinating ions or ligands
which are already present in the reaction mixture from the gold salt precursor. Shem
et al. have demonstrated this approach based on the reducing agent 9-borabicyclo
[3.3.1] nonane (BBN) [229]. BBN was used to prepare various x-terminated (acid,
amide, or alcohol) alkylthiolate-functionalized AuNPs, azide-terminated
disulfide-protected AuNPs, triphenylphosphine-stabilized AuNPs, and other noble
metal nanoparticles, specifically, silver, palladium, and platinum nanoparticles
[236, 246, 265]. This approach was used for preparation of AuNPs with a size
smaller than 5 nm without a need for strong ligands. Additionally, postsynthetic
surface modification of the soft-ligand-stabilized NPs with more strongly inter-
acting ligands such as bipyridyls and thiols is important in tuning the optical and
electronic properties of the AuNPs for applications. Shem et al. [229] have used the
BBN synthesis as the basis of a synthetic strategy for producing
soft-ligand-stabilized AuNPs via a surfactant-free synthesis. The advantage of this
synthetic procedure is that during NP synthesis, no additional capping agents are
added as the NPs are produced at a slow rate and stabilized by soft ligands, Et3P
molecules, and Cl– ions, which are introduced through the precursor materials. The
soft ligands offer the potential for easy displacement after synthesis by the desired
stronger binding ligands. In addition to changing functionality through control of
surface chemistry, the introduction of stronger binding ligands at specific time
points during synthesis prevents continued growth and produces AuNPs with a
much more narrow size dispersion. Furthermore, stronger ligands also lead to
long-term stability of the AuNPs.

The versatility and usefulness of soft-ligand-coated AuNPs are further demon-
strated by replacing the soft ligands with alkylthiols, which results in 2D assembly
of the AuNPs. Control of the size and assembly of the NPs is important because
these two properties modulate the near-field optical coupling and LSPR properties
of the NPs [234]. To date, most 2D assemblies have been prepared either at the air–
water interface or on a solid surface [266]. In the latter case, a dewetting process
was used where nanoparticles were dispersed in solvent. When the nanoparticle
solution was placed on a substrate, the solvent slowly evaporated leaving a film of
thiol-capped NPs. Interfacial or dewetting techniques typically focus on AuNPs
larger than 10 nm; however, much progress has been made in applying these
approaches to small nanoparticles [267]. Such small NPs are of particular interest in
optoelectronic device fabrication [268]. One important requirement for formation of
2D assemblies is that the building blocks or individual NPs should be highly
monodisperse to ensure regular packing, and this is achieved through the described
synthesis.
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Soft-ligand-stabilized AuNPs were prepared as shown in Scheme 3.17. No
additional surfactants were introduced in the reaction mixture besides Et3PAuCl
which was present as the gold salt precursor and BBN as the reducing agent. On
addition of BBN, the color of the solution changed from colorless to light brown to
reddish-brown. A broad featureless response in the UV–Vis spectrum between 400
and 600 nm was observed, indicating that AuNPs were being formed.

When the reaction solution was stirred mechanically using a magnetic stir bar,
the absorption spectra changed very little as shown in Fig. 3.25. The color of the
solution also did not change from the light brown color first observed on addition of
BBN. The lack of change was an indication that continued growth beyond a certain
size was not taking place during the course of the reaction. However, when stirring
was stopped, the NPs rapidly aggregated as evidenced by the appearance of a broad
LSPR peak (Fig. 3.25, curve 3). TEM analysis of this sample showed aggregated
NPs.

For the unstirred solution, the LSPR peak shifted to longer wavelengths with
time as the nanoparticle growth process progressed as shown in Fig. 3.25 (curves 2,
4–6). This plasmon band shift was an indication that the NP size was increasing
[246]. The color of the solution changed from colorless, to reddish-brown, purple,
and finally bluish purple, indicating that the growth of the NPs continued during the
course of the reaction. A close examination of the spectra in Fig. 3.25 reveals that
between 10 and 20 min after addition of BBN, there was very little change in the
absorbance amplitude and the absorption wavelength did not shift. After 20 min,
there was a marked redshift and broadening of the absorbance band indicating
either formation of large NPs or NPs undergoing an aggregation process. When the
reaction was allowed to proceed for 60 min, a decrease in amplitude and broad-
ening of the absorption spectrum was observed along with nanoparticle
precipitation.

Mechanical agitation introduced by the stirring alters the nucleation and growth
processes of the gold nanoparticles. Stirring introduces shear forces to the solution
and, while shear-induced enhancement of nucleation has been reported, mechanical

Scheme 3.17 Synthetic approach for soft-ligand (triethylphosphine)-stabilized AuNPs [229]
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shear also has been found to suppress growth by breaking up aggregated NPs [269].
It seems that stirring enhanced the nuclei concentration leading to smaller NPs
produced while larger particles resulted when the solution was not stirred [270].
Analysis of the TEM images indicates that the nanoparticles had a broad size
distribution at early times, with two populations of small and large NPs being
observed. This size distribution narrowed with time to form a uniform size distri-
bution after 20 min. At *20 min, the absorbance peak position and amplitude of
the NPs do not change (Fig. 3.25). The size of the AuNPs at this point was
determined to be *3.6 nm. The AuNPs formed larger aggregates when the stirring
was stopped and the solution was allowed to stand for 60 min. HRTEM shows NPs
with well-defined lattice fringes, which were indexed to Au fcc lattice using SAED.
HRTEM analysis shows the shape and faceting of the AuNPs and indicates that the
NPs are not single crystals. The particles are made up of smaller NP units likely
formed by coalescence of individual, smaller NPs along common facets to form
twinned particles. Contrast differences in HRTEM images, where some regions are
darker than others, are an indication of twinning [271, 272]. The SAED pattern of
the AuNPs was indexed to the (111), (200), (220), and (311) planes of a
face-centered cubic gold lattice. The spotty diffraction rings observed in the SAED
pattern also support the presence of twins.

Bimodal distribution of AuNPs as observed in the early stage of synthesis is
evidence for aggregative growth [164]. This indicates particle–particle interactions
leading to coalescence, or an aggregative growth mechanism. Coalescence stopped
when all the particles had been consumed, leading to the end of the growth process
and the establishment of a narrow size distribution of the AuNPs [273]. Polte et al.
[247] observed that in the absence of a stabilizing agent, growth can continue for
long periods of time (in their case, 24 h) driven entirely by coalescence and not
monomer addition [247]. The nonstirring approach resulted in nearly monodisperse
AuNPs with a size of *4 nm at the approximately 20-min time point during the
synthesis.

The XPS spectrum in Fig. 3.26 shows the peak positions of the Au 4f doublet,
4f5/2 (87.8 eV), 4f7/2, (84.1 eV) with peak-to-peak distance of 3.7 eV. The peak
positions verify that most of the gold was present in the Au0 oxidation [274]. Peaks
associated with P (2p) at 131.6 eV from Et3P and Cl (2P) at 198 eV also were

Fig. 3.25 UV–Vis
absorption spectra of the
stirred NPs (curve 1), the
broad peak was recorded
5 min after stirring was
stopped (curve 3) and
unstirred TPP-AuNPs
solution over the time course
[2–60 min, curves 2 (2 min),
4 (10), 5 (40), and 6 (60)] of
the synthesis [229]
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observed [265]. In both of the experiments, XPS evidence of the presence of P and
Cl is consistent with the soft ligands acting as the nanoparticle-capping agents,
providing stability to the AuNPs in organic solvent and preventing agglomeration.

Soft-ligand-stabilized nanoparticles can be used as precursors to obtain AuNPs
with different surface chemistry by replacing the soft ligands with other desired
ligands [265, 275]. The AuNPs surface was also modified with
11-mercaptoundecanol (MUOH) and analyzed the surface chemistry after the
exchange process using XPS. Interestingly, XPS high-resolution scans for the P
(2p) region for the particles before and after ligand exchange with MUOH showed
that phosphorus was absent after ligand exchange. An observed peak for sulfur, S
(2p) at 162.4 eV, indicates a sulfur–Au interaction through a thiolate bond along
with Au 4f doublets 4f5/2 (87.8 eV) and 4f7/2, (84.1 eV). The absence of peaks for P
and Cl and appearance of a peak for sulfur suggest that when the AuNPs stabilized
by Et3P and Cl− ions were incubated in the MUOH solution, the higher affinity thiol
ligands replaced the weakly associated Et3P and Cl− from the surface and produced
thiolate-functionalized AuNPs.

Thus, an in situ ligand exchange reaction can be used to replace the soft ligands
with bipyridyls according to Scheme 3.18. If the ligands were introduced at a later
time point, TEM analysis indicated that the particles would undergo further
uncontrolled growth to produce polydisperse particles.

The color change is an indication that the bipyridyls attached to the AuNP
surface [276]. The bipyridyl-stabilized AuNPs were dissolved only in polar sol-
vents. The UV–Vis spectra of the solution of soft-ligand-stabilized AuNPs had
maximum absorbance (kmax) at *530 nm, while the 2,2′-bipyridyl and 4,4′-
bipyridyl AuNPs exhibited maximum absorbance at 535 and 545 nm, respectively
(Fig. 3.27, curves 1–3). As the AuNP size changed very little after addition of the
bipyridyls, the different absorption peak wavelength positions are attributed to
different orientations of 2,2′-bipyridyl and 4,4′-bipyridyl on the surface of the
AuNPs as shown in Scheme 3.18 [277, 278]. One can note that there was no

Fig. 3.26 XPS
high-resolution scan for the
Au 4f [peak 1 (87.8 eV) and
peak 2 (84.1 eV)]
photoelectron peak for the
AuNPs immobilized on
MPTES functionalized glass.
The Au 4f peak was fitted
using Gaussian–Lorentzian
line shapes. The peak position
and peak-to-peak distance of
the doublet is consistent with
Au0 [229]
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significant change in the sizes of the NPs after functionalization with the bipyridyl
ligands. The average size of the AuNPs before functionalization with the bipyridyl
ligands was *3.6 nm (TEM). The sizes of the 4,4′-bipyridyl and 2,2′-bipyridyl
AuNPs were determined to be *3.5 and *3.1 nm, respectively.

The N 1s spectra (XPS) were resolved by fitting into three components at 399.5,
401.4 and 403.4 eV for 2,2′-bipyridyl AuNPs, and 399.6, 400.3 and 402.8 eV for
4,4′-bipyridyl AuNPs. The peaks at 399 eV indicate that the bipyridyls are coor-
dinated to the AuNPs compared to the expectation to observe a peak at 398 eV for
free ligands [279, 280]. The shift to higher binding energy occurs because the
bipyridyls donate electrons to the Au atoms via the nitrogen atom [281]. The peaks
at 401–403 eV are due to the protonation of the bipyridyl nitrogen. Therefore, the
high binding energy peaks indicate the presence of a N+ species. The C 1s spectra
for both 2,2′- and 4,4′-bipyridyl AuNPs exhibit peaks at 285.9 and 285.2 eV,
respectively. These peaks are attributed to the aromatic carbons of the bipyridyl
ligands [279]. The peaks at 284.8 eV are assigned to adventitious carbon. The
peaks at a higher binding energy of 287.8 and 288.3 eV for 2,2′- and 4,4′-bipyridyl
AuNPs, respectively, are due to hydrogen bonding of the bipyridyl nitrogen [282].
The Au 4f spectra indicate that Au exists primarily as Au atoms. These XPS results
confirm that the bipyridyl ligands are attached to the AuNPs through interactions
with the nitrogen atoms [229].

Duraiswamy and Khare were able to synthesize spherical gold nanoparticles
(Fig. 3.28, curve 1), oblate particles (curve 2, both left panel), gold nanorods of
varying aspect ratios (Fig. 3.28, curves 1–3), and sharp-edged nanostructures

Scheme 3.18 Synthesis of 2,2′- and 4,4′-bipyridyl-stabilized AuNPs [229]
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(Fig. 3.28, curve 4) by simply varying solution flow rates in the two reaction stages
(Scheme 3.19) [283]. Spherical gold exhibits a sharp absorption peak at the char-
acteristic wavelength of 520 nm, while oblate/spheroidal particles exhibit two
plasmon resonances at 520 nm and *660 nm. They also obtained nanorods with
two characteristic plasmon resonances: transverse plasmon resonance (TPR) caused
by their short axes and longitudinal plasmonic resonance (LPR) caused by their
long axes. All three samples yielded short nanorods with average length *35 nm
and width *12 nm; these measured nanorod sizes typically followed skewed,
nonnormal distributions. Interestingly, measured aspect ratios under the conditions
in Fig. 3.28 (right panel, curve 1) (*3.6) were different from those in Fig. 3.28,
curves 2 and 3 (*2.8 and 2.5 respectively). Finally, all three samples had different
LPRs: 700 nm (curve 1), a broad peak between 650 and 720 nm (curve 2), and
680 nm (curve 3), respectively. The obtained plasmon resonance signature results
highlight an important point relevant to flow synthesis schemes, namely that
changes in operating conditions can yield sufficiently different nanocrystal popu-
lations with different overall plasmon signatures. These differences arise due to
changes in

(i) particle sizes and shapes;
(ii) size distributions; and
(iii) the relative numbers of particles of various shapes under different operating

conditions.

The different shapes and sizes of anisotropic particles are obtained by tuning the
relative flow rates, which in turn affect the relative concentrations of the gold
precursor (Au3+), shape directing agent (Ag+), and the surfactant solution [72, 284–
286].

Obtained ultrasmall (<5 nm) nanoparticle seeds with the corresponding UV–Vis
spectra (in Fig. 3.28, curve 3, left panel) exhibiting no prominent peak but a slight
hump around 520 nm, characteristic of particles of size <5 nm [216, 287, 288]. In

Fig. 3.27 UV–Vis
absorption spectra of the 2,2′-
bipyridyl and 4,4′-
bipyridyl-functionalized
AuNPs, curve 3: bare AuNPs,
curve 2: 2,2′bipy-stabilized
AuNPs and curve 3: 4,4′
bipy-stabilized AuNPs [229]
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this case, the on-chip residence time of reagents is *5 min, while the off-chip
growth time is *1 h (sample collection time). In contrast, under normal operating
conditions described in the above paragraphs, the residence time for nanoparticle
seed nucleation and growth is restricted to *90 s in Stage 1, which is likely
insufficient for the seed formation to proceed to completion. The spectrum does not
exhibit the characteristic spectrum of the seeds; furthermore, the solution is not
colored, whereas gold precursor solution is golden yellow and a suspension of seeds
is typically golden brown in color. The absence of brown color indicates that the
seeds have not completely formed, while the absence of yellow color indicates that
the reduction of Au3+ to Au0 has proceeded to some extent and random cluster
formation, leading to incipient “nuclei” has been initiated. Polte et al. [248, 289]
have reported detailed in situ time-resolved small angle X-ray scattering (SAXS)
and X-ray absorption near-edge spectroscopy (XANES) measurements on gold and
silver nanoparticle growth by chemical reduction. Their studies have shed light on
several key phenomena that are also relevant to work [283]: Au3+ is not instanta-
neously reduced to Au0; furthermore, particle growth typically occurs via a
four-step growth mechanism, in which small nuclei (Step 1) first grow by coales-
cence (Step 2) followed by slower diffusion controlled growth (Step 3) and finally
by a fast growth burst (Step 4) accompanied by complete consumption of precursor.
It is likely that the short residence time in Stage 1 of present reactor leads to
incomplete growth of nanoparticle seeds, probably arrested in Step 2 of the
mechanism. The incompletely grown seeds interact minimally with the channel
wall, leading to robust operation of Stage 1 without wall deposition [290] for over
12 h of continuous operation.

Fig. 3.28 UV–Vis absorbance spectra of spherical gold nanoparticles (curve 1) and
oblate/spheroidal particles (2), seed nanoparticles (3) (left panel) and gold nanorods of varying
aspect ratios (curves 1–3), and sharp-edged nanostructures (curve 4) (right panel) [283]
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3.2.6.5 Surfactant-Free Syntheses

A new method of producing gold nanoparticles is a surfactant-free synthesis, high
variability in the introduction of (functionalized) ligands, and good control over the
particle size [199]. It was found that a solution of hydrogen tetrachloroaurate in
diethylene glycol dimethyl ether (diglyme) can be reduced by a solution of sodium
naphthalenide in diglyme to form gold nanoparticles. In this reaction, no further
stabilizing surfactant is necessary, although sodium naphthalenide can be consid-
ered a rather harsh reducing agent. The resulting, weakly protected nanoparticles
can straightforwardly be stabilized and functionalized by the addition of a variety of
ligands. Upon dropwise addition of the sodium naphthalenide solution to the yellow
aurate solution, for example, the latter turns slightly green followed by a deep
brown color, indicating the formation of gold nanoparticles. On further addition of
the reducing agent, a dark purple color is arising, which can be attributed to the
surface plasmon resonance, suggesting an increase in particle size above 2 nm
[259]. The nanoparticle growth is slow in diglyme, but, on standing, they tend to
agglomerate and form a loose purple precipitate within the course of several hours
to 1 day.

Among all the in situ syntheses of gold nanoparticles by reduction of HAuCl4,
citrate-stabilized AuNPs have been regarded as the most popular ones for a long
time, since their introduction by Turkevich in 1951 [186]. The HAuCl4 solution is
boiled, and the trisodium citrate dihydrate is then added under stirring. The
wine-red colloidal suspension is then obtained, and the AuNP size is about 20 nm.
Frens [291] later published an approach giving a broad size range of AuNPs (from
15 to 150 nm) by controlling the trisodium citrate to gold ratio. The citrate
reduction method is well known for its simple procedure, yielding stable and
reproducible gold nanoparticles of narrow size distribution [292]. The citrate
method produces nearly monodisperse gold nanoparticles in the size range from 2
to 100 nm [293]. Problems of the citrate method are a low gold nanoparticle content

Scheme 3.19 TEM images of oblate and nonspheroidal gold particles [283]
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of the resulting solutions (<0.01 M) and the restriction to water as a solvent.
Because the charge-stabilized particles easily undergo irreversible aggregation upon
addition of electrolytes and nonpolar surfactants, particles cannot be
surface-derivatized with hydrophobic surfactants. The improved approaches with
various mechanisms of AuNPs formation using this synthetic route have been
examined in details [262, 289]. Kimling et al. [294] indicated that a high con-
centration of citrate more rapidly stabilizes AuNPs of smaller sizes, whereas a low
concentration of citrate leads to large-size AuNPs and even to the aggregation of
AuNPs.

Remarkable research on the mechanism of the Turkevich-Frens method in
multiple-step process was published by Kumar’s group [295]. The initial step of
this multiple-step process, with reactions occurring in series and parallel, is the
oxidation of citrate that yields dicarboxy acetone. Then, the auric salt is reduced to
aurous salt and Au0, and the aurous salt is assembled on the Au0 clusters to form the
AuNP (Scheme 3.20). Thus, in the Turkevich-Frens method, the actual AuNP
stabilizer is dicarboxy acetone resulting from the oxidation of citrate, rather than
citrate itself.

In addition, the presence of a citrate salt modifies the pH of the system and
influences the size and size distribution of the AuNPs [262]. On this basis, nearly
monodispersed AuNPs with sizes ranging from 20 to 40 nm have been synthesized
upon variation of the solution pH [296, 297]. Other improvements of the Turkevich
method involved the control of the reaction temperature [298], the introduction of
fluorescent light irradiation [299], and the use of high-power ultrasound [300].
Citrate-stabilized AuNPs are always larger than 10 nm, due to the very modest
reducing ability of trisodium citrate dihydrate. An intriguing result from Puntes’s
group [301] concerning citrate-stabilized AuNPs is the use of D2O as the solvent
instead of H2O during the synthesis of AuNPs. As shown in Fig. 3.29, the size of
the AuNPs was tailored to 5 nm. It was concluded that D2O increased the reducing
strength of citrate:

absorbance (a.u)/wavelength (nm):

0:47=512:5ð100%D2O; curve ð1ÞÞ
0:35=514:5ð50%D2O : 50%H2O; ð2ÞÞ
0:48=519ð100%H2O; ð3ÞÞ

ð3:25Þ

3.3 Bioconjugates

Due to their amphiphilic character, the pluronic block (PEO-PPO-PEO) copoly-
mers display surfactant properties including ability to interact with hydrophobic
surfaces and biological membranes. The pluronic block copolymers self-assemble
into micelles in aqueous solutions at concentrations above critical micelle con-
centration (CMC) . Incorporation of low-molecular mass drugs (such as
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doxorubicin (DOX) which is a topoisomerase inhibitor and a widely used anti-
cancer drug in the treatment of many types of cancer) into pluronic micelles can
increase drug solubility and drug stability, and can improve drug pharmacokinetics
and biodistribution. Although DOX is easily sequestered and released from pluronic
micelles in vitro, this type of micelle is not sufficiently stable to be used in vivo.
Dilution in the blood upon injection would quickly dissolve the micelle and pre-
maturely release the drug into the bloodstream, which limits their practical uses for
systemic delivery of DOX. To enhance stability of micelles in the bloodstream
upon dilution, pluronic L121 micelles were cross-linked through their hydrophilic
shells [302]. This greatly reduced the CMC and diameters of the micelles and
enhanced the micelle stability. Recent developments indicate that pluronic block

Scheme 3.20 AuNP synthesis using the Turkevich method [26]

Fig. 3.29 Optical (UV–Vis. spectroscopy) and morphological (TEM) characterization of AuNPs
synthesized using various solvents: 100% D2O (1), 50% D2O/H2O (2), and 100% H2O (3). TEM
images show the size distribution measurements of AuNPs [26, 301]
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copolymers can implement more than only inert carrier functions by being bio-
logical response modifiers [303]. Pluronics cause drastic sensitization of multidrug
resistance (MDR) tumors to various anticancer agents, enhance drug transport
across the blood–brain and intestinal barriers, and cause transcriptional activation of
gene expression both in vitro and in vivo. Pluronics have a broad spectrum of
biological response modifying activities which make it one of the most potent drug
targeting systems available, resulting in a remarkable impact on the emergent field
of nanomedicine.

Differential scanning calorimetry can be used to measure a number of charac-
teristic properties of nanoparticles based on pluronics. With this technique, it is
possible to observe fusion and crystallization characteristics of polymers. As the
temperature increases, the sample eventually reaches its melting temperature (Tm).
The melting process results in an endothermic peak in the DSC curve. The tran-
sition at crystallization temperature (Tc) from amorphous solid to crystalline solid is
an exothermic process, and results in a peak in the DSC signal. The Tm and Tc of
DOX-pluronic F68 comparing with pluronic F68 were both declined from 53.37 to
48.04 °C and 30.83 to 24.47 °C. The decrease of Tm and Tc might be resulted from
the connection of DOX to pluronic F68.

As shown in TEM, pluronic F68 micelles were irregular in shape and showed an
average size of about 50 nm. However, DOX-conjugated pluronic F68 (DOX-P)
micelles showed tightly packed nanospheres with an average size of about 20 nm. It
was likely that hydrophobic interaction stacking of conjugated DOX molecules in
the core was responsible for the self-assembling core/shell structure of DOX-P
micelles, which would make the micelles more stable in theory [302]. It is known
that drug encapsulation in micelles can diminish drug extravasation into normal
tissues and provide for a passive drug targeting to tumors via the enhanced per-
meability and retention (EPR) effect. The EPR effect is realized due to abnormally
high permeability of tumor blood vessels combined with prolonged circulation of
the micelles due to their decreased extravasations in normal vessels and lack of
renal clearance [304].

The side chain hydrolysis of polymers related to the drug release depends on the
strength and chemical nature of the polymer–drug bonds, the structure of polymer,
and medium conditions. As shown in Fig. 3.30, hydrolysis behavior of DOX-P
micelles in vitro was studied in buffer solutions with different pHs (pH 6.0, 7.4, and
8.5) at 37 °C. Under different pH conditions, DOX release profiles showed similar
increasing trend with time. In 14 day, up to 70–100% of the loaded DOX could be
released from DOX–P conjugate, which was attributed to the gradual hydrolysis of
the amide and ester bond between DOX and the side chain of the polymer. The
difference of DOX release with pH was remarkable. The release of DOX from the
micelles was accelerated when the pH was reduced to 6.0 or increased to 8.5
comparing with pH 7.4’s condition. The sustained release of DOX from DOX-P
was similarly observed in formulations of microspheres and nanoparticles that were
prepared by the conjugation of various hydrophilic drugs to polymers [305]. The
efficacy of chemotherapy treatment in many types of cancers is severely limited by
multidrug resistance (MDR) . Cancers with the MDR phenotype overexpress efflux
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transporters belonging to a superfamily of ATP binding cassette proteins, such as
P-gp and MDR associated proteins that pump drugs out of cells. It is reported that
pluronic copolymers can inhibit P-gp function [307].

The cellular uptake of DOX by K562 and K562/AO2 cell lines at 37 °C for
distinct durations was investigated, and there was no significant difference in the
cellular uptake of DOX from different formulations (P > 0.05). Free DOX might
transport across the cell membrane through diffusion in K562 cells, a pathway that
was affected in K562/AO2 cells by P-gp [308]. After exposure of K562/AO2 cells
to DOX solution, the accumulation of DOX in cells was limited throughout the
entire course of the study. It suggested that entered DOX could be extruded out of
K562/AO2 cells by the P-gp efflux pump. In DOX-P solution, however, the
accumulation of DOX in K562/AO2 cells enhanced with increased duration of
incubation. It indicated that pluronic copolymers could effectively inhibit P-gp
function [304] and therefore help to circumvent the DOX resistance of K562/AO2
cells. DOX-P solution showed more cytotoxic effect upon K562/AO2 cells than
DOX solution (P < 0.05, in vitro). However, there is little difference for the via-
bility of K562 cells from DOX-P solution and DOX solution (P > 0.05). This result
confirmed the enhancement effect of DOX-P micelles for DOX uptake and DOX
resistant inhibition [306].

The versatility of the micellar liposomal structure lies in its capacity to cargo
drug molecules and biological macromolecules that are either hydrophilic, therefore
entrapped in the liposome inner aqueous core (or in the w/o droplet core), or
hydrophobic, therefore incorporated within the lipid bilayer (or in o/w droplet core).
Al-Jamal and Kostarelos [10] have presented the concept of liposome-nanoparticle
hybrids as a general methodology, taking advantage of the much more developed
and sophisticated liposome technology, to be used as a platform for the delivery of
novel nanoparticles. Encapsulation of various types of nanoparticles within lipo-
somes can lead to enhanced nanoparticle hydrophilicity, stability in plasma, better
control of the pharmacological fate, and an overall improvement in their biocom-
patibility. The three different approaches for the engineering of
liposome-nanoparticle hybrids are schematically shown in Scheme 3.21 [309].
Hydrophobic nanoparticles can be embedded in the lipid bilayer, whereas

Fig. 3.30 In vitro release
profiles of DOX from DOX-P
micelles depending on the pH
value of environment: (1) pH
8.5, (3) pH 7.4, and (2) pH
6.0, temp. = 37 °C [306]
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hydrophilic nanoparticles can be encapsulated within the internal liposome aqueous
core. Alternatively, various types of nanoparticles can be chemically or physically
adsorbed onto the external liposome surface.

The liposome-nanoparticle hybrids have been designed for use as diagnostic
probes. In addition, various types of liposome-nanoparticle hybrids have shown
promise in significantly stabilizing colloidal dispersions of otherwise unstable
nanoparticle systems in vitro and in vivo. Recently, some studies have shown that
incorporation of metallic nanoparticles in liposomes can also trigger release of
encapsulated contents using external stimuli, such as magnetic fields, laser irradi-
ation, or electromagnetic radiation at different radio frequencies. There are multiple
examples of liposome systems with diverse characteristics and capabilities that
incorporate therapeutics or imaging agents [310]. Grange et al. [311] showed
combined delivery and magnetic resonance imaging (MRI) of
doxorubicin-containing liposomes in a Kaposi’s sarcoma model in vivo. MRI was
exploited not only to track the liposome tissue distribution but also to monitor drug
delivery and release. Encapsulation of doxorubicin and MRI contrast agents in
temperature-sensitive liposomes allowed noninvasive and dynamic imaging of drug
release during hyperthermia application [312]. In these studies, the MRI imaging
agents were either ProHance [Gd(HPDO3A)-(H2O)] or manganese sulfate
(MnSO4); therefore, no nanoparticles were used. Previously, cationic magnetoli-
posomes (iron oxide nanoparticle-containing liposomes) were used for gene
delivery, since they were able to complex nucleic acids (plasmid DNA), and
consequently to allow the isolation of the transfected cells using a magnetic field
[313]. In other studies, magnetoliposomes were used to accumulate the vesicles to a
desired tissue or to induce hyperthermia in response to a magnetic field. Despite the
fact that such liposome-nanoparticle hybrids exhibited therapeutic activity, the
magnetic nanoparticles were not used as imaging agents. We can speculate to
combine liposomes with nanoparticles with the intention to design
liposome-nanoparticle hybrids that could achieve therapeutic and imaging
capabilities.

The magnetic (composite) nanoparticles based on superparamagnetic iron oxide
nanoparticles (SPIONs) are controlled by three principal forces:

(a) hydrophobic–hydrophilic;
(b) magnetic; and
(c) van der Waals.

SPIONs tend to aggregate to micron size clusters in suspension due to the
hydrophobic interactions between the sub-nm-size particles. Micron size clusters
further aggregate due to the magnetic dipole–dipole interactions and become
magnetized by neighboring clusters. In the presence of an external magnetic field,
further magnetization of these clusters can occur increasing their aggregation [314].
In general, nanometer size particles aggregate in suspension due to the attractive
van der Waals forces in order to minimize the total surface or interfacial energy.
Consequently, such aggregation can hamper the efficacy of SPIONs in drug
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delivery (less drug loading) due to their low surface area and larger sizes. Hence,
the stabilization of SPIONs in suspension by modifying their surface is an
important issue in the context of drug delivery.

PEO-modified gold nanomaterials except of self-assembling have also several
attractive characteristics for diagnostic applications, including

1. biocompatibility and stability;
2. unique tunable optical properties (LSPR) ; and
3: easy conjugation of biomolecules (i.e., ssDNA) to the surface for tumor

specific targeting. More complex shapes with excitation wavelengths of 800–
1200 nm could absorb the NIR light, and then be converted to heat. By
changing the shape of gold nanoparticles to nanorods, the absorption and
scattering wavelength changes from the visible to the (near-infrared) NIR region
and their absorption and scattering cross sections also increase. Indeed, the
surface plasmon field absorption of gold nanorods is the strongest of all the
different shapes of gold and silver nanoparticles [11]. Unlike gold nanospheres
with one visible absorption band around 520 nm, gold nanorods showed two
surface plasmon absorption bands: a strong long-wavelength band due to the
longitudinal oscillation of electrons (above 700 nm) and a weak
short-wavelength band around 520 nm due to the transverse electronic oscil-
lation. According to the increase of the rods’ aspect ratio, the longitudinal
absorption band shifts from the visible to the NIR region. For this reason, gold
nanorods can be used as a novel contrast agent for dual molecular imaging
using simple dark-field microscopy and selective photothermal therapy using a
NIR laser. In UV–Vis spectra, there are two clear surface plasma absorption
bands at 520 and 782 nm without irradiation, whereas the decrease of the peak
intensity at ca 780 nm and the increase at 520 nm were observed after NIR
irradiation, indicating that the shape of some gold nanorods was changed to
gold nanospheres. Indeed, SEM images clearly demonstrated that the DNA–
gold modified nanorods changed their shapes and sizes after the exposure to
NIR irradiation. The transformation of gold nanorods into nanospheres by NIR
irradiation could be DNA released from the nanorods. From the result of
electrophoresis, free DNA was detected after irradiation treatment, whereas
without irradiation the release of DNA was not detected. The release of DNA
from nanorods might be due to the breakage of the Au–S bond between the
nanorod surface and DNA during the irradiation-induced atomic rearrangement
process [315].

JScheme 3.21 Schematic diagram of three different approaches to engineer liposome-biomolecules
(DNA, proteins, enzymes …) conjugates and liposome-nanoparticle hybrids (top panel).
Hydrophobic nanoparticles embedded in the lipid bilayer (left bottom); hydrophilic nanoparticles
encapsulated in the aqueous core (right bottom); and nanoparticles chemically conjugated or
physically adsorbed/complexed to the liposome surface (top) (bottom panel) [309]
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Another type of multifunctional nanoparticles is the combination of metallic
nanoparticles and magnetic nanoparticles, which likely will lead new applications
in biomedicine because metallic nanoparticles hold the intrinsic properties and
functions as optical contrast agents and probes. The plasmonic magnetic Fe3O4–Au
heterodimer structure offers the particles with two distinct surfaces, thus, different
kinds of functional molecules can covalently bind to the specific parts of the het-
erodimers. Together with their own distinct functionalities, Fe3O4–Au multifunc-
tional heterodimers can respond to external magnetic fields, show enhanced
resonance absorption and scattering, and be able to bind with specific receptors.
Using EGFRA-conjugated Fe3O4–Au heterodimer nanoparticles, Xu et al.
demonstrated their dualfunctional probing property for cell tracking [316]. The
A431 cells labeled with Fe3O4–Au heterodimer nanoparticles showed strong MR
contrast enhancement signal. Because of the strong reflectance, the A431 cells
labeled with Fe3O4–Au heterodimer nanoparticles can be also visualized by a
scanning confocal microscope. Furthermore, under the optical microscope, it is
possible to track the movement of labeled A431 cells by an external magnetic field
due to the magnetic property of the heterodimer nanoparticles. This type of het-
erodimer nanoparticles may have the great potential in multimodal biomedical
applications, especially for multiplexed probing and multimodality molecular
imaging [317, 318].

Gold nanoparticles are more commonly used for hyperthermia than other heavy
metals (such as silver or cobalt) due to the unique interaction of gold with light,
which results in surface plasmon resonance (SPR). In the presence of oscillating
electromagnetic radiations at a particular resonance frequency, free electrons in
gold undergo collective coherent oscillations (SPR oscillations) which can decay
via heat emission [319, 320]. Changing the size, shape, and refractive index (RI) of
the material changes its SPR frequency. Ideally, this frequency is tuned in the NIR
region. At NIR wavelengths, the absorption of innate biological fluorochromes and
water is low [321], and thus, the light can penetrate deeper into tissues without
causing damage to surrounding healthy cells. Hyperthermia, also called pho-
tothermal ablation, is a physical treatment for cancer involving the killing of cancer
cells in the presence of heat. Hyperthermia leads to apoptotic cell death caused by
heating of surrounding tissues or cells to a temperature of 42–46 °C; above 46 °C,
photothermal ablation causes undesirable necrosis of the surrounding cells [322].
With no chemical payload to deliver, hyperthermia is less prone to toxic side effects
that often accompany chemotherapeutic agents.

To combine imaging and therapy in the case of gold-containing nanoparticles,
architectures with iron oxide cores and gold shells have been explored widely. Gold
nanoparticles with iron oxide cores, such as magnetite (Fe2O4) or maghemite (c-
Fe2O4), can be imaged using MRI. The layer of gold surrounding the magnetic iron
oxide particles helps to stabilize them from in vivo aggregation and reduces their
toxicity. The desired NIR absorption frequency for gold nanoparticles can be
achieved by coating them with silica, which has a high dielectric constant and, thus,
helps to lower the absorption frequency toward NIR wavelengths [319]. Iron oxide
particles impart a high T2 relaxivity (good negative contrast for MRI) and, in the
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presence of a magnetic field, can be localized to the site of interest. This therapeutic
targeting strategy is known as magnetic field-directed hyperthermia [323].

As an example of magnetic field-directed hyperthermia, researchers have
developed human epidermal growth receptor 2 (HER2)-targeted gold nanoparticles
for breast cancer treatment. Kim et al. [324] designed magnetic gold nanoshells
(Mag-AuNSs) consisting of a magnetic iron oxide (Fe2O4) and silica core sur-
rounded by a 15 nm gold shell. For breast cancer targeting, Mag-AuNS function-
alized with an antibody targeting HER-2/neu receptor (AbHER2/neu), a cell surface
molecule that is overexpressed on breast cancer cells. SKBR3 breast cancer cells
and lung cancer cells (H520 cells, which do not overexpress HER2/neu) were
treated with AbHER2/neu–containing Mag-AuNS. Upon subsequent exposure to a
femtosecond-long laser (800 nm) pulse, Mag-AuNS-transfected SKBR3 cells
exhibited significant cell death. T2-weighted MR images of transfected SKBR3
cells and H520 cells showed higher image contrast for targeted particles than
untransfected cells (Scheme 3.22), with SKBR3 cells exhibiting enhanced contrast
relative to H520 cells, as expected.

In a related study, Lim et al. [326] synthesized core@shell-type structures in
which 9–11 nm magnetic iron oxide cores were covered with 2–3-nm-hollow gold

Scheme 3.22 Schematic of synthesis of magnetic gold nanoshells (Mag-AuNSs): 1
BMPA-stabilized magnetic nanoparticles, 2 seed AuNPs, and 3 gold shell growth [324, 325]
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nanoshells (HAuNS); the resulting materials (Fe3O4@Au) were
surface-functionalized with anti-HER2 monoclonal antibodies (Scheme 3.23, top).
The specificity of the antibody attached on the surface of HAuNS (Fe2O3@Au) was
tested in SKBR3 (HER2-positive) and MCF-7 (HER2-negative) cancer cells by
further labeling these particles with tetramethyl rhodamine isothiocyanate (TRITC);
TRITC fluorescence was only seen in SKBR3 cells, implicating HER2 engagement
in the uptake of these nanoparticles. Photothermal therapy performed on treated
SKBR3 cells with an 808 nm laser resulted in cell death without causing any
damage to unexposed cells (Scheme 3.23, bottom).

A novel class of molecules, referred to as nucleic acid ligands (aptamers) , has
been developed for noble metal stabilization and therapeutic and diagnostic
applications [327]. Aptamers are DNA or RNA oligonucleotides or modified DNA
or RNA oligonucleotides that fold by intramolecular interaction into unique con-
formations with ligand-binding characteristics. Since the DNA-covered gold

Scheme 3.23 Schematic of the synthesis of hollow gold nanoshells functionalized with iron
oxide, poly(ethylene glycol) (PEG, 1), protein G (2), and a HER2-targeting antibody (3) (top
panel). SKBR3 cells incubated with the targeted HAuNS (Fe2O3@Au) and stained with
calcein-AM (green). Irradiation with an 808 nm laser resulted in a significant decrease in survival
of treated cells [326]
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nanoparticles are 100- to 10,000-fold smaller than cancer cells, they can easily pass
through cell barriers. In addition, they preferentially accumulate at the tumor sites
because of hallmarks of tumors such as the fenestrated vasculature and poorly
lymphatic drainage, resulting in an enhanced permeability and retention
(EPR) effect [12]. In contrast with the conventional nanocarriers, however, the
biopolymer (chitosan, DNA …)-based and modified nanoparticles progressively
accumulated in the tumor tissues by the EPR effect with considerably low uptake in
the liver and spleen [328].

3.4 Conclusion

A large number of variants have been developed, corresponding to various com-
binations of metal precursors, solvents, reducing agents, stabilizing molecules,
complexing agents, and reaction conditions. A reverse micelle synthesis, for
example, has been recently demonstrated to be a viable method for producing a
wide array of metal nanoparticles over a relatively narrow particle size distribution.
Micelle formation allows for a unique encapsulated volume of controllable size
through which reactions and subsequent development of metal and metallic com-
pounds can be produced. Thus, by mixing microemulsions containing different
reactants, it is possible to perform chemical reactions inside the reverse micelle
water pool, using it as a nanoreactor. If this reaction results in a solid compound,
nanoparticles are created and their growth is limited by the micelle size. By con-
trolling the experimental parameters such as the concentration of the surfactant, the
water content, and reaction temperature, inorganic nanostructures with morpholo-
gies of bundles of rods, ellipsoids, spheres, dipyramids, and nanoparticles can be
efficiently achieved by the microemulsion approach, respectively. The advantage of
the reverse micelle is that it can solubilize both the hydrophobic nanoparticle and
polar or nonpolar polymer precursor via their polar micelle interface, and poly-
merization can be initiated from homogeneous solution. Large amounts of surfac-
tant are required to stabilize the AuNPs, which introduces impurities (a major
drawback). Different structures can be formed as such: water–in–oil (w/o) or oil–in–
water (o/w) droplets, and bicontinue structure, over a wide range of composition
depending on the properties of the surfactant and the oil. The intermicellar inter-
actions, the capping with surfactant, and the reducing agent concentration govern
the growth processes. As for the shape, it can be controlled by using nonspherical
templates. In this way, elongated noble metal nanocrystals can be obtained when
the synthesis takes place in cylindrical reverse micelles or in an interconnected
cylinder phase. By combining the strategy of the surfactant-based template with the
capping involving salts or specific molecules, it appears that the particle shape can
be more efficiently controlled. Nonspherical shapes can also be obtained in
spherical reverse micelles. In this case, the synthesis takes place in a large excess
(the use reverse micelles in a supersaturated regime) either of reducing agent or of
one of the reagents. The results showed that the cetyltrimethylammonium bromide
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(CTAB) was the best candidate for the formation of anisotropic nanoparticles such
as nanorods, nanowhiskers, nanofibers, or nanocables among all the used surfac-
tants. It was postulated that the CTAB preferentially binds to the {100} faces, along
the length of the rods, compared to the end {111} Au faces, due to the size of the
CTAB head group, although the hydrocarbon tail of CTAB also plays a role in the
growth of gold nanorods via a postulated “zipping” mechanism. Generally, the face
with a higher density of surface atoms is blocked by the adsorption of surfactants
during the crystal growth of nanocrystals, and the growth along this facet is,
therefore, considerably restricted, which means that the nuclei grow in a one- or
two-dimensional mode to produce nanorods, nanotubes … or nanoplates.
Catanionic surfactants such as lecithin and trichromophoric dye-reverse micelles
were also shown to stabilize AuNPs. The microemulsion approach was used to
prepare thiol-capped silver particles under simple reaction conditions. Silver col-
loids have synthesized silver in C12E5/cyclohexane/water microemulsions by using
daylight irradiation. An alternative new approach to monodisperse silver nanocubes
in water is by a HTAB (n-hexadecyltrimethylammonium bromide)-modified silver
mirror reaction at 120 °C. The preparation of silver nanoparticles in reverse
micelles of sucrose fatty acid esters by using the conventional injection method was
reported. Variations of noble metal nanorods to spheres were initiated by using
cyanide as oxidant in the presence of CTAB micelles. Herein, short spheroids with
sharp tips dissolve preferentially from the tips, leading to lower aspect ratio
nanorods and eventually to spheres. It was shown that the AuCl4� ions are quan-
titatively bounded to CTAB micelles and can be used to vary the particle size and
shape. The crystal growth can be manipulated and spatially controlled by CTAB if
the active solution species that deposits onto the growing particle surface is
adsorbed to the CTAB micelles. When HAuCl4 is added in the presence of CTAB,
absorption spectroscopy reveals a gradual blueshift and decrease of the longitudinal
surface plasmon (LSP) band, indicating the expected decrease in aspect ratio. The
gold nanoparticles are found to exist in several morphologies (spheres, rhombs,
triangles, and polygons) with a very narrow size distribution *12 nm. Gold
nanopopcorn synthesis was achieved through a two-step process, using
seed-mediated growth in the micellar solution. Laser ablation of solvent-suspended
metal powders can be used in for synthesis of gold/silver alloy and core@shell
nanoparticles of predetermined composition. Highly spherical nanoparticles with a
core comprising multiple gold nanodots and a silica shell ({Au@SiO2}NPs) were
synthesized via a reverse (water-in-oil) microemulsion-based method. It was found
that thermal treatment of the {Au@SiO2}NPs in water without adding any other
additives leads to generation of mesopores over the silica shell without any change
in the size and number of the gold nanodots. Hence, optimizing the etching reaction
time was critical in obtaining highly spherical multi-Au@mesoporous-SiO2

nanoparticles. Interestingly, when the multi-Au@SiO2 nanoparticles were stirred in
aqueous polyvinylpyrrolidone (PVPo) solution at room temperature, the multiple
Au nanodots within the silica matrix were merged together and changed to a
single-Au nanoparticle. Stable NMNPs with spherical shape and size of 5 nm were
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successfully prepared by combining the soft chemical o/w microemulsion template
with physical photoreduction technique.

Among the various polymer shell/metal core structures of particular interest is
the encapsulation of gold nanoparticles within functional polymers. Strongly basic
media lead to highly dehydrated micelle cores within which the diffusion of gold
species is hindered and, as a result, the concentration of AuNPs produced at high
pH decreases significantly. These surface-functionalized gold nanoparticles are
expected to offer new possibilities in nanomedicine, and particularly in catalysis
applications, provided that control over the interaction between the gold catalyst
and the substrate is possible through the selection of the coating polymer.
Compared with classical surfactant-formed micelles, the copolymer
surfactant-formed micelles have several advantages. The formation of a dielectric
layer around the AuNPs will also result in a redshift of the SPR band, if the
dielectric constant of the layer is larger than that of the medium. The Brust–
Schriffin in situ biphasic gold nanoparticle synthesis introduced the use of
tetraoctylammonium bromide (TOAB)—a quaternary ammonium ion stabilized by
a bromide anion—as a stabilizing agent, and phase-transfer catalyst in the pro-
duction of colloidal gold from chloroauric acid. When reducing HAuCl4 with
sodium borohydride, TOAB stabilizes the precipitating colloidal gold in the
aqueous phase. This stabilizing interaction allows the AuNPs to solvate into an
organic phase, with TOAB effectively acting as a phase-transfer catalyst.
Organoamine-protected gold nanoparticles of variable sizes form by refluxing a
solution of tetrachloroauric acid and oleylamine in the organic solvent. The
reducing equivalents in the reaction are provided by the amine, which can undergo
metal ion-induced oxidation to nitriles. Alkylamines were also used as stabilizers
for silver nanoparticles since they have weaker interactions with silver. These weak
interactions can potentially be broken up at significantly lower temperatures, thus
enabling the “stripped” silver nanoparticles to coalesce to form a continuous con-
ductive layer. The reduction of silver acetate at lower temperatures could be
accelerated if an appropriate reducing agent was added. The concentration and
chain length of the surfactants (and/or the weak ligands) played a key role in
determining the concentration of the nuclei formed in the solution, judged by the
final average particle size, a high concentration of ligands or ligands with a bulky
tail suppressed the activity of the monomers. This strategy yields nearly
monodisperse gold nanocrystals. A new method of producing gold nanoparticles is
a surfactant-free synthesis, high variability in the introduction of (functionalized)
ligands, and good control over the particle size. It was found that a solution of
hydrogen tetrachloroaurate in diethylene glycol dimethyl ether (diglyme) can be
reduced by a solution of sodium naphthalenide in diglyme to form gold nanopar-
ticles. In this reaction, no further stabilizing surfactant is necessary, although
sodium naphthalenide can be considered a rather harsh reducing agent. The
resulting, weakly protected nanoparticles can straightforwardly be stabilized and
functionalized by the addition of a variety of ligands. The introduction of strong
capping agents during nanoparticle synthesis has the effect of stopping the growth
of the NPs, whereas weakly associated ligands allow for continued growth. As a
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result, the presence of the capping agent whether strongly or weakly binding is
essential during the nanoparticle synthesis in order to control the nanoparticle size
and shape and to prevent aggregation. However, use of strong capping agents
makes further surface modification with alternative ligands challenging. The ver-
satility and usefulness of soft-ligand-coated AuNPs are further demonstrated by
replacing the soft ligands with alkylthiols, which results in 2D assembly of the
AuNPs. Control of the size and assembly of the NPs is important because these two
properties modulate the near-field optical coupling and LSPR properties of the NPs.
Soft-ligand-stabilized nanoparticles can be used as precursors to obtain NPs with
different surface chemistry by replacing the soft ligands with other desired ligands.
The IL used stabilizes the nanoparticles noncovalently via electrostatic interactions.
A proposed model was based on differential anion stabilization of metal nanopar-
ticles in the following order: polyoxometallate > citrate > polyacrylate � chlo-
ride. The anion should be at the surface of the metal, because the stabilization of the
nanoparticles correlates with the sterics of the anion. Spherical gold nanoparticles,
oblate particles, gold nanorods of varying aspect ratios, and sharp-edged nanos-
tructures were obtained by simply varying solution flow rates in the two reaction
stages. Spherical gold exhibits a sharp absorption peak at the characteristic wave-
length of 520 nm, while oblate/spheroidal particles exhibit two plasmon resonances
at 520 nm and *660 nm. Among all the in situ syntheses of gold nanoparticles by
reduction of HAuCl4, citrate-stabilized AuNPs have been regarded as the most
popular ones for a long time. The citrate reduction method is well known for its
simple procedure, yielding stable and reproducible gold nanoparticles of narrow
size distribution. Other improvements of the Turkevich method involved the control
of the reaction temperature, the introduction of fluorescent light irradiation, and the
use of high-power ultrasound.

Some of previous nanoparticle synthesis and growth studies were performed in
aqueous phase using the strong reducing agent sodium borohydride. In these
studies, the reduction and nucleation processes take place very rapidly, resulting in
almost immediate aggregation and coalescence. Moreover, sodium
borohydride-based reduction/formation of NMNPs, aggregative growth of
nanoparticles is the most common formation pathway, whereas some researches
observed predominantly Ostwald-ripening growth.

Solutes-mediated synthesis to produce NMNPs by in situ and ex situ surface
modification of the NPs without incorporating additional stabilizing agents in the
reaction mixture allows good control over the synthetic process and the surface
chemistry of the NPs. Experimental evidence shows that the soft ligands can be
displaced by stronger ligands. It was demonstrated that addition of some capping
ligands to replace the soft ligands restricts NP growth and narrows the size dis-
persion of the NPs. The bipyridyl-functionalized AuNPs can have a wide range of
applications including nanoscale electronics, solar energy conversion, and redox
indicators. The addition of thiols also led to AuNPs with a narrow size dispersion
by controlling the growth process. The thiolated ligands-stabilized AuNPs produced
2D assemblies with regular interparticle (edge-to-edge) spacing on TEM grids.
UV–Vis spectroscopy analysis indicated that the alkylthiolate ligands may also
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influence AuNP interactions in solution. Evidence indicates a possible correlation
of a redshift of the LSPR kmax with near-field plasmonic coupling of AuNPs in
close proximity in solution.

CT-pluronic F68 was used to synthesize a new doxorubicin–pluronic F68
conjugate (DOX-P). Its related characterization and cell cytotoxicity were investi-
gated. The structures of CT-pluronic F68 and DOX-P were confirmed by FTIR and
1H-NMR spectra. The Tm and Tc of DOX-P were lower than pluronic F68 resulted
from the connection of DOX to pluronic F68.

DOX-P micelles showed tightly packed nanospheres with an average size of
about 20 nm. Drug release profile showed that the DOX-P conjugate maintained a
sustained DOX release. From cell experiment in vitro, DOX-P micelles could
circumvent the DOX resistance of K562/AO2 cells. With advantages of EPR effect
and reducing tumor resistance, DOX-P micelles might develop as new tumor tar-
geted delivery system for chemotherapy.

A novel class of (bio)molecules, referred to as nucleic acid, protein, targeting
antibody, and enzyme ligands, has been developed for noble metal stabilization and
therapeutic and diagnostic applications. DNA aptamers, for example, fold by
intramolecular interaction into unique conformations with ligand-binding charac-
teristics. Since the DNA-covered gold nanoparticles are 100- to 10,000-fold smaller
than cancer cells, they can easily pass through cell barriers. In addition, they
preferentially accumulate at the tumor sites because of hallmarks of tumors such as
the fenestrated vasculature and poorly lymphatic drainage, resulting in an enhanced
permeability and retention (EPR) effect. In contrast with the conventional
nanocarriers, however, the biopolymer (chitosan, DNA, etc.)-based and modified
NMNPs progressively accumulated in the tumor tissues by the EPR effect with
considerably low uptake in the liver and spleen.

Glossary

Chemotherapy is a category of cancer treatment that uses one or
more anticancer drugs (chemotherapeutic agents) as
part of a standardized chemotherapy regimen.
Chemotherapy may be given with a curative intent
(which almost always involves combinations of
drugs), or it may aim to prolong life or to reduce
symptoms (palliative chemotherapy).
Chemotherapy is one of the major categories of
medical oncology (the medical discipline specifi-
cally devoted to pharmacotherapy for cancer).
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Enhanced permeability and
retention (EPR)

effect is the property by which molecules of certain
sizes (typically liposomes, nanoparticles, and
macromolecular drugs) tend to accumulate in tumor
tissue much more than they do in normal tissues.

Hyperthermia is elevated body temperature due to failed ther-
moregulation that occurs when a body produces or
absorbs more heat than it dissipates. Extreme tem-
perature elevation then becomes a medical emer-
gency requiring immediate treatment to prevent
disability or death.

Liposome is a spherical vesicle having at least one lipid
bilayer. The liposome can be used as a vehicle for
administration of nutrients and pharmaceutical
drugs. Liposomes can be prepared by disrupting
biological membranes (such as by sonication).

Multiple drug resistance
(MDR),

multidrug resistance, or multiresistance is antimi-
crobial resistance shown by a species of microor-
ganism to multiple antimicrobial drugs.

Receptor tyrosine-protein
kinase erbB-2

also known as CD340 (cluster of differentiation
340), proto-oncogene Neu, Erbb2 (rodent), or
ERBB2 (human). It is a protein that in humans is
encoded by the ERBB2 gene, and it is also fre-
quently called HER2 (from human epidermal
growth factor receptor 2) or HER2/neu.
Amplification or overexpression of this oncogene
has been shown to play an important role in the
development and progression of certain aggressive
types of breast cancer. In recent years, the protein
has become an important biomarker and target of
therapy for approximately 30% of breast cancer
patients.
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Chapter 4
Polymer Template-Directed Synthesis

Abstract The use of spatially and dimensionally constrained (co)polymers as
templates is an effective method to prepare metal nanocrystals. These spatially and
dimensionally constrained polymers can serve as reaction cages to control the
growth of the particles, leading to the formation of nanoparticles with a morphology
complementary to that of the template. By varying the shape of the sacrificial
template nanoparticle and its ratio to the more noble metal precursor added, one can
obtain a variety of morphologies such as, for example, triangular rings, wires, tubes,
boxes, or cages. Block copolymers, especially amphiphilic, have been used to
prepare aggregation-free noble metal nanoparticles. New template methods based
on a synergistic soft-hard template mechanism were suggested for the preparation
of flexible noble metal/cross-linked nanomaterials. Infinite coordination polymer
particles are a class of emerging functional materials that are formed by bridging
repeating organic ligands with metallic nodes. Noble metal nanoparticles have also
been synthesised using biopolymer template such as proteins, nucleic acids, and
polysaccharides known as polyelectrolytes. The synthetic polymers known as
polyelectrolytes can be used as reducing/stabilizing agents in one single-step syn-
theses. Highly branched macromolecules-dendrimers are well defined with hollow
cores and dense shells. They are constructed from an initiator core to which radially
branched layers are covalently attached. Most of the dendritic containers reported
so far use the concept of closing the dendritic box in order to keep the guest metal
particle inside the dendrimer host. Dendrimer-entrapped nanoparticles are often
formed using fast reduction and nucleation chemistry. With PAMAM dendrimers as
templates, dendrimer-entrapped metal nanoparticles can be formed with each noble
metal nanoparticle entrapped within each dendrimer molecule. Likewise, bimetallic
core@shell or alloy dendrimer-(stabilized) entrapped metal nanoparticles can be
prepared by coreduction of the metal ions within the dendrimer templates.
Colloidally stable and water-soluble functional nanoparticles can be formed with
plasmonic and fluorescent activities. The functionalized plasmonic-fluorescent
nanoparticles have been used as cell imaging and plasmon-based optical detection
probe. Dendrimers find many applications in drug delivery due to the opportunity of
their internal niches to host a variety of molecules. They have also been reported to
enter tumors and carry either chemotherapeutic agents or genetic therapeutics.
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Incorporation of photoactive components in either the core or the periphery of these
nanostructures enriches them with new functionalities opening new perspectives in
nanomedicine.

Keywords Polymers � Polyelectrolytes and dendrimers templates � Amphiphilic
copolymers and bioconjugates

Abbreviations

{Au@DMAP}NP Gold nanoparticle decorated with DMAP
{Au@MUA}NP Gold nanoparticle decorated with MUA
0D Zero dimensional
1D One dimensional
3T6C Thiophene dendrons
ABCs Amphiphilic block copolymers
AFM Atomic force microscopy
AgDENPs Dendrimer-entrapped silver nanoparticles
AgDSNPs Dendrimer-stabilized silver nanoparticles
AgNP/THI/ICP Silver nanoparticles capped with thionine and ICP
AgNPs/THI/ICP/GCE Conjugate AgNPs/THI/ICP on GCE
ALT Alanine transaminase
AM Acrylamide
ATRP Atom transfer radical polymerization
AuDENPs Dendrimer-encapsulated (entrapped) gold

nanoparticles
AuDSNPs Dendrimer-stabilized gold nanoparticles
B-PEI Branched poly(ethylenimine)
CD Cyclodextrin
CEA Carcinoembryonic antigen
Con A Concanavalin A
CTAB Cetyltrimethylammonium bromide,
DANPs Dendrimer-assembled nanoparticles
DBG T-BOC-protected glycine-coated dendrimer
DBPA T-BOC-protected phenylalanine-coated dendrimer
DENPs Dendrimer-encapsulated (entrapped) nanoparticles
DEN Dendrimer
DLS Dynamic light scattering technique
DMAEMA Dimethylaminoethyl methacrylate
DPV Differential pulse voltammetry
DSNPs Dendrimer-stabilized nanoparticles
EDA Ethylenediamine
EDS Energy-dispersed spectrum
EG Ethylene glycol
EIS Electrochemical impedance spectroscopy
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EMCH Heterobifunctional cross-linker N-(e-maleimidocaproic
acid)-hydrazide

FA Folic acid
FAR Folic acid receptor
FI Fluorescein isothiocyanate
FRTEM Freeze-etching replication transmission electron

microscopy
FTIR Fourier transform infrared spectroscopy
fwhm Full width at half maximum
G4(3T6C) Thiophene dendron-functionalized PAMAM
G5�NGlyOH Glycidol hydroxyl-terminated G5 dendrimers
GCE Glassy carbon electrode
Hb Hemoglobin
HCT Hematocrit
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HFOTAI CF3(CF2)7–SO2NH–(CH2)3N

+(CH3)3 I
−

HOMO Highest occupied molecular orbital
HOPG Highly ordered (oriented) pyrolytic graphite
I907 IRGACURE 907
ICPs Infinite coordination polymer particles
ITX 2-isopropylthioxanthone
i.v. Intravenously
i.p. Intraperitoneal
L-PPI Lactose-coated PPI dendrimer
LBL Layer-by-layer
LC-SPDP Heterobifunctional cross-linking agent succinimidyl

6-(3′-[2-pyridyl-dithio] propionamido) hexanoate
LCST Lower critical solution temperature
L-PEI Linear poly(ethyleneimine)
LUMO Lowest unoccupied molecular orbital
MA Methyl acrylate
MCH Mean corpuscular hemoglobin
MC@MNPs Metal nanoparticles-decorated microcapsule
MOCVD Metal organic chemical vapor deposition
MOFs Metal-organic frameworks
MPC Monolayer-protected cluster
M-PPI Mannose-coated PPI dendrimer
MUA Mercaptoundecanoic acid
MW Microwave
Mw Molecular weight
NICISS Neutral impact collision ion scattering spectroscopy
Nip 4-nitrophenol
OEG Oligo(ethylene glycol)
OEGMA Oligo (ethylene glycol) methacrylate

4 Polymer Template-Directed Synthesis 319



PA Polyamino oxanorbornene
PAcrA Poly(acrylic acid)
PAH Poly(allylamine hydrochloride)
PAlA Poly(allylamine)
PAM Polyacrylamide
PAMAM Poly(amidoamine)
PAN Polyacrylonitrile
PC Phosphorylcholine
PCP Porous coordination polymer
PDADMAC Poly(diallyl dimethylammonium chloride)
PDI Polydispersion (polydispersity) index
PE Polyelectrolyte
PEG Poly(ethylene glycol)
PEG-b-P4VP-b-PNIPAM Poly(ethylene glycol)-b-poly(4-vinylpyridine)-b-poly

(N-isopropylacrylamide)
PEI Poly(ethylenimine)
PEO Poly(ethylene oxide)
PEO-PPO-PEO Poly(ethylene oxide)-poly(propylene oxide)-poly(ethy-

lene oxide)
PEs Polyelectrolytes
PG Polyguanidino oxanorbornene
PGA Poly(c-glutamic acid)
PISA Polymerization-induced self-assembled
PMMA Poly(methyl methacrylate)
PNG Polyelectrolyte gold nanoparticle
PNIPAM Poly(N-isopropylacrylamide)
POEGMA-b-PDMAEMA Diblock copolymer of oligo (ethylene glycol)

methacrylate and dimethylaminoethyl methacrylate
POSS Polyhedral oligomeric silsesquioxane
PPI Poly(propylene imine)
PPI-5.0G 5 PPI dendrimer
PPy Polypyrole
PSt Polystyrene
PSt-b-PAcrA Poly(styrene-block-acrylic acid)
PSt-b-PAcrA Polystyrene-block-poly(acrylic acid)
PSt-b-PEO Polystyrene-block-poly(ethylene oxide)
PSt-b-PVP Polystyrene-block-poly(vinyl pyridine)
PStS Poly (sodium 4-styrenesulfonate)
PStS Polystyrene-sulfonic acid, sodium salt
PTPS POSS containing thiol groups
PVA Poly(vinyl alcohol)
PVM/MAn Poly(methyl vinyl ether-co-maleic anhydride)
PVP Poly(4-vinylpyridine)
PVPo Poly(vinylpyrrolidone)
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RAFT Reversible addition–fragmentation chain transfer
RBCs Red blood cells
Ret Electron-transfer resistance
RGD (Arg-Gly-Asp) Arginine-glycine-aspartic acid
ROMP Ring-opening metathesis polymerization
SAED Selected area electron diffraction
SAMs Self-assembled monolayers
SERS Surface-enhanced Raman scattering
SFS Sodium formaldehyde sulfoxylate
Si-PEI N-[3-(trimethoxysilyl)propyl] poly(ethylenimine)
SPR Surface plasmon resonance
SSHM Synergistic soft-hard template mechanism
TG Thermogravimetric
TGA Thermogravimetric analysis
THF Tetrahydrofuran
TMPTA Trimethylolpropane triacrylate
TRIS Tris(hydroxymethyl)aminomethane,
WBCs White blood corpuscles
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

4.1 Introduction

Many methods (e.g., chemical reduction, polyol process, template and radiolytic
approaches, etc.) [1–3] have been developed for the synthesis of noble metal
nanoparticles. These methods are expected to result in a very narrow particle size
distribution and particles of uniform shape. Most synthesis describes the use of
suitable surface-capping agents in addition to the reducing agents for synthesis of
nanoparticles. Frequent use of organic compounds as well as polymers has been
described for obtaining redispersible nanoparticles. Among the many functional
(co)polymers, carboxylic acids have found special mention for their ease of han-
dling, effective capping, mild reducing ability, and human-friendly nature [4, 5].
Since aggregates of the metal colloid tend to coagulate, which makes them unstable
and difficult to use, resulting in poor reproducibility of spectral signals. This
problem can be largely overcome by transferring the metal nanoparticles on to a
polymer template [6]. Poly(vinyl alcohol) could be considered as a good host
material for metal nanoparticles, due to good thermostability and chemical resis-
tance. Sodium poly(c-glutamic acid) (PGA) is a water-soluble and biodegradable
polymer. Each repeating unit of PGA contained one carboxyl group with specific
affinity, which is useful for tissue culture and many food, biomedical, and industrial
applications [7].
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The use of spatially and dimensionally constrained polymers as templates is an
effective method to prepare metal nanocrystals with morphology similar or com-
plementary to that of the template. Both soft and hard templates can be employed
for the shape-controlled synthesis of metal nanocrystals. For example, some flexible
structures assembled by polymers and biopolymers can be utilized as soft templates
for synthesizing 0D and 1D noble metal nanoparticles. As a representative example,
single-crystal gold nanowires with a diameter below 2 nm were synthesized by
aging the oleylamine solution of HAuCl4 at room temperature, where the
mesostructures formed by cooperative assembly between the Au+ ions and oley-
lamine were believed to serve as growth templates and govern anisotropic growth in
the nanoscale [8].

The template can also serve as a scaffold. The metal ions are reduced within or
around the confined volume or space of the template. These spatially and dimen-
sionally constrained structures can serve as reaction cages to control the nucleation
and growth of the particles. Self-assembled, biological, and synthetic structures such
as liposomes and vesicles, biological macromolecules, and viruses belong also to the
soft templates [9–11]. Liquid-crystalline media have been used as templates in the
synthesis of anisotropic nanoparticles. For example, hexagonal liquid-crystalline
phases formed by cylindrical reverse micelles containing long water channels were
used as templates in the synthesis of silver nanowires [12]. The authors reported the
synthesis of triangular or hexagonal-shaped gold nano- and microplates by reduction
of HAuCl4 in lyotropic liquid crystals made of poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) block copolymers, water, and a small amount of sur-
factant (cetyltrimethylammonium bromide, CTAB) . According to these data,
however, the lyotropic liquid crystals did not act as a true template, rather it provided
an ordered structure confining CTAB as well as the nascent metal nuclei, which
enhances the oriented attachment of nuclei and, thus, the consequent growth of
single-crystal plates [13].

Metal-core polymer-shell nanoparticles were synthesized by a method in which
block copolymer surfactant micelles are assembled around bare nanoparticles and
then permanently fixed by chemical cross-linking of the copolymer [14]. For
example, amphiphilic poly(styrene-block-acrylic acid) (PSt100-b-PAcrA13)
copolymer [15] and dodecanethiol-capped gold nanoparticles (d * 31 nm) were
initially dissolved together in a good solvent for both the hydrophobic (PSt) and
hydrophilic (PAcrA) polymer blocks and the nanoparticles [16]. Gradual addition
of water to this mixture induced the formation of a surfactant micelle around each
nanoparticle. These gold-core@micelle-shell structures were then made permanent
by cross-linking the polyacrylate block of the micelles. TEM images of the resulting
nanoparticles dried from aqueous suspension show that each polymer shell contains
exactly one nanoparticle and has uniform thickness. The polyacrylate is on the
outside of the polymer shell because the system is in water and the polyacrylate
block is hydrophilic or water soluble. This assumption is further supported by NMR
data on encapsulated nanotubes [17] which show that the polyacrylate block is
solvated in water and the polystyrene block is not. This cross-linked layer insures
that, as the polystyrene shell swells or desolvates in response to changes in the
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surrounding solvent, the polymer layer does not dissociate from the particle surface
and the particles do not precipitate from suspension.

Templating can also be done against existing nanoparticles with a
well-controlled shape. It is appropriate here to point out a difference between the
preformed-seed-mediated method and the template method. In the
preformed-seed-mediated method, a similar or identical seed particle becomes part
of the resultant nanoparticle, whereas the template is often a dissimilar material that
does not become part of the nanoparticle. For example, Djalali et al. [18] fabricated
gold nanowires by using sequenced histidine-rich peptide nanowires as templates.
The sequenced histidine-rich peptide molecules were assembled as nanowires, and
monodispersed gold nanocrystals were uniformly coated on the histidine peptide
nanowires with the high-density coverage.

Templating synthesis is a powerful method for the controlled synthesis of shaped
nanocrystals; however, the available templates for colloidal synthesis of noble metal
nanocrystals are still rather limited. In the classical seed-mediated synthesis of gold
nanorods in the presence of CTAB, originally it was thought that the rodlike
micelles formed by CTAB in aqueous solution would play the role of soft templates
[19] but later on a more reasonable mechanism based on the preferential binding of
CTAB to certain crystal faces of gold nanorods was put forward and became widely
accepted [20]. It is worthwhile to search for other feasible colloidal templates for
the shape-controlled synthesis of gold nanocrystals. In this regard, metal–surfactant
complexes with desirable morphologies, which are formed by Au(I) or Au(III) and
surfactants through binding interactions (e.g., aurophilic attraction and electrostatic
combination), can be employed as reactive sacrificial templates for the
shape-controlled synthesis of gold nanocrystals (metal–surfactant complex-
templated synthesis).

Dendrimers are highly branched macromolecules with successive layers or
generations of branch units surrounding a central core [21]. The characteristic
tree-like structural attributes of this class of compounds give rise to unique
intramolecular and intermolecular associations and templates. These functionalized
materials have been utilized in the synthesis of nanoparticles [22, 23] and polymer
nanocomposites [24]. The special properties of dendritic boxes make them useful in
many applications, such as in drug release, molecular labels, probe moieties, and
chemical sensors. Most of the dendritic containers reported so far use the concept of
closing the dendritic box in order to keep the guest molecules inside the dendrimer
host. Thus, many researchers have addressed this kind of core@shell structure by
modifying the dendrimer surface, so that molecules can be reversibly imprisoned in
internal cavities of the dendrimer and then site-selectively liberated by a suitable
external or internal stimulus. For such applications, a shell should be “opened” and
“closed” reversibly controlled by means of a simple external or internal stimulus,
such as light, pH, or ionic strength [25]. Preformed nanoparticles that are modified
with dendrimers or functionalized dendrimers could have improved biocompati-
bility, stability, and specific functionalities for biomedical application. Similarly,
the dendrimer molecules assembled onto the preformed nanoparticles could be
further chemically modified to achieve desired biofunctionalities for biomedical
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applications. Depending on the dendrimer type and generation, they carry a posi-
tive, neutral, or negative charge on the surface. Once introduced into the systemic
circulation, positively charged dendrimers and cationic macromolecules have been
found to interact with blood components, destabilize cell membranes, and cause cell
lysis [26].

4.2 Polymer

4.2.1 Polymer-Decorated NMNPs

4.2.1.1 Homopolymers

Direct synthesis of nanoparticles in solid matrixes is attracting increasing interest in
terms of practical applications and synthetic challenges. Multilayered polymer films
and block copolymer films [27] were used as stabilizers, templates, and/or
nanoreactors for formation of noble metal nanoparticles. However, in some cases,
these metal nanoparticles must be stabilized by ligands or surfactants in order to
prevent their coagulation [28, 29]. Thiol chemistry has widely been used to modify
the surface of gold nanoparticles with synthetic and natural polymers and
biomacromolecules [30–33]. The gold–thiol bonds commonly used to attach bio-
molecules to noble metal nanoparticle surfaces are stable at room temperature but
unstable to high temperature, competing biological thiols, and chemical cleaving
agents [34, 35]. Therefore, metal@polymer nanoparticles of core@shell structures,
which are stable in a variety of environments, including organic solvents and
buffers, are extensively attractive.

Polymers such as poly(vinylpyrrolidone) (PVPo) [36], poly(amidoamine) [37],
polyacrylate [38], polyacrylonitrile (PAN) [39], and polyacrylamide (PAM) [40]
are also popular stabilizing agents. For example, Song et al. [41] used cationic
polymer nanofibers to embed silver nanoparticles to reinforce the antimicrobial
activity of the embedded silver nanoparticles. Tan and coworkers reported [42] the
use of branched polyethylenimine (B-PEI) and 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES) together to reduce silver nitrate under UV irradi-
ation for the synthesis of silver nanoparticles. The resultant silver nanoparticles are
positively charged as the B-PEI amino groups are protonated in the process. A few
other polymer systems have been also developed for the stabilization of nanopar-
ticles [43].

Another class of polymer (silver/polypyrole (PPy))-based silver composites were
produced using microwave (MW) energy on the basis of interfacial polymerization.
A water–chloroform interface was used under MW irradiation with no oxidizing
agent. The silver nanoparticles produced were spherical, well dispersed, and
approximately 20 nm in size [44]. AgNO3 provided Ag+ ions for the thermal
polymerization of pyrrole. The ions were converted to PPy/Ag nanocomposites.
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TEM images proved that the particles were about 5–10 nm in size. The PPy/Ag had
a thick film, which could sense ammonia, hydrogen sulfide, and carbon dioxide at
100, 250, and 350 °C, respectively [45]. MW radiation and ethylene glycol can be
used to synthesize silver powders from AgNO3 at temperatures of 100–200 °C.
After treatment, the powdered form was obtained in high yield (99%) with the
diameters ranging from 0.15 to 1.8 lm; they grew in size and also aggregated.
However, when poly(vinylpyrrolidone) was used in the mixture of AgNO3, the
particles ranged from 62 to 78 nm in diameter [46]. Citrate and PVPo are two
popular surface-capping agents for silver nanoparticles and have different stabi-
lization mechanisms [47], resulting in different behaviors in solution. For example,
PVPo-capped AgNPs have been found to be more stable than citrate-capped AgNPs
in both simple NaCl and CaCl2 solutions [48]. Another unique attribute of silver
nanoparticles is their dissolution when in aqueous solution, resulting in the potential
release of bioavailable Ag+ free ions [49, 50]. Relative to capping agents,
PVPo-capped AgNPs are more prone to Ag+ release than are citrate-capped AgNPs
in river and lake water [51].

Another classic example is iron–silver bimetallic nanoparticles, which could be
synthesized using microwave heating and an oil-soluble silver salt [52]. The silver
nanoparticles were characterized through a series of tests, such as freeze-etching
replication transmission electron microscopy (FRTEM), which revealed the
nanoparticle diameter and distribution. Centrifuge tests (both normal and high
speed) were conducted in order to determine the dispersion stability of the syn-
thesized particles. The AgNPs were spherical in shape and had an average, uniform
size of 30 nm [53]. Alcohols like ethanol coupled with poly(vinylpyrrolidone), at
temperatures that exceed 120 °C, show that silver salts can be reduced into
nanoparticles under MW irradiation.

AgNO3 in an ethanolic medium along with PVPo under microwave irradiation
was used to synthesize silver nanoparticles; a surface plasmon band at 416 nm
indicated that silver nanoparticles have been produced after being exposed to MW
irradiation. The nanoparticles were spherical in shape and had a diameter of
*10 nm. Their fluorescence band was noticed at 491 nm [54]. MW synthesis was
used to prepare different kinds of nanosilver colloids. AgNO3 was mixed with
sodium citrate and then heated for varying durations of time at different tempera-
tures. It was determined that the nanosilver colloids had a negatively charged
surface when heated for a long period of time and a positively charged surface when
heated for a short period of time [55]. UV–Vis and XRD analyses confirmed the
formation of silver nanoparticles. Their phase was found to be an fcc system. The
nanoparticles ranged from 15 to 25 nm and were evenly spread out in the PVPo
matrix [56].

Poly(ethylene glycol) (PEG) was used to prepare stable silver colloids because it
is eco-friendly reducing agent as well as a stabilizer. The particles produced were
monodispersed with a diameter of less than 10 nm. These silver colloids worked
against bacteria and fungi that were Gram-positive and Gram-negative [57].

Tan et al. [42] reported a synthesis of positively charged silver nanoparticles via
photoreduction of silver nitrate in B-PEI/HEPES solution. Importantly, these
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positively charged silver nanoparticles demonstrate superior surface-enhanced
Raman scattering (SERS) activity over negatively charged silver nanoparticles for
the detection of a variety of negatively charged analytes in aqueous solutions. Irzh
et al. [58] proposed a method to prepare microwave-assisted coating of poly(methyl
methacrylate) (PMMA) beads by silver nanoparticles. Microwave irradiation was
found to be a new technique for coating of AgNPs onto the surface of PMMA
beads. Bimetallic alloy nanoparticles consisting of two noble metals platinum–

silver supported on carbon with a variable dimension were successfully prepared by
ethylene glycol (EG), as reported by Hwang et al. [59].

Luo et al. have reported a new template method for the preparation of flexible
silver/cross-linked poly(vinyl alcohol) (PVA) nanocables via one-step in situ
reduction of Ag+ and Ag+-catalyzed cross-linking of PVA chains under hy-
drothermal conditions [60]. It is well known that PVA chains will turn to cross-link
after treatment at high temperature (250 °C); however, hydrothermal treatment of
PVA solution at 160 °C or even 200 °C cannot make it cross-linked. The
cross-linked reaction that occurred at relatively low temperature in the presence of
silver ions could be due to the close hydrothermal reaction conditions. The default
experiments in the absence of silver nitrate show that PVA cannot be cross-linked,
even under identical conditions. In addition, the rapid reduction of AgNO3 into
silver nanoparticles in the same solution with an identical concentration of PVA and
then hydrothermal treatment at the same temperature for the same reaction period
cannot produce such cables. These results demonstrated that the presence of AgNO3

is essential for the formation of cables, and AgNO3 indeed plays a key role as a
catalyst for oxidation-reduction reactions such as that occurring in this system. In
this process, PVA can be oxidized by AgNO3 at 160 °C into cross-linked PVA,
which is insoluble in water with a deep yellow brown color. The detailed
time-dependent experiments indicated that the silver nanowires and irregular AgCl
particles are formed in the early stage and then converted to Ag/cross-linked PVA
nanocables.

The FTIR spectrum of the obtained nanocables is almost the same as that of pure
PVA, which shows several absorption peaks located at about 3430, 2820, and
1600 cm−1. However, there is a wide absorption peak from 1050 to 1100 cm−1,
which can be assigned as the absorption peak of ras(C–O–C) of the cross-linked
PVA. It has to be pointed out that there may exist some ester in the product due to
the presence of a peak at 1737 cm−1. On the basis of the above analysis, the
reaction that occurred under the present hydrothermal conditions can be illustrated
as follows (Scheme 4.1).

For comparison, the reaction of AgNO3 with less PVA under similar
hydrothermal conditions leads to the formation of only silver nanoparticles with
irregular shapes. Moreover, if less AgNO3 was used and the amount of PVA was
kept the same, no cables were obtained. In fact, the formation of such elegant
nanocables is controlled by a synergistic growth mechanism, which was called as
a synergistic soft-hard template mechanism (SSHM) (Scheme 4.2). It is clear that
PVA is responsible for both the formation of silver nanoparticles and further ori-
ented growth of silver nanowires stabilized by PVA; in turn, the silver wires act as a
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backbone on which cross-linked PVA will form. In addition, the newly formed
cross-linked PVA will act as an effective bridge to connect nearby single cables to
form raft-like cable bundles in a parallel fashion, as observed.

The coordination of silver ions with NH2 groups and its effect on the silver
particle formation were studied in the next work in which silver ions served as weak
cross-linkers to attach polymer chains [61]. Colorless floccular precipitates formed
when commercial polyacrylamide (PAM) was added into the aqueous solution of
silver nitrate at room temperature. Fast formation of silver nanoparticles occurred

Scheme 4.1 Hydrothermal reaction scheme for the nucleation of silver nanoparticles [60]

Scheme 4.2 Illustration of the formation mechanism of silver/cross-linked PVA nanocables.
a The association of silver ions with PVA, b the formation of silver nanoclusters stabilized by
PVA, c the aggregation of Ag nanoclusters stabilized by PVA , d the formation of Ag nanowires
and the entangled cross-linked PVA on the backbone of nanowires (side view), and e further
cross-linking of PVA results in the formation of single cables or parallel cables with bundle
structure (viewed along the cable axis) [60]
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upon exposing the above mixture to ambient (indoor) light. These observations
highlighted the significant role that the polymer plays in the photoreactions during
the particle preparation. Examination of the FTIR spectra confirmed that the pro-
duct contained the PAM and excluded the presence of monomer acrylamide (AM).
For the spectrum of the PAM-stabilized silver nanoparticles, the N–H stretching
vibrations were observed at 3414 and 3188 cm−1. The strong absorption at
1659 cm−1 can be attributed to the C=O stretching in the-CONH2 group, and the
shoulder around 1610 cm−1 to the NH2 bending, which also indicates that PAM is
stable under the reaction conditions. The frequency of the C=O stretching in
Ag/PAM nanocomposites is shifted to 1659 cm−1 from 1670 cm−1 of that in
commercial PAM or neat PAM, which implies the presence of coordination of
silver atoms with the oxygen atoms in carbonyl group [62]. But no obvious shift of
the absorption peak of N–H at 1610 cm−1 was observed. On the basis of the reports
about surface chemistry of colloidal silver in aqueous solution [63], the silver atoms
on the surface of nanoparticles are coordinatively unsaturated, and polyacrylamide
serving as a nucleophilic reagent can donate an electron pair into unoccupied
orbitals that exist on the surface [61]. Silver nanoparticles with nucleophilic
molecules on the surface are very reactive toward oxygen and oxidative reagents,
which lead to further complexation of surface atoms until the particle is whole or
partly oxidized.

The XRD pattern of as-prepared particles shows broad peaks around 38° and 44°
corresponding to (111) and (200) of the cubic silver structures. With increasing
AgNO3 content in the starting solution, the characteristic peaks of the resultant
product became stronger. The broad peak at 2h less than 40° is attributed to the
noncrystalline polymer PAM, which also causes the higher uneven baseline.
The XRD analysis further proved that Ag/PAM nanocomposites had been achieved
with the simple route. The XPS spectra of the stabilized silver nanoparticles with all
of the binding energies were referenced to C 1s (284.8 eV). The survey spectrum
reveals the existence of C and O, which are, from reference, polymer stabilizer and
absorbed gaseous molecules, respectively. Higher resolution spectra were also
taken of the Ag 3d region. The binding energies of Ag 3d5/2 and Ag 3d3/2 of the
passivated silver nanoparticles are 368.5 and 374.5 eV. No impurity peaks of pure
Ag+ and Ag2O particles were observed.

The thermogravimetric (TG) analysis curves the AgNPs/PAM samples showed
that there were three stages of mass loss for the thermal degradation of polyacry-
lamide, which is in agreement with that reported [64]. The first one involved a slight
weight loss with temperature below 220 °C for the synthesized pure PAM, which is
probably due to absorbed water from the environment and other volatile impurities
[65]. For the composite samples with silver nanoparticles, a weight loss of around
15% could be observed in this region. Vilcu et al. [66] observed an 11% weight loss
up to 200 °C, which they attributed to the release of both surface and matrix-bound
water from the polymer. Herein, it is most likely that the presence of silver
nanoparticles enhanced the water absorbance of PAM. The second one appeared in
the range of 220–340 °C with the decomposition of pendant amide groups and the
intactness of polymer main chains [67]. The observed values of weight loss are
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around 20, 17, and 17% for samples a, b, and c (0 (sample a), 0.1 (sample b), and
1.0 g (sample c) of AgNO3), respectively. The third one (340–450 °C) with 48, 32,
and 30% of weight loss for the different samples, respectively, could be ascribed to
the breakdown of the polymer backbones [67]. It is reasonable that the remaining
weight increased with increasing the AgNO3 content in the starting solutions.

A thermosensitive water-soluble polymer, poly(N-isopropylacrylamide)
(PNIPAM) was also used for the immobilization, encapsulation, and stabilization
of noble metal nanoparticles. Tenhu et al. used the grafting-onto method to coat
gold nanoparticles with PNIPAM (molar mass 5000 g Mol−1) chains of
end-functionalized with SH groups [68]. Different reaction conditions were
employed for the grafting, and it was found that again the single-step procedure,
i.e., simply reducing HAuCl4 and forming nanoparticles in presence of the
PNIPAM-SH, was the most facile and successful way, leading to 2 nm gold cores
covered with a dense layer of PNIPAM chains of thickness about 4.5 nm. This
value is a bit higher than expected for a random coil confirmation of the PNIPAM
chains, indicating that the grafted PNIPAM adopts an extended coil configuration.
The small size of the gold nanoparticles formed under these conditions, corre-
sponding to a large surface curvature and high surface area, underlines the effi-
ciency of the PNIPAM-SH polymer chains as a stabilizer compared to conventional
alkane thiols. Also, comparison with PEG-SH showed that the PNIPAM-SH is an
even better ligand and stabilizer. It should be noted, however, that these
PNIPAM-coated gold nanoparticles were not stable but still tended to aggregate
even in highly dilute aqueous dispersions.

A similar core@shell particle architecture with a nanoscopic gold core and
thermosensitive PNIPAM polymer shell was presented by Li and coworkers, who
instead of grafting-onto used the grafting-from approach in terms of
surface-initiated atom transfer radical polymerization (ATRP) as a controlled
polymerization technique to grow a defined polymer layer from a gold nanoparticle
surface [69, 70]. Here, the citrate on the gold particle surface first has to be replaced
with a disulfide ATRP initiator via ligand exchange, before the polymer layer is
grown by ATRP. Using this grafting-from approach, Li et al. prepared a very
interesting multifunctional core@shell system: spherical gold nanoparticles with a
thermoresponsive PNIPAM and poly(methoxy oligo(ethylene glycol) methacrylate)
copolymer shell, which in aqueous dispersion show two transition temperatures
near 33 and 55 °C, respectively [71]. It should be noted that also pH-responsive
core@shell gold nanoparticles were prepared in the Li group by surface-initiated
ATRP grafting-from of poly(4-vinylpyridine) (PVP) chains [72, 73].

In particular, two main strategies can be identified for the preparation of charged
polymer (polyelectrolyte (PE)) template for gold nanoparticles, as illustrated in
Scheme 4.3. In the first strategy (top panel), the gold salt is reduced in the presence
of the polyelectrolyte—one-step route; in the second route (bottom panel), gold
nanoparticles previously prepared are subsequently functionalized with the poly-
electrolyte [74].
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Herein polymers have been used in one-step synthesis of
polyelectrolyte-decorated gold nanoparticles either as reducing agents and/or col-
loidal stabilizers. In this case, the polymer chains form a protective shell around the
nanoparticles preventing particle aggregation. There is a great diversity of polymers
that can be used to produce surface-capped AuNPs with adequate chemical func-
tionalities toward a specific (bio)application. Dumur et al. [75] listed the most used
polymers in gold nanoparticles synthesis and stabilization, including poly(ethylene
oxide), diamine-terminated poly(ethylene oxide), linear poly(ethyleneimine)
(L-PEI) , amine-functionalised poly(propylene imine)dendrimers, poly(dimethyl-
siloxane), PVPo, PVP, poly(allylamine) (PAlA) , and poly(allylamine hydrochlo-
ride) (PAH) . All these polymers are water soluble thus allowing the preparation of
hydrosols of AuNPs. Gold nanoparticles have also been synthesized using
biopolymers such as proteins [76] and polysaccharides (e.g., chitosan) [77]. These
polymers are known as polyelectrolytes (PEs) and can be used as reducing/
stabilizing agents in one single-step syntheses. For example, PAH, PEI, and poly
(diallyl dimethylammonium chloride) (PDADMAC) are cationic polymers com-
monly used to build shells around negatively surface-charged gold nanoparticles.
However, these polyamines can also reduce the HAuCl4 precursor and stabilize the
resulting gold nanoparticles in a single-step process. Newman et al. [78] have
shown that gold nanoparticles can be prepared using several amines: primary,
secondary, and tertiary amines including aliphatic, aromatic, and aryl systems. The
authors have also assessed the effect of the redox properties of the reducing agent
on the thermodynamics and the kinetics involved. It was concluded that amines
having a reduction potential between the potential of oxidation of Au0 to Au+1 and
the reduction potential of HAuCl4 to Au0 are good candidates to be used as
reducing agents. It was proposed that for Au(III) reduction, three amine groups are
necessary to transfer three electrons per metal ion, resulting in the formation of Au0

(Eq. 1).

Scheme 4.3 Schematic representation of the two main strategies for the preparation of
Au/polyelectrolyte (PE) assemblies [74]
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HAuCl4 þ 3NR3 ! Au0 þ 3NR� þ
3 þHþ þ 4Cl� ð1Þ

However, amines with reduction potential outside this range will not react with
HAuCl4 to form AuNPs.

In 2006, Sun et al. [79] reported the synthesis of gold nanoparticles using a
series of polyelectrolytes: N-[3-(trimethoxysilyl)propyl] poly(ethylenimine)
(Si-PEI), B-PEI, L-PEI, and PAH (Chart 4.1) with a molar ratio 4:1 of polyelec-
trolyte to HAuCl4. The surface plasmon resonances ascribed to the ensuing AuNPs
were observed at 519 nm (Si-PEI), 523 nm (B-PEI), 527 nm (L-PEI), and 524 nm
(PAH), and the TEM images showed average particle sizes of

dSi�PEI � 6 nm; dB�PEI � 7 nm; dL�PEI � 25 nm and dPAH � 9 nm; ð2Þ

respectively. The different sizes of the nanoparticles prepared using these poly-
electrolytes were attributed to the nature of the ions of the polyelectrolytes which
create distinct confined microenvironments for the nucleation and growth kinetics
of gold nanoparticles. A pictorial description for this mechanism is shown in
Scheme 4.4 [79].

Besides the nature of the ions, the size of gold nanoparticles obtained by these
methods also depends on the molar ratio of the polyelectrolyte and gold salt.
Newman et al. [80] have also demonstrated the influence of the ratio [PAH]:
[HAuCl4] on the average particle size and have shown the influence of the con-
centration and ratio of PAH and HAuCl4 on the kinetics of AuNPs formation.
Depending on the reaction conditions, the generation of AuNPs was well controlled
whose diameters varied from 5 to 50 nm and have also observed that by increasing
the concentration of PAH, the rate of AuNPs formation increased. While for a 4.5:1
molar ratio, the particles ranged from 5 to 15 nm in diameter and exhibited a
narrow SPR band at 530 nm, and for a 20.4:1 molar ratio, the particle diameter
ranged from 35 to 50 nm and the respective optical spectrum showed a broad SPR
band peaked at 600 nm. Sardar et al. have also reported the use of poly(acrylic acid)
(PAcrA) as reducing agent to produce AuNPs with diameter about 2 nm whose
SPR band was observed at 524 nm [81].

Chen et al. [82] have prepared gold nanoparticles with average diameter about
12 nm (kSPR = 522 nm) using PDADMAC as reducing/stabilizing agent.

Chart 4.1 a Si-PEI, b B-PEI, c L-PEI, and d PAH
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Furthermore, the alkaline conditions were required for a successful synthesis. The
rate formation of Au/PDADMAC nanoparticles was markedly influenced by
reaction temperature. The one-step synthesis of AuNPs using polyelectrolytes
shows that the AuNPs average size depends on the molar ratio between the poly-
electrolyte and the gold salt. An increase of the particles’ size is generally observed
by increasing that ratio because the number of reducing agents available in the PE
also increases. Thus, and according to the mechanism depicted in Scheme 4.4, the
gold nuclei formed during the reaction grow into bigger nanoparticles. It has also
been observed that the formation of AuNPs depends on the nature of the repeating
units of the PE molecules. This is because the polyelectrolyte molecules can adopt
different conformations and therefore the confined space available for particle
nucleation and growth also varies.

The colloidal stability of gold nanoparticles can be achieved during the synthesis
using stabilizers that also act as reducing agents or by postsynthesis treatment of
those stabilizing agents. However, for bioapplications of AuNPs, further surface
modification is required not only to provide higher stabilization in physiological
medium but also to add functional groups necessary for biofunctionalization. The
surface modification of particles using PE attached via electrostatic interactions is a
very convenient method to promote the chemical functionalization of AuNPs.
Indeed, the nanoparticle surface remains in this case coated with PE multilayers
rendering stable colloids in aqueous medium. Möhwald and Caruso have reported
pioneering work on this method using polystyrene latexes about 640 nm diameter
as substrates [83–85]. Gittins and Caruso have also applied this method to AuNPs
in order to obtain stratified shells of PE layers [86]. This stratified coating is
obtained by a layer-by-layer deposition process using polyelectrolytes of opposite
charges mediated by electrostatic interactions. Briefly, the coating of negatively
charged AuNPs is performed by attaching a layer of a polycation onto the particles’
surfaces followed by the deposition of polyanions. This deposition cycle is repeated
until the required number of layers has been achieved in order to produce a

Scheme 4.4 Possible mechanisms of nucleation and growth of nanoparticles in distinct
polyelectrolyte-confined microenvironments [74, 79]
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core@shell type structure (Scheme 4.5). A washing procedure in between each
deposition step is employed in order to remove excess of polyions.

The resulting structures are typically characterized by zeta potential measure-
ments because opposite zeta values after each layer deposition indicate the reversal
of surface charge; visible spectroscopy can be also used to monitor the SPR band
during the polyelectrolyte deposition because a small shift of the SPR band is
associated with changes of the refractive index, which depends on the polyelec-
trolyte used [74]. However, a larger redshift of the SPR band (Dk > 80 nm) might
indicate interparticle interaction and aggregation. The building-up of stratified PE
multilayers at the particles surface is mainly based on electrostatic interactions
though it has been argued that other types of interactions may also be involved [85].
For example, some authors argue that the first deposited layer of polyamine dis-
places the protective surface species, such as citrate ions [87] or hexade-
cyltrimethylammonium bromide [88], due to the interaction between the gold
nanoparticles and the groups of PE that are in excess. However, according to Dorris
et al. [89], this does not always happen. Despite of the discussion regarding the
mechanistic aspects involved in the adsorption of the first layer, this versatile and
nonexpensive method has been employed using other types of substrates in which
both the core and the PE can be combined into a variety of core@shell particles.

With regard to the polyelectrolyte, several combinations of polyanions and
polycations both from natural resources and synthetic ones can be used to form the
surface shells. The most common polycations are PAH, PDADMAC, and PEI, and
commonly used polyanions are poly (sodium 4-styrenesulfonate) (PStS) and poly
(acrylic acid) (PAcrA; see Chart 4.2) [74]. The shell thickness is adjusted by
varying the number of PE layers coating the particle [90, 91]. This is clearly
advantageous in developing optical-active gold nanodevices in which the optical
signal depends on the distance of the particle to a specific target [92]. Similarly,
ionized biomacromolecules can be used to functionalize the gold particles via
electrostatic interactions at the surfaces, examples include polysaccharides [93],
proteins [94], and nucleic acids [95, 96].

The optimal coating/stabilization of nanoparticles, i.e., the best adsorption of the
polyelectrolyte onto the oppositely charged nanoparticles, depends on some key
parameters such as the PE molecular weight (chain length), the nature of the

Scheme 4.5 Surface modification of nanoparticles using PE treatment, (1) polycation wash and
(2) polyanion wash [74]

4.2 Polymer 333



repeating units, the concentration and charge density of the polyelectrolyte, particle
size, concentration and surface properties (e.g., charge density) of the nanoparticle,
as well as the ionic strength, pH, and temperature of the medium. Understanding the
effects of the experimental conditions on the final assembly is a critical requirement
to yield stable colloids and to insure an efficient dispersion of nanoparticles after
coating and functionalization [97, 98]. Schneider et al. [99] have made significant
contributions to understand the influence of several parameters on the deposition of
PE onto AuNPs.

It has been observed that both short chains of polyelectrolyte and lower con-
centration of nanoparticles yield lower number of aggregates because bridging
flocculation is limited, while longer chains promote bridges between the coated
particles. On the other hand, high concentration of nanoparticles causes flocculation
via bridge formation due to shorter distances between the high number of
nanoparticles. Regardless of the molecular weight of PStS, for a high excess of PE,
a small shift on the SPR band has been observed while a decrease of the PEs/NP
ratio induced particle aggregation. This effect is monitored by determining the
recovery yield of nanoparticles after each adsorption step, i.e., the percentage of
isolated nanoparticles that can be obtained after centrifugation, and which decreased
when the PEs/NP ratio decreased and increased when the PEs/NP ratio was
increased. Moreover, as expected, for short chains of polyelectrolyte, fewer bridges
were formed but the recovery yield of NPs was smaller as well as the amount of
adsorbed polymer onto NPs. On the other hand, extensive particle aggregation
induced by bridging flocculation was observed for longer chains, lower polymer
concentration, and high content on NPs. As regards the influence of the ionic
strength on the colloidal stability of PE-coated (ten layers) AuNPs, this parameter
was investigated using NaCl solutions. The increase of the ionic strength caused
changes on the optical spectra of the gold colloids, by shifting the SPR band to
higher wavelength (Dk � 5 nm) and by decreasing the optical absorbance, due to
aggregation induced by electrostatic screening effects. The magnitude of such
optical shift is higher for nanoparticles coated with fewer layers because the shell
thickness allows shorter interparticle distances and therefore stronger plasmon
coupling [74].

Although the AuNPs/PE assemblies are very often destabilized in solution of
high ionic strength, a number of bioapplications require the use of saline solutions

Chart 4.2 Common polyelectrolytes used in multilayered coated colloidal particles [74]: a PAH,
b PDADMAC, c PStS and d PAcrA
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(physiological serum). Mandal et al. [87] have studied the dependence of poly-
electrolyte conformation in systems of variable ionic strength used for multilayer
deposition. The authors have prepared stable AuNPs/PE nanostructures and in
Ringer’s solution (a well-known medicinal solution) by promoting a multilayer
coating based on PE dissolved in solutions of different ionic strengths
(Scheme 4.6). First, gold@citrate nanoparticles dispersed in ultra-pure water were
coated with five layers of PAH (Mw = 15,000 Da) and PStS (Mw = 4300 Da); in a
second step, the subsequent layers were deposited using NaCl aqueous solutions
containing the same PE. The increase of the ionic strength of the solutions used in
the second step induced changes in the polyelectrolyte conformation, thus the PAH
chains collapsed into a random coiled structure, which was found more effective in
preventing bridging flocculation (Scheme 4.6) [74].

Another critical parameter to bear in mind in the preparation of AuNPs/PE
assemblies is the pH due to the fact that the polyelectrolytes charge depends on pH.
Indeed, this parameter plays a major role during the deposition of the layers as well
as on the stability of the ensuing assemblies. Nevertheless, it must be emphasized
that the medium pH during the layer deposition depends on the chemical surface of
AuNPs (e.g., {Au@citrate}NPs, {Au@MUA}NPs, or {Au@DMAP}NPs) as well
as on the type of PE used. Thus, Dorris et al. [89] have studied the influence of pH
during the deposition of PStS on {Au@DMAP}NPs concluding that Au@DMAP
were stable in the pH 5–12 range but optimum PE adsorption was found at pH 10.
Also, Mayya et al. [100] have dispersed {Au@MUA}NPs in TRIS buffer pH 9
(MUA pKa � 4.6) prior adsorption of PE (PDADMAC and PStS) in order to
insure that the carboxylic groups of the surface coating (11-mercaptoundecanoic
acid (MUA)) were fully ionized.

The building-up of multifunctional core@shell nanostructures is one of the great
advantages of using PE assemblies [74]. A scheme of a multifunctional
nanoparticle-based core@shell system is illustrated in Scheme 4.7 [101]. In this
case, the PE forming the multilayers can be functionalized with drugs, organic dyes,
contrast agents, radionuclides, catalysts, organic dyes, and proteins, namely anti-
bodies, allowing the application of the ensuing structures in areas such as drug/gene
delivery, biosensing, bioimaging, and photodynamic therapy [102–104].
Additionally, the core of the assemblies can be removed to produce hollow particles
for the encapsulation of drugs and subsequent controlled drug delivery [105].

Scheme 4.6 Scheme of multilayer coating on AuNP (Au@PE—polyelectrolyte-covered gold
nanoparticle) based on PE dissolved in solutions of different ionic strengths [74, 87]
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In the next report, the ability of two chemically different polynorbornenes to
stabilize silver nanoparticles was studied. The two cationic polymers, at two dif-
ferent molecular weights each, shown in Scheme 4.8, were made from oxanor-
bornene monomers via ring-opening metathesis polymerization (ROMP) following
reports by Tew and coworkers [106, 107]. Polyguanidino oxanorbornene (PG) has a
remarkable combination of potent antimicrobial activity and low
membrane-disruptive properties. Its amino counterpart, polyamino oxanorbornene
(PA), interestingly does not possess these properties [106]. Additionally, the
cell-permeating activities of polyarginines [108], synthetic guanidinium-containing
polymers [109], and, in particular, the PG reported here [110] have recently led to
the development of several other polynorbornene derivatives that efficiently act as
protein transduction mimics [111].

The size and the higher-order organization of the nanoparticles appear to be
dependent on the type of cationic moiety present and the length of the polymer.
Importantly, the silver nanoparticles synthesized in this report are also effective in
catalyzing the reduction [113] of 4-nitrophenol to 4-aminophenol in the presence of
excess NaBH4 following pseudo-first-order kinetics. This reduction is unfeasible in
the presence of the strong reducing agent, NaBH4 without the nanoparticle catalyst.
Since PG is water soluble and biocompatible [111].

Four different polymer-stabilized silver nanoparticles AgNP-PG-5K,
AgNP-PG-25K, AgNP-PA-3K,, and AgNP-PA-15K were simply synthesized by
reducing silver ion in aqueous solutions of the PA- or PG-type polymer. The
absorbance maximum observed at 392–420 nm is characteristic of silver surface
plasmon resonance [114]. Figure 4.1 (a left panel) shows the UV–Vis spectra of
AgNO3 (curve 1), aqueous PG-5K (curve 2), aqueous PG-25K (curve 3), colloidal

Scheme 4.7 Scheme of a multifunctional nanoparticle coated with PE multilayers (external and
internal layers, template for various agents) saturated with various additives: drugs, contrast
agents, radionuclides, proteins, DNAs, etc. [74, 101]
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AgNP-PG-5K (curve 4), and colloidal AgNP-PG-25K (curve 5). In curve 1, there is
only one signal at 301 nm characteristic of silver ion (Ag+) in aqueous solution; in
curve 2, the signal at 250 nm is characteristic of PG-5K in aqueous solution, and in
curve 3, the signal at 250 nm is characteristic of PG-25K. For curves 4 and 5, there
is only a dominant absorption maximum at 399 nm (absorbance 0.54) and 400 nm
(absorbance 0.46), respectively, characteristic of colloidal AgNPs. This is indicative
of AgNP-PG-5K (curve 4) and AgNP-PG-25K (curve 5) nanoparticles being
formed. The dispersity of AgNPs was evaluated by comparing the full width at half
maximum (fwhm) [115] from the UV–Vis spectra. The fwhm of colloidal
AgNP-PG-5K and AgNP-PG-25K are *65 and *80 nm, respectively. This
indicates that AgNP-PG-5K was relatively monodispersed and AgNP-PG-25K was
relatively polydispersed [115]. Curve 1 is for silver ion (Ag+) in aqueous solution,
curve 2 is for PA-3K in aqueous solution with a characteristic signal at 250 nm, and
curve 3 is for PA-1K in aqueous solution with a characteristic signal at 248 nm
(Fig. 4.1, a right panel). For curve 4, there is one dominant absorption maximum at
410 nm (absorbance 0.50) characteristic of the colloidal AgNPs. The fwhm of
colloidal AgNP-PA-3K is *85 nm. This indicates that the sample was relatively
polydispersed [115]. For curve 5, the absorption maximum is at 393 nm (ab-
sorbance 0.07) with an additional shoulder at 485 nm. There is no evidence of the
presence of Ag+ ions in solution from the spectrum. However, the fwhm of col-
loidal AgNP-PA-15K is *130. This is indicative of the fact the AgNP-PA-15K
(curve 5) is relatively polydispersed [116].

UV–Vis spectra shown in Fig. 4.2 demonstrate the stability of colloidal
nanoparticles in aqueous solutions. Colloidal AgNPs have inherent tendency to
oxidize in the presence of oxygen making them less attractive from the point of
view of stability and shelf life [117]. In the presence of the PG polymers, AgNPs
were moderately stable compared to PA-3K and PA-15K. In Fig. 4.2 (a left panel),
the UV–Vis spectra of AgNP-PG-5K (curve 1), AgNP-PG-25K (curve 2),
AgNP-PG-5K-1m (curve 3, sample 1 after 1 month), and AgNP-PG-25K-1m
(curve 4, sample in curve 2 after 1 month) are shown. Absorption maximum of
AgNP-PG-5K (curve 1) at 399 nm (absorbance 0.54) changes to 398 nm

Scheme 4.8 Structures of polyguanidino oxanorbornene (PG, a left cartoon), polyamino
oxanorbornene (PA, a right cartoon), and a cartoon of the AgNP stabilized by PG or PA.
Counteranion (A−) = trifluoroacetate [112]
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(absorbance 0.48) (curve 3) after a month. In addition, the fwhm of colloidal
AgNP-PG-5K changes from *65 to *61 nm after a month. Absorption maximum
of AgNP-PG-25K (curve 2) at 400 nm (absorbance 0.46) changes to 398 nm
(absorbance 0.39) (curve 4) after a month. In addition, the fwhm of colloidal
AgNP-PG-25K changes from *80 to *75 nm after a month. The decrease in
absorbance is about 0.06 units, and the shift in absorption position is not more than
2 nm in both cases. These slight changes indicate that some of the surface silver
atoms are oxidized over the course of 1 month [118], but there is minimal size
decrease and the AgNPs essentially remain relatively monodispersed. In Fig. 4.2
(right panel), the UV–Vis spectra of AgNP-PA-3K (curve 1), AgNP-PA-15K
(curve 2), AgNP-PA-3K-1m (curve 3, sample 1 after 1 month), and
AgNP-PA-15K-1m (curve 4, sample in curve 2 after 1 month) are shown.
Absorption maximum of AgNP-PA-3K (curve 1) at 410 nm (absorbance 0.50)
changes to 400 nm (absorbance 0.36) (curve 3) after a month. In addition, the fwhm
of colloidal AgNP-PA-3K changes from *85 to *73 nm after a month. The
decrease in absorbance is 0.14 units, and the shift in absorption position is 10 nm.
These larger shifts indicate that surface silver atoms are oxidized significantly over
the course of 1 month [118]. However, AgNP-PA-3K essentially remains relatively
polydispersed. The absorption maximum of AgNP-PA-15K (curve 2) at 393 nm
(absorbance 0.07) changes to 403 nm (absorbance 0.034) (curve 4), and the
shoulder at 485 nm disappears after a month. In addition, the fwhm of colloidal
AgNP-PA-15K changes from *130 to *74 nm after a month. This change
indicates that in the course of a month, the large aggregates were dispersed to
relatively larger AgNPs, and some surface silver atoms are also lost as Ag+ ions due
to oxidation [118]. It is worthwhile to mention here that we do not observe any
absorption maximum for the dissociated silver ions (Ag+) in Fig. 4.2 as they are
under the detection limit.

The hydrodynamic diameter of AgNP-PG-5K was estimated to be equal to
*18 nm (DLS). Three populations of the AgNP-PG-25K were found to be located
in 0.6 nm (at 2% intensity), 2.0 nm (at 23% intensity), and 30 nm (75% intensity)

Fig. 4.1 UV–Vis spectra of (1) 10 mM AgNO3, (2) aqueous PG-5K, (3) aqueous PG-25K, (4)
AgNP-PG-5K, and (5) AgNP-PG-25K (left panel); (1) 10 mM AgNO3, (2) aqueous PA-3K, (3)
aqueous PA-15K, (4) AgNP-PA-3K, and (5) AgNP-PA-15K (right panel) [112]
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with a polydispersity index (PDI) of 0.175. Two populations were found for
AgNP-PA-3K in 30 nm (at 88% intensity) and 158 nm (at 12% intensity) with a
PDI of 0.339. Similarly, two populations were found for AgNP-PA-15K in 35 nm
(at 68% intensity) and 2.0 nm (at 32% intensity) with a PDI of 0.090. The TEM
images support all these distributions.

The surface plasmon resonance (SPR band) corresponds to the AgNPs size, and
the redshift in the SPR band qualitatively indicates an increase in AgNPs size [119].
The absorption maxima of 399 nm for AgNP-PG-5K (Fig. 4.2) indicate the pres-
ence of roughly spherical AgNPs, and the corresponding DLS signal displays a size
of 18 nm. Previous literature reports indicate that an SPR band of 402 nm corre-
sponds to a diameter of � 21 nm AgNPs [119]. Thus, UV–Vis absorption maxi-
mum of AgNP-PG-5K provides qualitative size distributions. However, the TEM
image for the dried samples show agglomerates of small grains and some dispersed
nanoparticles. In contrast, the other three sets of AgNPs reported here have two size
distributions with wide polydispersity as indicated by DLS and therefore do not
follow a clear trend corresponding to the SPR absorption maxima.

The changes in specific stretching and bending vibrations of molecules due to
conjugation with nanoparticles can be observed by FTIR spectroscopy [120]. The
characteristic signals responsible for the polymer–AgNPs interaction are C−N
stretching (alkyl), N−H stretching, C–N stretching (aryl), and C=O stretching. The
band at 1177 cm−1 in PG-5K is due to C−N stretching vibration of guanidino group
and this band shift to 1198 cm−1 in AgNP-PG-5K. Only two N−H stretching
vibrations of guanidino group appear at 3189 and 3364 cm−1 in PG-5K. In the
corresponding AgNP-PG-5K conjugates, there are three distinct N−H signals which
are seen at 3216, 3359, and 3437 cm−1. The band at 1273 cm−1 in PG-5K is due to
C−N stretching vibration of cyclic amido group and this band shift to 1319 cm−1 in
AgNP-PG-5K. The C=O stretching vibrations of cyclic amido group appear at
1665 cm−1 in PG-5K. In the corresponding AgNP-PG-5K conjugates, this signal
appears at 1675 cm−1. The observed shifts, especially in guanidino C−N and N−H
stretches, are indicative of the fact that PG-5K binds to the AgNPs surface facing

Fig. 4.2 UV–Vis spectra of: (1) AgNP-PG-5K, (2) AgNP-PG-25K, a month old solution of (3)
AgNP-PG-5K-1m, and a month old solution of (4) AgNP-PG-25K-1m (left panel); (1)
AgNP-PA-3K, (2) AgNP-PA-15K, a month old solution of (3) AgNP-PA-3K-1m, and a month
old solution of (4) AgNP-PA-15K-1m (right panel) [112]
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the guanidino group [120]. For PG-25K, the signals are C−N stretching vibration at
1180 cm−1, N−H stretching vibrations at 3183 and 3357 cm−1, C−N stretching
vibration at 1275 cm−1, and C=O stretching vibration at 1665 cm−1. In
AgNP-PG-25, the corresponding signals are C−N stretching vibration at
1198 cm−1, N−H stretching vibrations at 3340 cm−1, C−N stretching vibration at
1308 cm−1, and C=O stretching vibration at 1658 cm−1. These changes in the FTIR
signals of PG-25 while bound to the AgNPs account for the interaction of the
polymer with AgNPs [120]. Similar results were observed in AgNP-PA systems.
The changes in the FTIR signals of PA are due to the complexation with the
nanoparticles’ surface [121].

The problem concerning of particle aggregation within the solution can be lar-
gely overcome by transferring the metal nanoparticles on to a polymer template [6].
Poly(vinyl alcohol) (PVA, Chart 4.3) could be considered as a good host material
for metal nanoparticles, due to good thermostability and chemical resistance.
Sodium poly(c-glutamic acid) (PGA, Chart 4.3) , a water-soluble and biodegrad-
able polymer, is a linear homopolypeptide made of only glutamic acid residuals in
c-peptide bond linkages with the degree of polymerization ranging from 1000 to
12,000. Each repeating unit of PGA contained one carboxyl group with specific
affinity, which is useful for tissue culture and many food, biomedical, and industrial
applications [7].

When the merely AgNO3 precursor injected into the PVA solution, a very broad
UV–Vis band appeared [122]. When the PGA-capped AgNO3 solution added, it
could be seen that the SPR absorption band exhibited sharper, peaking at about
380 nm (10 wt% PGA). The redshift of SPR peaks increased with the increasing
PGA addition. The similar effect occurred in the silver/PVA nanoparticle film.
However, the observed SPR peaks of films were higher than those of silver solution.
As we know, from the shape of the SPR absorption peak, we can bear witness to the
changes of the size distribution. If the nanoparticle in polymer is monodisperse,
the peak shape is symmetric and the fwhm is small [123]. It is shown in Fig. 4.3,
the PGA/PVA/Ag nanocomposite exhibited more symmetric band and narrower
fwhm, suggesting that the size distribution of the silver nanoparticles is uniform and
well dispersed. The redshift to the longer wavelengths and narrowing of the SPR

Chart 4.3 Chemical structure of PVA and PGA
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absorption band upon incorporation of silver nanoparticles into PVA matrix could
be induced by regular agglomeration in the presence of macromolecular PGA
stabilizer.

The mechanism of silver nanoparticle-embedded PVA nanocomposite could be
summarized as three steps. In the first step, the cationic silver ions (Ag+) interact
with negative carboxylic PGA–COO−. In the next step, metallic complex into PVA
solution is reduced to silver atoms and then nearby silver atoms aggregate at close
range. The aggregates are the primary nanoparticles. Finally, the primary
nanoparticles coalesce with other nearby primary nanoparticles or interact with
PGA to form larger aggregates, which are the secondary (final) nanoparticles.
During this process, PGA is expected to inhibit the further aggregation of silver
nanoparticles and to stabilize the dispersed Ag nanoparticles in silver colloidal
solution. That is, the silver nanoparticles should be encapsulated into macro-
molecular polymer-PGA. When PGA in the solution is varied from 5 to 10 wt% at
constant AgNO3 concentration, the number of silver ions that can interact with a
molecule of PGA increases as the amount of PGA in the solution increases. As a
result, the number of silver atoms presented at close range increases, hence
increasing the average size of the silver nanoparticles. Manna et al. [124] described
the silver nanoparticle formation mechanism using N-hexadecylethylenediamine as
stabilizer. The result showed the more stabilizer induced, the bigger silver
nanoparticle formed. The silver nanoparticles remain monodispersed and spheroid,
due to the encapsulated effect of PGA. However, the status is dynamic, especially in
the solution environment. The as-fabricated silver nanoparticles were easy to dis-
assemble or reaggregate in the diluted solution, although stabilized with PGA. The
presence of spherical silver particles with an average diameter of about 20 nm can
be seen in a TEM image. Of all silver colloidal solution indicated no significant
difference. The dissociation process of silver nanoparticles as the function of the
extent of dilution was also described in Shin et al. [125] study. In a word, the
reduction of silver salts with PVA in the presence of PGA with a longer chain leads
to the formation of silver nanoparticles that are stable in solution. In particular,

Fig. 4.3 Absorption spectra
of as-prepared silver/PVA
solution (1–4) and
nanocomposite films: (1′)
PVA; (2′) PVA/Ag; (3′)
5PGA/PVA/Ag; and (4′)
10PGA/PVA/Ag [122]
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fabricated gel film results in sharper and more symmetrical UV–Vis spectra as well
as to more stable dispersions.

In the UV–Vis spectra of the composite film (Fig. 4.3), the absorption band at
around 414 and 421 nm appeared for 5PGA/PVA/Ag and 10PGA/PVA/Ag,
respectively, which indicates that the AgNO3 precursor in the film has changed into
silver nanoparticles and agglomerated. Both of the silver/PVA nanocomposite films
exhibited more symmetric band than that of PVA/Ag, suggesting that the size
distribution of the Ag nanoparticles is uniform and monodispersed.

The SERS signals from the PGA/PVA/Ag were much stronger than that of PVA/
Ag. Furthermore, the enhancement ability of 10PGA/PVA/Ag is estimated to be
about 1.5 times higher than that of 5PGA/PVA/Ag. This result demonstrates that
the SERS activity is related to the size and shape of the Ag nanoparticles. It has
been reported that the largest achievable SERS enhancement was obtained for an
average particle size in the range 100–150 nm [126]. The diameter of most
spherical Ag particles on the 10PGA/PVA/Ag surface was in the range 80–100 nm,
whereas irregular silver particles with 40–70 nm for PVA/Ag. This is an important
reason for the strong SERS signals from the Ag nanocomposite film.

The prominent peaks at 2h values of about 38° and 44° represented the (111) and
(200) Bragg’s reflections of face-centered cubic structure of silver, respectively. It
could be seen that the PVA/Ag did not show the significant appearance of Ag0

phase in the absence of PGA. Furthermore, the XRD intensity of PGA/PVA/Ag
composite increased with the increasing PGA amount, thereby indicating PGA
should be beneficial to form the Ag nanocrystal and responsible for the SERS
performance.

The refluxing of the as-prepared powder to about 100 °C for a few minutes is
considered good enough to generate desired colloidal solution. This, thus, avoided
the generation of surface defects and the alteration in morphology. The word
chemical treatment was still valid as the organic capping on the surface of the big
particles would start dissociating in water (being water friendly in nature) and
would start acting as growth terminating agent to smaller particles that would result
from the loosely held outer surfaces or being trapped in the defective sites of the big
particles. Thus, clear yellow solution indicated the initial formation of nanosilver
which showed excellent absorption phenomenon under visible light. In view of this,
surface-capped powder can be effectively converted to colloidal state via redis-
persion approach and can be subsequently loaded in polymer. Thus, synthesis of
silver nanopowder by use of sodium citrate and sodium formaldehyde sulfoxylate
(SFS) was carried out and the so-obtained powder was redispersed in water to
generate silver colloids [127]. Sodium formaldehyde sulfoxylate is known to be a
mild reducing agent with a sulfoxylate group that helps in terminating the particle
growth and its use in the formation of fine silver powder. The use of these two
reducing-cum-capping agents has resulted in the powder that has a crystallite size
typically in the range of about 30–50 nm as confirmed by X-ray diffraction pattern.
To stabilize these colloidal particles, it is again necessary to use suitable surfactants.
In view of this, one can apply the polymeric matrices such as poly(vinyl alcohol)
and polyvinylpyrrolidone to isolate the nanoparticles. It is observed that even when
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the colloidal solution is loaded in PVA, the band at 275 nm remains unaffected thus
further indicating that the capping is not affected adversely by loading the
nanoparticles in polymer. Similar loading in PVPo, however, leads to broadening of
the band at 400 nm and disappearance of the peak at 275 nm due to the fact that
nitrogen hetero-atom present in the polymer may coordinate with silver ions
because of the vacancy in the d-orbital of silver. The loan pair available in the
nitrogen atom of PVPo would tend to make a temporary chemical bond thus
reducing the number of silver ions, and, therefore, broadened absorption patterns at
about 275 nm due to suppressed surface plasmon resonance are observed.

The UV–Visible spectrum (Fig. 4.4) of the yellow solution showed a
well-defined surface plasmon resonance at � 400 nm in addition to a prominent
band at about 275 nm. The band at higher energy, i.e., 275 nm is reported to be due
to the formation of various types of silver ions such as Ag2+ and Ag3+ due to
clustering. Such presence of silver ions in the present study confirms that the
capping of the nanoparticles by citrate ion leads to better quality of the silver
nanoparticles. The dispersion of the powder if leads to such multiple bands hints
toward the effectiveness of the method. Ershov and Henglein [128] have reported
the reduction of Ag+ on polyacrylate in the aqueous solution and have studied the
kinetic behavior of the reaction during the formation of Ag+ ions. It was reported
that the in situ produced Ag+ ions were bound to the acrylate polymer through a
chemical bonding which later helps the Ag+ ions to get converted into the Ag0.

The clear yellow solution produced can be casted into film easily to study the
optical properties of silver nanoparticles. Thus, initial big particles can be loaded
into the polymeric matrices leading to optical grade nanosilver via such as a dis-
persion chemical approach. The absorption spectrum of the film in PVA also
showed the peaks due to silver ions at about 280 nm and a surface plasmon res-
onance band at about 420 nm which is shifted by about 20 nm in comparison with
the values that are obtained in solution. The redshift of the absorption values in
films is normally considered due to the aggregation of the particles during the film
formation.

TEM analysis of as-isolated silver nanoparticles from the present method
showed the particle size to be less than 30 nm. The morphology of the particles is

Fig. 4.4 UV–Visible spectra
of silver nanoparticles
generated by the redispersion
of the powder in water alone
and loaded in polymers, (1)
Ag in water, (2) Ag@PVA,
and (3) Ag@PVPo [122–125]
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spherical with homogeneous distribution yet some clustering was observed due to
the presence of capping agent. The electron diffraction analysis revealed all dull
rings indicative of poor Bragg’s reflections conforming to the amorphous nature of
AgNPs. Particle size analysis was performed to understand the size distribution in
as-prepared silver nanoparticles by the current method. Particle size distribution by
dynamic light scattering technique (DLS) is in the range of 10–40 nm. The particles
are monodispersed within a narrow range of about 25 nm without the presence of
polymer. It is seen that the distribution of particles further narrows down between 5
and 10 nm showing that the particle nucleation can be controlled by the use of
suitable polymers such as PVA and PVPo. The role of polymer for better surface
protection of the nanoparticles is therefore highlighted.

4.2.1.2 Copolymers

Copolymers that have ion-exchangeable capacity can be used in many fields of
science. These copolymers often used contained phosphonic acid groups and had a
low molecular weight. The preparation route was based on an initial complexation
of the polymer to metal cations, and then, the metal ions were reduced into
nanoparticles. The metal nanoparticles were stabilized by an ion-exchange polymer.
The surface morphology indicated that cubes and rectangular prism structures of
silver were formed [129]. Copolymers such as cyclodextrin grafted with poly
(acrylic acid) can be used to produce nanosized noble metal nanoparticles particles.
These copolymers reduce and stabilize the silver ions that yielded AgNPs. The
concentration of the alkali, AgNO3, the copolymer, and the method of heating all
played a role in determining the size of the gathered nanoparticles. Further
experimentation proved that the silver nanoparticles had antibacterial properties
[130]. Poly(methyl vinyl ether-co-maleic anhydride) (PVM/MAn) could be used as
a reducing and stabilizing agent as well. The nanoparticles synthesized were stable
at room temperature for up to a month and had a 5–8 nm coat of PVM/MAh
surrounding them [131]. MAn-based copolymers consist of a wide variety of
copolymers with diverse applications including compatibilizers and coupling agents
with polyolefins and as thickeners, dispersants, and stabilizing agents. Herein
factors involved in the synthesis, such as the acidity, initial concentrations of
starting materials, and the molar ratio of the reactants were all varied. Some dis-
persing agents were used to keep the nanoparticles from accumulating and were
analyzed for morphology, particle size, the elemental composition, etc. It was also
determined that the nanoparticles were fcc structures, not aggregating, and very
spherical in shape. The average particle was 10.2–13.7 nm in size, depending on
what was used to reduce the ions (citrate or ascorbic acid). The zeta potential was
from −40 to −42 mV and was influenced mainly by the nanoparticles acidity and
size [115]. Formaldehyde, when reacted with ammonium hydroxide, forms a
polymer that influences the way in which the silver attaches to the substrate, as well
as the way it coats it. When there are no favorable conditions for the synthesis of the
polymer, the nanoparticles formed will be concentric and will have a plasmon
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resonance between that of gold and silver which occurs at 498 nm. By knowing
this, the amount of formaldehyde used can be drastically decreased, by 100-fold,
which would lead to a more environmentally friendly synthesis [132].

Poly(ethylene oxide) (PEO), poly(N-isopropylacrylamide) (PNIPAM),
amine-functionalized polymeric dendrimer, template block copolymers, etc., have
been used for the synthesis of core@shell gold nanoparticles structures [133–136].
Block copolymers, especially amphiphilic polystyrene-block-poly(ethylene oxide)
(PSt-b-PEO) [137], polystyrene-block-poly(vinyl pyridine) (PSt-b-PVP) [138], and
polystyrene-block-poly(acrylic acid) (PSt-b-PAcrA) [139, 140], have been used to
prepare aggregation-free AuNPs. For example, poly(block comacromonomer)s
consisting of a poly(2-vinylpyridine) and of a polystyrene block with the
methacryloyl group attached to the poly(vinylpyridine) end were synthesized by the
Schmidt group and used as templates for the formation of gold clusters and
nanowires [141]. Arborescent polystyrene-graft-[poly(2-vinylpyridine)-
block-polystyrene] copolymers were also applied to the preparation of gold
nanoparticles [142]. Taton et al. prepared gold@polymer nanoparticles with
cross-linked block copolymer micelles [14]. Shi et al. reported the synthesis of
gold@polymer nanoparticles mediated with a triblock copolymer of poly(ethylene
glycol)-b-poly(4-vinylpyridine)-b-poly(N-isopropylacrylamide) (PEG-b-P4VP-b-
PNIPAM) by changing the pH or temperature of the triblock copolymer aqueous
solution [143]. Yoo et al. [144] reported a simple, one-pot process for
hydroxyl-functionalized gold nanocrystals with precise morphology control by a
surface-regulating copolymer, poly(vinyl pyrrolidone-ran-vinyl acetate). A new
class of amphiphilic polystyrene-block-polycysteine copolymers was synthesized
and used to conjugate with AuNPs to inhibit particle aggregation [43]. Watson et al.
[145] prepared hybrid nanoparticles with block copolymer shell structures by the
use of transition-metal catalyzed ring-opening metathesis polymerization and
surface-functionalized AuNPs. To enhance the stability of the surfactant layer of the
AuNPs, chemically cross-linking the surfactant molecules has been investigated
[34, 139, 146]. For example, PSt-b-PAcrA and PMMA-b-PAcrA were used as
encapsulating amphiphiles, and the hydrophilic poly(acrylic acid) block of the
assembled polymer layer was cross-linked using aqueous carbodiimide/diamine
coupling [147]. Up to date, although many approaches have been suggested, there
is still a strong demand for a simple, facile route to prepare stable gold@polymer
nanoparticles.

Claiming that a high density of COOH-groups benefits the formation of
fluorescent silver nanoclusters compared with short linear polymers, a star-like
polymer with 36 arms, polyglycerol-block-poly(acrylic acid), was later used to
prepare silver nanoclusters under similar conditions [148]. Nevertheless, also linear
polyacrylates or polymethacrylates such as poly(methacrylic acid) can act as an
excellent scaffold for the preparation of silver nanoclusters in water solution, by
photoreduction with visible light [149], UV light [150] or sonochemically [151].
Molar ratios COOH: silver can be very flexible, 1:0.15–1:3, when using visible
light as reported by Ras et al. [149]. Poly(methacrylic acid)-stabilized nanoclusters
have an excellent stability (no visible changes for 3-year-old samples) [149], a high
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quantum yield (*18.6%) [150] and can be transferred to other scaffolds [152] or
solvents [153] and can sense the local environment [149]. The sonochemical pro-
cess was as well successfully used with scaffolds as poly(acrylic acid) and poly-
(acrylic acid-co-maleic acid) [151]. Silver nanoclusters formed in (meth)acrylates
present in general a single emission band centered in the region from about 550 to
650 nm. Silver nanoclusters prepared in poly(methacrylic acid) exhibit electro-
chemiluminescence, also called electrogenerated chemiluminescence [149].

A PEO-based nonionic block copolymer (poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) (PEO-PPO-PEO)) templates the synthesis of lumi-
nescent silver particles, with a mean diameter below 10 nm. The fluorescence can
be observed even in the absence of the block copolymer, but the fluorescence
intensity increases with the polymer concentration. It is claimed that the emission is
caused by silver nanoclusters chemo-adsorbed on the nanoparticle surface [154].
For instance, silver nanoparticles with diameters of 10 nm can be coated by poly
(4-vinylphenylboronic acid-co-2-(dimethylamino)ethyl acrylate) to obtain a
fluorescent nanocomposite gel capable of sensing glucose [155]. The gel exhibits
volume phase transitions induced by glucose, thereby changing the local refractive
index of the medium surrounding the silver particles and producing changes in their
fluorescent properties [155]. Another example of fluorescent metal nanoparticles are
silver/gold bimetallic cores coated by a PEG-based hydrogel prepared with 2-
(2-methoxyethoxy)ethyl methacrylate as monomer and poly(ethylene glycol)
dimethacrylate as cross-linker. The reversible thermoresponsive volume phase
transition of the PEG-based gel can modify the environment of the metal
nanoparticles and hence their fluorescence intensity, facilitating application for
sensing environmental temperature increases, offering a thermotriggered drug
release and fluorescently imaging of cancer cells [156].

Oligo (ethylene glycol) methacrylate (OEGMA, Mn = 300 g mol−1) was poly-
merized by reversible addition-fragmentation chain transfer (RAFT) polymerization
[157, 158], yielding POEGMA (Mn,SEC = 7300 g mol−1 and PDI = 1.08).
The POEGMA was then chain extended in the presence of dimethylaminoethyl
methacrylate (DMAEMA) in toluene (Scheme 4.9, Chart 4.4), yielding a diblock
polymer (constituted by 15 units of DMAEMA). The diblock copolymer was then
chain extended using RAFT dispersion polymerization of styrene to yield a triblock
copolymer (Scheme 4.10). Similar copolymers were also used for the
stabilization/reduction events and the formation of noble metal nanoparticles. The
molecular weight shoulders of POEGMA-b-PDMAEMA-b-PSt triblock copoly-
mers were observed at different polymerization times and were attributed to the
formation of PSt—PSt radical coupling during the dispersion polymerization. All
radical generated in these reaction systems take part in the reduction of metal salts.
Similar observations were also noted in previous publication using dispersion
polymerization [159].

SEC analysis confirmed the successful chain extension of POEGMA-b-
PDMAEMA with a gradual increase of the molecular weight as the dispersion
polymerization progressed (Figs. 4.5 and 4.6) [160]. The POEGMA homopolymer,
POEGMA-b-PDMAEMA diblock copolymer, and POEGMA-b-PDMAEMA-b-PSt

346 4 Polymer Template-Directed Synthesis



triblock copolymers were all characterized by 1H NMR. Characteristic signals of
POEGMA homopolymer were observed between 4.3 and 3.3 ppm with
dithiobenzoate end groups at 7.2, 7.5, and 7.8 ppm. After chain extension with
PDMAEMA, new signals appeared at 2.55 and 2.30 ppm, consistent with methy-
lene protons adjacent to the tertiary amino group and methyl protons on the tertiary
amine besides POEGMA peaks in the mid-spectrum. After the final chain exten-
sion, the presence of aromatic protons of polystyrene at around 6.6 and 7.1 ppm
confirmed triblock copolymer formation. 1H NMR was also employed to estimate
the molecular weight of the triblock copolymers. The molecular weight values
determined by SEC were slightly lower than the values calculated via NMR:

Mn;NMR � 10�4=ðg=molÞ=time ðhÞ : 3:2=6; 3:7=12; 4:3=18; 4:4=24; 5:6=32 and 5:7=40
ð3Þ

Mn;SEC � 10�4=ðg=molÞ=time ðhÞ : 2:2=6; 2:4=12; 2:9=18; 3:2=24; 3:7=32 and 3:8=40
ð4Þ

PDI=time ðhÞ : 1:3=6; 1:43=12; 1:45=18; 1:41=24; 1:43=32 and 1:45=40 ð5Þ

The morphologies that formed during the dispersion polymerization were
investigated by TEM and DLS measurements. Number-average particle sizes of the
triblock copolymers were measured as 34 nm after 6-h polymerization time and
436 nm after 40 h:

d ðnmÞ=time ðhÞ : 34=6; 45=12; 67=18; 78=24; 210=32 and 436=40: ð6Þ

TEM images revealed morphology transitions with increasing monomer con-
version (time), going from micelles to rodlike structures and then to vesicles
(Fig. 4.7). The morphology progression was mainly influenced by the DPn of the
PSt block (Fig. 4.7). Micelles were observed after the PSt block reached 200
repeating units, and finally, vesicles were formed with 440 PSt repeating units.

Di- and triblock nonionic copolymers based on poly(ethylene oxide) and poly
(propylene oxide) were studied for the stabilization of nanoparticles in water at high
ionic strength [161]. The effect of the molecular architecture (di- vs. triblock) of

Scheme 4.9 Schematic illustration of POEGMA homopolymer (1, M/CTA/AIBN = 50/1/0.125,
in acetonitile) and POEGMA-b-PDMAEMA diblock copolymer synthesis (2,
M-CTA/DMAEMA/AIBN = 1/500/0.2, in toluene, 70 °C) [157, 158]
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these amphiphilic copolymers was investigated by using gold nanoparticles
(AuNPs) as probes for colloidal stability. The results demonstrate that both di- and
triblock copolymers can provide long-term stability and that in both cases AuNPs
are individually embedded within globules of polymers. However, in the case of
diblock copolymers, the colloidal stability was related to the formation of micelles,
in contrast with the case of triblock copolymers, which were previously shown to
provide good stability even at concentrations at which micelles do not form. Quartz
crystal microbalance (QCM) experiments showed that the presence of the hy-
drophobic block in the structure of the polymer is important to insure quantitative
adsorption upon a gold surface and to limit desorption. It was demonstrated that
with an appropriate choice of polymer, the polymer/AuNP hybrids can also undergo
filtration and freeze-drying without noticeable aggregation, which can be very
convenient for further applications. Finally, preliminary studies of the cytotoxicity
effect on fibroblast cells show that the polymer/AuNP hybrids were not cytotoxic.
TEM micrographs on ultrathin sections of cells after incubation with the colloidal
solutions showed that the nanoparticles were internalized into the cells, conserving
their initial size and shape.

A thiol-reactive amphiphilic block copolymer poly(ethylene oxide)-block-poly
(pyridyldisulfide ethyl methacrylate) (PEO-b-PPDSM) was used for coating gold
nanoparticles [162]. The resultant polymer-coated AuNPs have almost neutral
surfaces with slightly negative zeta potentials from −10 to 0 mV over a wide pH
range from 2 to 12. Although the zeta potential is close to zero, the PEO-b-PPDSM

Chart 4.4 Chain transfer agent (CTA) (1), oligo (ethylene glycol) methacrylate (OEGMA) (2),
and dimethylaminoethyl methacrylate (DMAEMA) (3)

Scheme 4.10 Schematic illustration of dispersion polymerization of styrene initiated by AIBN in
acetonitrile in the presence of POEGMA-b-PDMAEMA (M-CTA/St/AIBN=1/500/0.2) [157, 158]
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copolymer-coated AuNPs was shown to have both good stability in various
physiological conditions and reduced nonspecific adsorption of
proteins/biomolecules. It was reported that this copolymer confers three desirable
characteristics. First, the multiple PDS groups on the PPDSM block interact with
AuNPs through multiple Au–S binding sites so that stable and individually dis-
persed AuNPs in aqueous solution could be formed. Second, the resultant
nanoparticles have neutral surfaces since there are no charged groups on polymer.
Third, because of the multiple pyridyldisulfide groups on the PPDSM block, these
individually dispersed nanocomplexes with an overall hydrodynamic size around
43.8 nm can be directly functionalized via disulfide–thiol exchange chemistry.

Fig. 4.5 SEC traces (curve 1:
POEGMA, curve 2:
POEGMA-b-PDMAEMA)
[157, 158]

Fig. 4.6 SEC traces of the POEGMA-b-PDMAEMA-b-PSt triblock copolymers at different
polymerization times (curves 1–4) (left panel); Evolution of molecular weight (curve 1) and PDI
(2) versus monomer conversion (right panel) [160]
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Two types of amphiphilic gold nanoparticles (AuNP-1 and -2) grafted with a
mixture of poly(N-isopropylacrylamide) (PNIPAM) and polystyrene (PSt) chains
in two different compositions have been successfully prepared with the
“grafting-to” method in a homogeneous THF phase [31]. Langmuir monolayer
experiments at the air–water interface of the two types of AuNPs revealed different
compression isotherms of the surface pressure versus particle area (p–A curve)
conducted at 20 °C. These amphiphilic gold nanoparticles can be regarded as
analogues of amphiphilic diblock copolymers at the air–water interface. The
compression isotherm of AuNP-2 with a PNIPAM:PSt ratio of 2:1 showed several
characteristic regions that can be attributed to the polymer conformational transi-
tions from the pancake, the pancake to brush transition, to the brush. However, the
monolayer of AuNP-1, with a ratio of 5:1 of PNIPAM:PSt, never reaches a brush
stage but showed an extension of the pseudo-plateau region upon compression.
These differences may be due to the more hydrophilic nature and the more stretched
PNIPAM chains. Furthermore, the sessile drop contact angle measurements, con-
ducted at room temperature on both upper and lower surfaces of the AuNP-2
monolayer transferred at 35 mN/m onto either hydrophilic or hydrophobic sub-
strates, are slightly different,*82° and *77°, respectively. After comparing with
the literature data of the contact angles of water on either the pure PSt film or the
PNIPAM brush, it was concluded that the chemically different PNIPAM and PSt
chains grafted on the surface of the gold core tend to be phase-separated [31].

4.2.2 NMNPs-Decorated Polymer Structures

This structure consisting of the polymer core and metal shell is reverse to that was
discussed above. Microgels of poly(N-isopropylacrylamide-co-acrylic
acid-co-acrylamide), for example, can be used to template the formation of
fluorescent silver nanoparticles [163]. The polyacrylamide fragments serve as

Fig. 4.7 Morphology progression by the DPn of the PSt block [160]
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stabilizing ligands. Poly(acrylic acid) fragments induce a pH-sensitive volume
phase transition of the gel by shrinking during protonation, resulting in an
enhancement of the photoluminescence intensity. Whereas the PNIPAM compo-
nent is used to induce temperature-responsive volume phase transition to control the
size particle, it is suggested that the small silver nanoclusters can coexist with the
large silver nanoparticles [163].

Poly(N-isopropylacrylamide-acrylic acid-co-2-hydroxyethyl acrylate) microgel
particles as a scaffold were also used to form fluorescent silver nanoclusters. The
microgel particles contain not only OH-groups but also COOH-groups. However,
the acrylates only are claimed to be critical for the formation of nanoclusters.
Additionally, the scaffold exhibits stimuli-responsive volume changes under vari-
ation of external factors such as temperature and pH, facilitating the application of
nanoclusters. The nanoclusters were prepared with UV irradiation in molar ratio
COOH:Ag of 1:1 [164]. Acrylates were already used for the synthesis of small
silver nanoclusters by c-irradiation, but no fluorescence was reported [128].

Infinite coordination polymer particles (ICPs) are a class of emerging functional
materials that are formed by bridging repeating organic ligands with metallic nodes
[165]. Over the past decades, the ICPs have attracted enormous research interest in
chemistry and materials science, because they can be made from readily available
and highly tailorable metal and ligand precursors, have chemically adjustable
porosities and high internal surface areas, and provide with a network structure that
can be deliberately and easily modified for many applications [166, 167]. The
outstanding properties acquired have promised potential applications across various
technological fields including various templates, gas sorption and separation,
molecular sieving, drug delivery, photonics, heterogeneous catalysis, and
biosensing [168–170]. A new path to design multifunctional ICPs materials has
been opened up by the incorporation or integration of other functional materials into
ICPs. However, few research involving in different types of metal nanoparticles
(Au, Ag, Pt, etc.) incorporated into different ICPs structures has been reported.
Accordingly, the key challenge herein is to determine appropriate methods that can
help to generate the interaction between the incorporated metal nanoparticles and
ICPs materials.

Lu et al. have explored a novel nanocomposite (AgNP-decorated thionine/ICP
fibers)-based biosensor for detecting carcinoembryonic antigen (CEA) with low
detection limit, and to developed a stable, sensitive, simple, and low-cost label-free
immunosensor [171]. Infinite coordination polymer fibers were prepared by mixing
aqueous HAuCl4 solution, AgNO3 solution, and ethanol solution of
1,10-phenanthroline at room temperature. The AgNP-decorated thionine/ICP
(AgNP/THI/ICP) fibers are prepared by direct adsorption of preformed, nega-
tively charged AgNPs onto the surface of ICP fibers. Thionine is used to adhere the
AgNPs to the ICP fibers and acts as the redox probe. The AgNP/THI/ICP fibers not
only favor the immobilization of antibody but also facilitate the electron transfer.
The low magnification SEM image of the ICP fibers indicated that they consist of a
large amount of one-dimensional (1D) structures about several tens of micrometers
in length. The high magnification SEM image reveals that these 1D nanostructures
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are fibers with widths in the range of 50–200 nm. The peaks of C, N, Au, and Ag
determined by the energy-dispersed spectrum (EDS) indicate that they are formed
from 1,10-phenanthroline, thionine, HAuCl4, and AgNO3. It is well known that
nitrogen ligand can coordinate with Au(III) and Ag(I) [172]. The formation of such
nanobelts can be attributed to coordination-induced assembly from Au(III) and Ag
(I). The low magnification SEM image of the AgNPs/THI/ICP fibers indicates that
they consist of a large amount of 1D structures about several tens of micrometers in
length. The high magnification SEM image further reveals that such 1D fibers
shrink together after the adding of thionine solution, due to the p–p stacking
interactions of thionine. It is important to note that small nanoparticles are observed
on the fibers, indicating that the citrate-stabilized AgNPs are adsorbed on the
surface of the ICP fibers.

A large amount of very small silver nanoparticles is also observed on the THI/
ICP fibers. The interplane distance calculated from the HRTEM image taken from
one nanoparticle is 0.235 nm, corresponding to the (111) lattice space of metallic
silver, indicating the nanoparticles are AgNPs [173]. It is observed that discrete dots
in the electron diffraction pattern show that the silver nanoparticles are crystalline in
nature [174]. The selected area electron diffraction (SAED) pattern has also been
obtained by directing the electron beam perpendicular to one of the small particles.
The hexagonal symmetry of diffraction spot pattern shown confirms that the par-
ticles are well crystalline, and its face is mainly indexed to (111) planes [175]. Both
HRTEM image and SAED pattern confirm that the silver nanoparticles on
AgNPs/THI/ICP fibers are single crystals.

The FTIR peak at 723 cm−1 is assigned to the in-planar swing of (–CH2–)n
(n > 4) [176]. The peak observed at 1414 cm−1 can be attributed to a totally
symmetric stretching of the phenazine heterocyclic ring [177]. The characteristic
N–H symmetric absorption bands in 1,10-phenanthroline occur at 3380 cm−1 [178].
These observations are consistent with the original composition of
1,10-phenanthroline. FTIR spectra of AgNPs/THI/ICP fibers are also measured.
The characteristic N–H asymmetric absorption bands in 1,10-phenanthroline occur
at 3526 cm−1. The peaks at 2919 and 2851 cm−1 can be assigned to the symmetric
stretching vibrations of –CH3 group and –CH2 groups, respectively [179]. The peak
at 1330 cm−1 is attributed to the stretch of hydroxyl (–OH) of the carboxylic group
[180], which is attributed to the citrate-stabilized AgNPs. As a result, FTIR spectra
have demonstrated that the AgNPs/THI/ICP fibers contain the carboxylic group and
primary amines (–NH2), which can provide a favorable microenvironment for
immobilization of various biomolecules or their fragments without additional
immobilized reagent [171].

The differential pulse voltammetry (DPV) responses of bare glassy carbon elec-
trode (GCE) , AgNPs/THI/ICP fibers-modified GCE (AgNPs/THI/ICP/GCE),
anti-CEA-modified AgNPs/THI/ICP/GCE (anti-CEA/AgNPs/THI/ICP/GCE),
BSA-modified anti-CEA/AgNPs/THI/ICP/GCE (BSA/anti-CEA/AgNPs/THI/
ICP/GCE), and CEA-modified BSA/anti-CEA/AgNPs/THI/ICP/GCE were repor-
ted. The bare GCE exhibits a remarkable current peak about −100 lA in intensity at
0.16 V versus Ag/AgCl. After the AgNPs/THI/ICP fibers are coated on the surface of
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bare GCE, the current peak is significantly increased to approximately −112 lA,
exhibiting the excellent conductivity of AgNPs/THI/ICP fibers. In contrast, when the
electrode is modified with anti-CEA, the peak current is decreased due to the for-
mation of an electron-blocking layer. Subsequently, the immunosensor is blocked
with 1% BSA solution and then incubates in a solution containing CEA. It can be
attributed to the insulating BSA and CEA protein layers on the electrode that retards
the electron transfer [171].

Electrochemical impedance spectroscopy (EIS) is an effective tool for moni-
toring the interfacial properties of electrode during the modification process [181].
In the Nyquist diagram, the linear portion at the low frequencies and the semicircle
portion at the high frequencies correspond to the diffusion-limited process and the
electron transfer-limited process, respectively. The electron-transfer resistance
(Ret) can be estimated from the diameter of a semicircle in an impedance spectrum.
It is observed that the bare GCE exhibits a small semicircle at high frequencies with
a diameter of 488 X and a linear part at low frequencies, which is characteristic of a
diffusional limiting step of the electrochemical process on a bare GCE. After
deposition of AgNPs/THI/ICP fibers, the Ret of 306 X is much smaller than that of
the bare GCE, indicating that the AgNPs/THI/ICP fibers can promote the electron
transfer. When the anti-CEA is adsorbed to the AgNPs/THI/ICP/GCE
(anti-CEA/AgNPs/THI/ICP/GCE), the value of Ret increased to 867 X. The
result is ascribed to the nonconductive properties of anti-CEA which insulates the
conductive support and blocks the electron transfer. Similarly, after the capture of
BSA and CEA, the values of Ret increase to 1328 and 1570 X, respectively. It is
suggested that the formation of hydrophobic immunocomplex layer hinders the
electron transfer. All these observations demonstrate that the AgNPs/THI/ICP
fibers, anti-CEA, BSA, and CEA have been successively assembled on to the GCE
[171].

Metal-organic frameworks (MOFs) are another form of mesoporous materials
that are thermally robust and in many cases highly porous. It is expected that the
crystalline porous structures of MOFs limit the migration and aggregation of
AuNPs. Thus, MOF-supported AuNPs have gained progressive attention since the
first report by Fisher and coworkers in 2005 [182]. In Fisher’s method, the pre-
cursor AuNPs are mixed with MOF-5 and loaded into MOF-5 both by thermal
metal organic chemical vapor deposition (MOCVD) and photo-MOCVD. In
addition, the MOF-5-encapsulated AuNPs were also prepared by solid grinding
without organic solvent (Scheme 4.11) [183].

Such noble metal nanoparticles-decorated microcapsule (MC@NMNPs)
structures are of both scientific and technological importance because of the wide
range of potential applications [185–187], such as catalyst, controlled delivery of
drugs, sensor, and imaging. The incorporation of metal nanoparticles in polymer
microcapsules is an effective way to combine the unique optical, electrical, and
catalytic properties of metal nanoparticles [188–190] with the novel encapsulation
of microcapsules. Furthermore, the synergistic effect between metal nanoparticles
and polymer microcapsules can overcome the shortcomings derived from
nanoparticles and polymer materials and brings some positive impacts to the
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resulting MC@NMNPs [191, 192]. The metal nanoparticle–polymer-decorated
structures were shown to improve the mechanical and thermal performance of
microcapsules, while MCs as the platform can enhance the stability and
amphiphilicity of NMNPs, which significantly decreases the known aggregation of
NMNPs [193]. For example, the Parak group incorporated both gold and Fe2O3

nanoparticles into the wall of a polyelectrolyte capsule to synthesize the light- and
magnetic-responsive microcapsules, which was well-suited for in vitro delivery of
drugs inside cells [194]. Because of the outstanding performance in catalysis, sta-
bility to oxidation, and surface plasmon resonance, noble metal nanoparticles, such
as gold, silver, and platinum, are widely decorated on polymer microcapsules for
the desired function. The remote control of bioreaction in the microcapsule mod-
ified by AgNPs or AuNPs was demonstrated by the Skirtach group [195].

As a result, much effort has been devoted to fabricate MC@NMNPs. Among the
established methodologies, the typical way is usually composed of two steps:
microcapsules were first prepared, and then metal nanoparticles were incorporated
into microcapsules through in situ reduction or electrostatic-driven adsorption.
Through the layer-by-layer (LBL) assembly, the Tsukruk group [196] and the
Caruso group [197] prepared the polyelectrolyte microcapsules, which can adsorb
the precursor of gold, and then embedded AuNPs into the wall of microcapsules
through in situ reduction. Using AuNP with carboxy groups on the surface as a
building block, Geest fabricated the stimuli-responsive multilayer
AuNP/polyelectrolyte microcapsules through LBL [198].

To obtain MC@NMNPs structures through the efficient, convenient, and easy
way, Liu et al. have developed a one-step approach based on the interfacial thiol–
ene photopolymerization, in which microcapsules and metal nanoparticles are
generated simultaneously by irradiation of ultraviolet (UV) light (Scheme 4.12,
Chart 4.5) [199]. The in situ photoreduction of metal ions can minimize the number
of processing steps in fabrication of metal nanoparticles [200, 201]. Using thiol
groups containing POSS (PTPS) as a reactive surfactant, we fabricated the
uniform-sized microcapsules through the one-step toluene/water interfacial thiol–
ene photopolymerization (polyhedral oligomeric silsesquioxane (POSS) containing

Scheme 4.11 Synthetic procedure of MOF-5-encapsulated AuNPs (PCP Porous coordination
polymer) [183, 184]
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thiol groups (PTPS)) [202]. This emulsion-based approach is very appealing for the
large-scale fabrication of microcapsules. Through adding a metal precursor into the
water phase, this approach can be successfully modified to prepare MC@NMNPs,
which were fully characterized by SEM and TEM.

The whole strategy for the fabrication of MC@NMNPs is illustrated in
Scheme 4.12. Toluene containing multifunctional trimethylolpropane acrylate
(TMPTA) and photoinitiator IRGACURE 907 (I907) or ITX
(2-isopropylthioxanthone) serves as the oil phase, while the metal precursor
aqueous solution is used as the water phase (Chart 4.5). In the presence of PTPS as
a reactive surfactant, the oil phase of toluene is emulsified into a water phase
containing a metal precursor to obtain an oil-in-water (o/w) emulsion. As the
reactive surfactant, amphiphilic PTPS is composed of the POSS skeleton,
hydrophobic alkyl chains, hydrophilic poly(ethylene glycol) (PEG) chains, and
thiol groups, which can participate in the thiol–ene polymerization. The star
structure and high molecular weight provide amphiphilic PTPS as the excellent
surfactant, which distributed at the interface of toluene/water. Upon exposure of
365-nm UV light, the radicals generated from photoinitiator system I907/ITX can
be trapped quickly by the thiol groups of PTPS to form sulfur radicals, which then
initiate polymerization of TMPTA (cross-linker) to form the cross-linked wall.
Simultaneously, metal ions diffusing to the interface and adsorbed by the thiol
groups of PTPS can be in situ reduced by the radicals to generate nanoparticles in
the wall. Thus, NMNPs located at the outer layer of the wall of the microcapsule are
covered by the hydrophilic PEG chains, while the thiol–ene cross-linked network of
TMPTA forms the hydrophobic inner layer of the wall of the microcapsule. In this
strategy, the emulsion droplets can serve as templates and guide the thiol–ene
photopolymerization and photoreduction on their surface, resulting in the formation
of MC@NMNPs structures.

Taking the formulation PTPS/TMPTA/toluene/HAuCl4 = 1:0.85:48:5.0 as an
example, the resulting MC-1@AuNPs aqueous solution turned wine-red and
exhibited the characteristic plasmonic band absorption at around 526 nm, sug-
gesting the formation of AuNPs [203]. SEM images revealed that MC-1@AuNPs
took the typical morphology of the microcapsule and nanoparticles distributed at

Scheme 4.12 Whole strategy to fabricate the microcapsules containing metal nanoparticles
(MC@NMNPs): (1) formation of emulsion by adding metal salt aqueous solution and mixing of
reaction solution, (2) UV irradiation starts the thiolene photopolymerization—in situ photoreduc-
tion, (3) toluene removing [199]
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the surface of the microcapsule (Fig. 4.8). The average size of MC-1@AuNP is
*2.2 lm in diameter, with a low polydispersity index (PDI) of 0.10, and the wall is
about 70 nm in thickness, which is determined by SEM analysis. The aspect ratio
between the diameter of MC-1@AuNPs and the thickness of the wall is as high as
around 30, indicating the thin wall. Generally, microcapsules with a thin wall
always collapse and deform under the extreme vacuum conditions of SEM mea-
surement [204]. The typical microcapsule morphology of MC-1@AuNPs is further
supported by the atomic force microscopy (AFM) image. Even under the experi-
ment condition of AFM without vacuum, AuNPs-MC-1 took the deformed mor-
phology of microcapsules, which might be ascribed to the thin wall and high aspect
ratio between the diameter and the thickness of the wall. DLS was also used to
check the size distribution of MC-1@AuNPs in tetrahydrofuran (THF). As shown
in Fig. 4.8, only one peak related to the microscale appeared in DLS curves,
indicating that there are no free AuNPs in the solution and all AuNPs are fixed on
the surface of microcapsules. The average diameter of MC-1@AuNPs determined
by DLS is around 1.5 lm, with a low PDI of 0.05. DLS experiments revealed that
MC-1@AuNPs is uniform, which is in good agreement with SEM observation. The
size of MC-1@AuNPs determined by DLS is smaller than that determined by SEM,
which might be explained by the deformed and flattened morphology of micro-
capsules in the SEM measurement.

The typical morphology of the microcapsule decorated with nanoparticles was
further confirmed by TEM images. As shown in panels of Fig. 4.8, the deformed

Chart 4.5 Chemical structure of the reactive surfactant (PTPS), acrylate cross-linker (TMPTA),
and photoinitiator system (ITX/I907, Iphoto) [199]
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microcapsules are covered by gold nanoparticles with a size of *25 nm. No
nanoparticles appear in the background of the TEM image, and all nanoparticles are
completely fixed in the microcapsules, which are in good agreement with DLS
results. This might be ascribed to the advantages of in situ photoreduction of Au
ions in the wall of the microcapsule [200, 201]. Because radicals are produced only
in the toluene phase and trapped by PTPS at the interface, ions cannot be reduced in
the water phase and metal nanoparticles are generated only in the wall of micro-
capsules. It should be noted that, although the thickness of the wall is thin,
MC-1@AuNPs kept the well-defined morphology and was not destroyed, even
under the extreme vacuum conditions in SEM and TEM measurements.

During the formation of MC-1@AuNPs, the thiol−ene photopolymerization of
TMPTA and the photoreduction of gold ions were traced by Fourier transform
infrared spectroscopy (FTIR) and UV–Vis spectra, respectively (Fig. 4.9). After
irradiation of 365 nm of UV light for 2 h, the peak of 1636 cm−1 assigned to C=C
of TMPTA almost disappeared, indicating that the cross-linked wall of the
microcapsule can form in 2 h. As shown in Fig. 4.9, the characteristic plasmonic

Fig. 4.8 Size distribution histograms of MC-1@AuNPs determined by SEM images and AuNPs
determined by TEM images (top left, curves 1 and 2). Size distribution of MC-1@AuNPs in THF
determined by DLS (right panel). TEM image of MC-1@AuNPs (bottom panel) [199]
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bond absorption of AuNPs at 526 nm did not appear at the beginning of UV
irradiation for 1 h and then increased gradually with the continuing irradiation in
the following 5 h. The in situ photoreduction of gold ions is obviously slower than
the thiol–ene photopolymerization. This can be explained by the fact that the active
radicals generated by irradiation first participated in thiol–ene photopolymerization
to produce the cross-linked wall then reduced gold ions to generate AuNP.

The possible mechanism for the preparation of MC-1@AuNPs via one step
involving the thiol–ene polymerization and photoreduction was proposed in
Scheme 4.13. As the good type II photoinitiator and photosensitizer, ITX was
excited to the excited state by 365 nm UV light irradiation, which can produce
radicals through two approaches (Scheme 4.13a). In the presence of the hydrogen
donor, such as amino and thiol groups, the excited state of ITX can abstract
hydrogen to produce the active radical derived from amine, thiol, and another ketyl
radical from ITX. Because of the steric hindrance and delocalization of the unpaired
electron, the ketyl radical is usually not reactive to the vinyl monomer and cannot
initiate polymerization of TMPTA. The type I photoinitiator I907 can also be
sensitized by the excited state of ITX to produce two types of active radicals.
Except for ketyl radicals, all active radicals can be quickly trapped by –SH of PTPS
(Scheme 4.13b). The thiol–ene reaction proceeds only at the interface via a radical
step-growth polymerization manner, and the excess acrylate continues to poly-
merize through homopolymerization. After almost all acrylate groups are poly-
merized, the active radicals as well as ketyl radicals reduce gold ions to produce
AuNPs (Scheme 4.13c). The reduction happens at the water–toluene interface,
where the gold ions in the water phase can diffuse to the interface because of the
complexity between sulfur of PTPS in the interface and Au ions. Although the ketyl
radical of ITX is not active, Galian et al. [201, 205, 206] have proven that it can
reduce noble metal ions and change back into the ketone. As for this point, ITX can
diffuse to the interface and act as a catalyst for the photogeneration of AuNPs.

Fig. 4.9 FTIR spectra of MC-1@AuNPs exposed under a 365-nm UV light for different times: 0
and 1 h (left panel), UV–Vis kinetics curves [50 min (curve 1), 110 (2), 230 (3), 320 (4), and 440
(5)] of the preparation of MC-1@AuNPs under irradiation by 365-nm UV light (right panel) [199]
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Therefore, both photopolymerization and photoreduction take place only at the
water–toluene interface, which is the key factor to the successful preparation of
MC@AuNPs through a one-step approach.

Through changing the concentration of HAuCl4 or replacing HAuCl4 with
AgNO3 or H2PtCl6, microcapsules decorated with AgNP, PtNP, and the smaller
AuNP can be obtained. As for all MC@NMNPs, the formulation, size in diameter
and thickness of the wall for the MCs, and size of NMNPs varied as follows: size of
AuNPs varied from 3.1 to 25.2 nm, MCs from 2.2 to 2.7 lm, and wall thickness
from 40 to 70 nm. SEM and TEM images showed that the typical morphology of
the microcapsule is covered with the nanoparticles and all metal nanoparticles are
fixed on the surface of microcapsules. The diameter of AuNP and the thickness of
the wall for MC-0.5@AuNPs (1:0.85:48:2.5, the feed ratio refers to the weight ratio
of PTPS/TMPT/toluene/metal precursor) are *5.9 and about 50 nm, respectively.
In comparison with MC-1@AuNP, (1:0.85:48:5.0) the less and smaller AuNP for
MC-0.5@AuNPs should be ascribed to the low concentration of HAuCl4 in
preparation, which is also reflected by the thinner wall of MC-0.5@AuNPs. This
indicated that the size and amount of AuNP on the surface of the microcapsule
might be tunable by this strategy. The solutions of MC-1@AuNPs and
MC-0.5@AuNPs are wine-red and purple-red, respectively, suggesting the different
sizes of AuNP.

As for MC-0.5@AgNPs, the diameter of AgNP and the thickness of the wall are
*13 and *45 nm, respectively. Upon exposure of UV light, the solution of
MC-0.5@AgNPs became orange and exhibited the characteristic SPR of Ag
nanoparticles, suggesting the generation of AgNPs (Fig. 4.10). The size of PtNP in
diameter and the thickness of the wall for MC-0.5@PtNPs are *3.1 and 40 nm,

Scheme 4.13 Proposed mechanism involving in the processes for generation of MCs@NMNPs:
a Toluene phase: Generation of free radicals from the photoinitiator system I907/ITX, Interface:
b Radical mediated thiol–ene polymerization for the formation of the cross-linked wall of
microcapsules, and c Generation of metal nanoparticles through the reduction of metal ions by free
radicals, Iact—active radicals, OR—other radicals [199]
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respectively. Because of the weak SPR of PtNP, the color of MC-0.5@PtNPs
solution is yellow and does not change obviously with the irradiation of UV light.
The size dependence of NMNPs upon the different metals might be ascribed to the
difference in the ability of the sulfur radicals at the interface to reduce different
metal ions. The other factor might be that the diffusion of metal ions from the water
phase to the interface is dependent upon the type of metal ions or the numbers of
NMNPs in each capsule. These factors might mainly cause the different sizes of
various metal nanoparticles. The signals assigned to Au, Ag, and Pt observed in the
X-ray photoelectron spectroscopy (XPS) spectra of MC-0.5@AuNPs,
MC-0.5@AgNPs, and MC-0.5@PtNPs confirm the presence of metal nanoparti-
cles. In comparison with AuNP@MC-0.5, the higher weight retention in the ther-
mogravimetric analysis (TGA) curve of MC-1@AuNPs suggested the high content
of gold nanoparticles, which is in good agreement with the observation in SEM and
TEM images.

Because of the hydrophilic outer layer of PEG, the obtained MC@NMNPs can
be well dispersed in aqueous solution. For example, no obvious aggregation
occurred in MC-1@AuNPs aqueous solution when it was kept for 1 month at room
temperature. To test the catalysis performance of MC-1@AuNPs, the reduction of
4-nitrophenol (Nip) was chosen as the model reaction (Scheme 4.14) [112, 207,
208]. As shown in Fig. 4.11 (left panel), the strong absorption peak of 4-nitro-3-
(trifluoromethyl)-phenol (CF3Nip) at 394 nm decreased gradually after adding
MC-1@AuNPs, while simultaneously, a new peak appeared at 317 nm, which
should be assigned to the product 4-amino-3-(trifluoromethyl)phenol. Because the
concentration of sodium borohydride largely exceeds the concentration of nitro-
phenol, first-order rate kinetics with regard to the nitrophenol concentration could
be used to evaluate the catalytic rate [112]. The conversion of the catalytic
reduction process can be obtained by the ratio of the respective absorption A/A0,
and the apparent rate constant kapp is calculated from the linear plot of ln(A/A0)
versus reduction time. As shown in Fig. 4.11 (right panel), kapp for CF3Nip and Nip

Fig. 4.10 Size distribution histogram of NMNPs decorated on PtNP@MC-0.5 (1),
AuNP@MC-0.5 (2), and AgNP@MC-0.5 (3), respectively [199]

360 4 Polymer Template-Directed Synthesis



are 0.29 and 0.25 min−1, respectively. The higher kapp for CF3Nip might be
ascribed to the encapsulation of the hydrophobic CF3Nip by MC-1@AuNPs in
aqueous solution. As proposed in Fig. 4.11, the encapsulation of CF3Nip can
increase the local concentration of CF3Nip and accelerate its adsorption on the
surface of AuNPs, resulting in the enhancement of the reduction speed. The
excellent catalytic stability might be explained by the fact that AuNPs are well
decorated in the wall of the microcapsule, which can decrease their aggregation
during reaction (Scheme 4.14).

4.3 Dendrimer

Dendrimers (DENs) can be prepared with a level of control not attainable with
most linear polymers, leading to nearly monodisperse, globular macromolecules
with a large number of peripheral groups. DENs, also called arboroles or cascade
polymers, are highly branched, nearly size monodisperse polymers with several
structural properties [209]. These structural features include the incorporation of
metal nanoparticles with precise control over the nanoparticle size [210, 211] and a
defined number of terminal groups for each generation with multiple branch ends,
which can be available for consecutive conjugation reactions [212]. Moreover, they
are able to form stable, dense, well-organized, and close-packed arrays on surfaces.
Indeed, dendrimers are emerging as promising candidates for novel diagnostic
platforms [213, 214]. Dendrimers are highly branched macromolecules with suc-
cessive layers or generations of branch units surrounding a central core. The
characteristic tree-like structural attributes of this class of compounds give rise to
unique intramolecular and intermolecular associations. These functionalized
materials have been utilized in the synthesis of nanoparticles and their

Scheme 4.14 Proposed
scheme of the reduction of
Nip and CF3Nip by a
reducing agent in the presence
of MC-1@AuNPs [199]
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nanocomposites. The dendrimer can be grown outward from a central core, a
process known as the divergent method, or it can be prepared by convergent
method by which the dendrimer is synthesized from the periphery inward, termi-
nating at the core [215]. In the divergent method, synthesis starts with a multi-
functional core followed by repeated addition of monomers and increase in
molecular weight with exponential increase in surface termini. By contrast, the
convergent method starts from the dendrimer surface and proceeds inward to a
multivalent core where the dendrimer segments are joined together. In the divergent
approach, starting from a core molecule (e.g., EDA, ethylenediamine) , poly(amido
amine) (PAMAM) dendrimers are synthesized via alternating reiterations of
exhaustive Michael addition with methyl acrylate (MA) followed by amidation with
EDA [216, 217]. Using the same strategy, nanoparticle core@dendrimer shell
composite particles can be synthesized via a divergent ‘‘grafting-from’’ method
starting from a nanoparticle core [218].

The branching units are described by generation, starting with the central
branched core molecule as generation 0 (G0) and increasing with each successive
addition of branching points (i.e., G1, G2, etc.); dendrimers are often characterized
by their terminal generation, such that a G5 dendrimer refers to a polymer with four
generations of branch points emanating from a central branched core. With each
successive generation, the number of end groups increases exponentially. Dendritic
macromolecules tend to linearly increase in diameter and adopt a more globular
shape with increasing dendrimer generation [219]. As a consequence, dendrimers
have become an ideal delivery vehicle candidate for explicit study of the effects of
polymer size, charge, and composition on biologically relevant properties such as
lipid bilayer interactions, cytotoxicity, internalization, blood plasma retention time,
biodistribution, and filtration. The majority of studies have been performed on
modified polyamidoamine (PAMAM) dendrimer, in part because PAMAM gen-
erations 0 through 10 (G0–G10) are commercially available featuring a wide

Fig. 4.11 UV–Vis absorption spectra of the CF3Nip solution as a function of time during the
reduction catalyzed by MC-1@AuNPs at 25 °C: #/time (min) 1/0, 2/2, 3/4, 4/8, and 5/12 (left
panel). Time-conversion plot of the reduction of Nip (curve 1) and CF3Nip (curve 2) catalyzed by
MC-1@AuNPs at 25 °C (right panel) [199]
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number of peripheral groups (4–4096), end-group functionality (e.g., amine, car-
boxylic acid, hydroxyl) and molecular weights (657–935,000 g/mol). Other den-
dritic molecules under active investigation include poly(propyleneimine), poly
(glycerol-co-succinic acid), poly(L-lysine), poly(glycerol), poly(2,2-bis-(hydro-
xymethyl)propionic acid), and melamine dendrimers (Scheme 4.15). All together,
these dendrimers represent a collection of macromolecules which possess varied
chemical structures and properties (e.g., basicity, hydrogen bonding capability,
charge, etc.) that can be manipulated by increasing dendrimer generation or mod-
ifying surface groups. Over the last few years, mechanistic and systematic studies
have been taken to understand the relationships between the composition, archi-
tecture, and properties of dendrimers toward improved biocompatibility from cell to
tissue and pharmacokinetic considerations including biodistribution and excretion.

The first component in DEN synthesis is the dendrimer itself. By using different
sizes, or generations, of dendrimers, it is possible to control the size of the
nanoparticle to be synthesized. Although there are many types of dendrimers, the
most common is the PAMAM dendrimer. These types of dendrimers are pre-
dominantly terminated with either amine or hydroxyl groups. The notation for these
dendrimers are in the form of Gx-R, where x is generation of the dendrimer and R is
the terminal group of the dendrimer (in most cases R = –OH or –NH2). When metal
ions are introduced to a dendrimer in aqueous solution, they form a complex with
the tertiary amines of the dendrimer notated as Gx-R(Mp+)n, where M

p+ refers to the
metal ions used and n refers to the average number of metal ions complexed within
each dendrimer. After a complex has formed, a reducing agent is introduced in a
high molar excess and the metal ions are reduced to their zerovalent form and come
together within the dendrimer to form the DEN notated as Gx-R(Mn) where M is
the zerovalent metal used and n is the number of metal atoms.

Dendrimer- or dendron-stabilized noble metal nanoparticles are classified in
three parts [220]: (i) NMNPs that are entrapped into the dendrimers or dendrons by
the functional groups (containing S, N, P, and O) and the steric embedding effects.
These nanoparticles are also called dendrimer-encapsulated nanoparticles (DENPs)
and are sometimes used in electrocatalysis [221–223], (ii) NMNPs that are sur-
rounded by several small dendrimers at their periphery are called
dendrimer-stabilized nanoparticles (DSNPs), and (iii) NMNPs prepared as den-
drimer cores and stabilized by coordinating ligands located at the focal points of
dendrons (dendrimer-assembled nanoparticles (DANPs)). The major difference
between DANPs and DSNPs that are generally formed via an in situ process is that
the DANPs are formed on the basis of preformed NPs. With functional groups
located at the dendron periphery, the NMNP assembly provides NMNP-cored
dendrimers containing peripheral functional groups such as redox groups that are
broadly used as redox sensors [224, 225].

Dendrimer-stabilized nanoparticles (DSNPs), thus, are referred to a nanostruc-
ture, where one metal or other inorganic nanoparticle is surrounded with multiple
dendrimer molecules. In general, the DSNPs are formed in the presence of den-
drimers and the formation process under appropriate conditions is in situ. Compared
with DENPs that generally have a size smaller than 5 nm, the size of DSNPs is
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often larger than 5 nm. Metal DSNPs are usually formed under mild reduction
conditions to assist slow nucleation of the particles. The formation of metal DSNPs
also depends on the structure of dendrimers used. In some cases, if low generation

Scheme 4.15 Structures of several dendrimers: Top: (1) PAMAM (left panel), (2) melamine-based
dendrimer (right panel), Center: (3) dendrimer based on 2,2-bis(hydroxymethyl) propionic acid
(left panel), (4) dendrimer based on 5-aminolaevulinic acid (right panel), Bottom: (5) dendrimer
based on glycerol and succinic acid with a PEG core (left panel), and (6) PPI (right panel) [215]
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dendrimers (G1–G3) are used as templates, even fast reduction and nucleation can
still afford the formation of metal DSNPs (instead of DENPs) because the limited
terminal amines and open structures of dendrimers cannot entrap metal nanopar-
ticles inside the dendrimers [226, 227].

Dendrimer-encapsulated gold nanoparticles (AuDENPs) were first published by
Crooks’s and Tomalia’s groups using the polyamidoamine dendrimers as stabilizers
[228], followed by a number of reports dealing with the preparation of
dendrimer-stabilized AuNPs of various kinds. The size distribution of
dendrimer-stabilized AuNPs depends on the initial dendrimer-to-gold ratio [229,
230] and dendrimer generation [231]. Other sulfur groups, hydroxyl groups [232],
benzyl ethers [233], and amine groups [234], allow the synthesis of
dendrimer-stabilized AuNPs [235–237] (Schemes 4.15 and 4.16). In “click” PEG
dendrimer-stabilized AuNPs, stabilization is provided by 1,2,3-triazole coordina-
tion, and the AuNPs are encapsulated in the dendrimers when the latter are large
enough or surrounded by several dendrimers when the latter are too small (zeroth
generation) [211].

Dendrimer-entrapped nanoparticles (DENPs) are often formed using fast
reduction (e.g., sodium borohydride reduction) and nucleation chemistry. The
formation of DENPs consists of two steps. In the first step, metal ions are preor-
ganized by the dendrimer host through ligand–metal ion interactions, salt forma-
tion, acid–base and donor–acceptor interactions, covalent bond formation, steric

Scheme 4.16 Newkome-type dendron-stabilized AuNPs [184, 237]
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confinement, various types of weaker forces (van der Waals, hydrogen bonding,
etc.), and combinations thereof [238]. Meanwhile, due to many possible overlap-
ping equilibrium processes, the binding of metal ions within dendrimer host usually
appears as a nonstoichiometric process. The preorganization results in dendrimer–
metal complexes, which are in dynamic equilibrium with the template and metal
ions. The dynamic equilibrium permits equal distribution of the metal ions between
all the equivalent ligands in the dendrimer molecules, and diffusion provides a
homogenous distribution of metal ions among the dendrimer template. In the sec-
ond step, a reduction of preorganized metal ions results in the formation of DENPs.
A scheme for the synthesis of AuDENPs [37, 239] (Scheme 4.17) gives an example
how the two steps lead to the formation of metal DENPs. In the first step, the
dendrimer is loaded with a precursor salt (H+AuCl4

−), resulting in a charged
dendrimer with the precursor as counterions. In the second step, the chemical
reduction is performed which yields a colloid inside the dendrimer [240].

With PAMAM dendrimers as templates, dendrimer-entrapped gold nanoparticles
(AuDENPs) can be formed with each AuNP entrapped within each dendrimer
molecule [242]. Bimetallic palladium-platinum-DENPs (PdPtDENPs) can be
prepared by cocomplexation of the two corresponding metal complexes by interior
amines of hydroxyl-terminated PAMAM dendrimers, followed by reduction [243].
The size and composition of the resulting DENPs were found to depend on the
metal complex-to-dendrimer ratio and the relative percentages of each metal
complex, respectively. Similar results have been reported by Chung and Rhee for
PdPt and PdRh bimetallic DENPs [244]. It was demonstrated that core@shell
Pd@Au bimetallic DENPs can be prepared using a sequential-loading approach
[245]. This dendrimer-templating technique involves selective reduction of the shell
metal onto a core or seed of the first metal. By choosing a weak reducing agent for
the second step, the reduction can be efficiently catalyzed by the seed of the first
metal. This approach insures that the shell metal only deposits onto the preexisting
cores [246]. A wide range of metal ions including Cu2+, Au3+, Ag+, Pd2+, Pt2+,
Ni2+, and Ru3+ can be preorganized with dendrimers, especially PAMAM den-
drimers to form metal DENPs [238, 247, 248]. Likewise, bimetallic core@shell or

Scheme 4.17 Dendrimer nanotemplating in aqueous solution: a bare PAMAM dendrimer,
b charged dendrimer loaded with gold salt, and c dendrimer with gold nanoparticles inside [240,
241]
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alloy DENPs (e.g., NiAu with a size of 3 nm) can be prepared by coreduction of the
metal ions in the presence of dendrimer templates [249]. In general, the nanoparticle
cores are firstly modified to have a number of primary amine groups, rendering the
reaction with MA possible. Compared with DENPs, DSNPs, and DANPs that are
formed in the presence of preformed dendrimers, the dendrimer part in this type of
hybrid nanoparticles is synthesized via a step-by-step manner, similar to the con-
ventional divergent approach used to synthesize dendrimers.

Thus, the use of PAMAM dendrimers is a unique approach to the preparation of
gold nanoparticles and their hybrids as discussed below [242, 250].
Fourth-generation poly(amidoamine) (G4-PAMAM) dendrimers have been used for
DNA and protein immobilization [251, 252]. However, to reduce nonspecific
protein adsorption and to use the modified surface in the analysis of complex
matrixes, several strategies were attempted [253, 254]. In this field, oligo(ethylene
glycol) (OEG) and peptide-based self-assembled monolayers are well-known
biomaterials providing low specific protein adsorption on a variety of surfaces,
mainly due to steric repulsion and excluded volume effects [254]. The protein
resistance of a SAM-modified surface is dependent on the conformation chain
length, mobility, and surface density of OEG-terminated alkanethiol chains [255,
256].

In recent years, dendrimer-based organic/inorganic hybrid nanoparticles have
received immense scientific and technological interest because of their promising
applications in a broad range of fields, such as catalysis, optics, electronics, and
biomedical applications. The unique properties of dendrimers as well as their
excellent biocompatibility and nonimmunogenicity [257] lead to the synthesis of
various dendrimer-based organic/inorganic hybrid composite nanoparticles for a
range of various applications. The major advantage of using dendrimers to generate
organic/inorganic hybrid nanoparticles is their tunable surface chemistry, providing
many opportunities for the functionalization of the nanoparticle surfaces.

The tunable surface chemistry of dendrimers allows their assembly onto various
nanoparticles. For example, through electrostatic interaction, dendrimers or bio-
functionalized dendrimers can be assembled onto magnetic nanoparticles to stabi-
lize or functionalize the nanoparticles [258, 259]. The dendrimer molecules
assembled onto nanoparticles can be further modified or functionalized, rendering
the particles good colloidal stability, biocompatibility, and biofunctionality [260].
In addition, amine-functionalized nanoparticles can be used as cores for
step-by-step divergent growth of dendrimers of different generations onto the
particle surfaces [261]. The formed nanoparticle core@dendrimer shell composite
particles can be further used as a platform for biomedical applications [262].

Bifunctional hydroxyl/thiol-functionalized G4-polyamidoamine
dendrimer-encapsulated gold nanoparticle conjugates, for example, were synthe-
sized and immobilized on a mixed SAM of alkanethiolates on gold generated from
the (2-(2-(2-(11-mercaptoundecyl-oxy)-ethoxy)ethoxy) ethyl alcohol, (a1), (HS
(CH2)11(OCH2CH2)3OH) and the (2-(2-(2-(2-(2-(2-(2-(11-mercaptoundecyl-oxy)
ethoxy)ethoxy)ethoxy)ethoxy)-ethoxy)ethoxy) acetic acid, (b1), (HS(CH2)11

−

(OCH2CH2)6OCH2CO2H) [263]. Furthermore, the dendrimer density on the surface
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tuned the surface coverage of gold nanoparticles and, thus, the near-field coupling
effects. G4-PAMAM dendrimers were employed as nanotemplates for the forma-
tion of inorganic–organic hybrid colloids in aqueous solution. The addition of
HAuCl4 to the neutral G4-PAMAM dendrimers results in a protonated dendrimer
with AuCl4

− counterions, which were then reduced to metallic gold. The stable
brown-red solution of the resulting colloidal gold formed indicates that the metal
colloids were stabilized by the dendrimer. Furthermore, amine-terminated
G4-PAMAM dendrimers-encapsulated AuNPs were surface modified with a
bioactive functionality, to immobilize proteins, and a bioinert one, to minimize
nonspecific adsorption of proteins. The AuNP-G4-NH2 dendrimer was conjugated
with the heterobifunctional cross-linking agent succinimidyl 6-(3′-[2-pyridyl-dithio]
propionamido)hexanoate (LC-SPDP) through a stable amide bond to provide a
protected thiol in the form of a disulfide bond for dendrimer immobilization and
antibody conjugation. Herein, an average of 13 disulfide groups per dendrimer was
estimated [212]. Remaining amino groups were converted to hydroxyl groups by
reacting with 4-isothiocyanato-1-butanol forming stable thiourea linkages to give
hydroxyl/LC-SPDP-conjugated G4(AuNPs). A stable colloidal solution is formed.
The size distribution indicates that the average diameter of these particles is ca.
1.7 nm.

Mixed self-assembled monolayers (SAMs) comprising the tri(ethylene glycol)-
terminated thiol, a1, and the hexa(ethylene glycol) carboxylic acid-terminated thiol,
b1, were used for modification of sensor chip, by immersing the gold-coated
substrates in solutions of mixtures of a1 and b1 at the stated mole fraction.
Carboxylic acid groups of the modified surface were activated by the activation
reagents (EDC (carbodiimide) /HOBT (1-hydroxybenzotriazole monohydrate)), and
the resulting HOBT-activated groups were conjugated to the heterobifunctional
cross-linker EMCH (Scheme 4.18). The maleimide groups of the SAM-modified
surface were conjugated to the thiol groups in AuNP-G4-OH/SH to immobilize the
dendrimer. The remaining free thiol groups of the immobilized dendrimer were
activated by the heterobifunctional cross-linker N-(e-maleimidocaproic acid)-
hydrazide (EMCH), which was used to attach the protein.

Dendrimer immobilization onto the activated self-assembled
monolayer-modified surface was probed in situ by the SPR shift of the surface.
SPR experiments evidenced that the amount of immobilized dendrimer is controlled
by the composition of the mixed SAM (as the mole fraction between carboxylic
acid-terminated thiol, b1, and hydroxyl-terminated thiol, a1, used to prepare the
SAM). A low density of activated carboxylic acid on the surface induces a small
amount of AuNP-G4-OH/SH dendrimer to attach onto the SAM-modified platform,
resulting in a small angle shift. As the mole fraction of carboxyl SAM increases, the
change in the angle position of the minimum reflectance becomes larger, attaining
the largest plasmon shift for a ratio of carboxylic and hydroxyl SAM close to 0.12,
exhibiting an ellipsometric thickness of ca. 2.4 nm. The initial change in plasmon
angle evolves linearly with the amount of immobilized AuNP-G4-OH/SH den-
drimer; this is consistent with previously reported phenomenon indicating that SPR
shift is roughly linear with AuNP coverage [264]. A significantly higher shift in
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plasmon angle was observed upon the immobilization of AuNP-G4-OH/SH den-
drimer onto a SAM-modified gold surface; in addition, the AuNPs introduced to the
surface with the dendrimers resulted in an increase in the minimum reflectance and
noticeable broadening of the SPR curve, as a result of the localized coupling. The
results of theoretical modeling studies, performed with a Cauchy dispersion rela-
tionship [265], to fit raw experimental data suggested that the thickness of the
AuNP-G4-OH/SH immobilized onto mixed SAM-modified gold surfaces was
2.9 nm. When compared with different generations of neutral PAMAM, synthe-
sized with the same procedure reported for the AuNP-G4-OH/SH, without the

Scheme 4.18 Immobilization of hydroxyl/LC-PDP-functionalized G4-PAMAM
dendrimer-encapsulated AuNP onto mixed SAMs of alkanethiolates on gold derived from tri
(ethylene glycol)-terminated thiol and the hexa(ethylene glycol) carboxylic acid-terminated thiol
(MES buffer, pH 6.5) [263]
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encapsulated AuNP, the thickness of the modified surface increased with the
generation number of the dendrimer [263].

Ellipsometric thickness (nm)/RSD (%) {SAM, G2-OH SAM, G4-OH SAM,
G6-OH SAM, and AuNP- G4-OH SAM}:

2:4=4:2; 2:6=4:8; 2:8=7:0; 3:3=6:5 and 2:9=5:1 ð7Þ

The measured thickness was quite smaller than the bulk phase diameter for the
G2-OH dendrimer that showed a disk-like three-dimensional structure, as opposed
to spherical shapes of G4-OH and G6-OH, that fits the diameters based on modeled
geometry [266]. The surface analysis performed indicates the formation of a den-
drimer monolayer on SAM-modified gold surface as reported with a different
dendrimer-modified surface [252]. The measured value of refractive index of 1.38
obtained for the AuNP-G4-OH dendrimer is within the range of refractive index
reported previously for a G4-OH dendrimer monolayer on gold (n = 1.46) [266].

Using the same strategy, dendrimer-entrapped silver nanoparticles (AgDENPs)
can be acetylated to influence the nanoparticles generation process [267]. In sharp
contrast to the acetylation of AuDENPs, AgDENPs are more sensitive to the
acetylation reaction. The size and size distribution significantly change when dif-
ferent degrees of acetylation reaction were applied. Herein the size of partially
acetylated AgDENPs displays a bimodal distribution (2.9 and 11.0 nm), whereas
the pristine amine-terminated AgDENPs and the completely acetylated AgDENPs
are relatively monodisperse with a size of 2.9 and 11.0 nm, respectively. It indicates
that complete acetylation transfers AgDENPs to dendrimer-stabilized AgNPs
(AgDSNPs). This study suggests that changing the terminal amine groups of the
host dendrimers to acetamide groups significantly affects the reorganization and
nucleation of AgNPs entrapped in the dendrimers. In contrast, in the case of
AuDENPs with similar metal/dendrimer molar feed ratio, even after different
acetylation, the size and size distribution do not change. This difference is pre-
sumably due to the higher reactivity of the silver (Ag0) than the gold (Au0). The
higher reactivity of the silver clusters favors aggregation, resulting in the formation
of larger nanoparticles compared to those of the gold [37, 268].

Shi et al. [269] have utilized amine-terminated PAMAM dendrimers of gener-
ation 2 through 6 as stabilizers to synthesize AuDSNPs by hydrazine reduction
chemistry. For all AuDSNPs, the molar ratios between dendrimer terminal amines
and gold atoms were kept consistent at 1:0.4. Figure 4.12 (left panel) shows the
UV–Vis spectra of AuDSNPs prepared using G2�NH2 through G6�NH2 as stabi-
lizers. The plasmon peak at around 525 nm, which is attributed to collective
oscillation of free electrons in gold nanoparticles [270], is clearly observed for all
samples. Figure 4.12 (right) shows the fluorescence spectra of AuDSNPs and
commercial gold colloid particles (5 and 100 nm). All AuDSNPs were found to be
fluorescent and display strong blue photoluminescence. The maximum excitation
and emission wavelengths were around 397 and 458 nm, respectively, in agreement
with the literature data [271]. In contrast, commercial gold colloids (5 and 100 nm)
that are prepared using citric acid reduction and protection approach do not exhibit
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fluorescence emission, suggesting that the dendrimer stabilizers contribute to the
fluorescence properties of the formed AuDSNPs [272].

The sizes of the formed AuDSNPs for {(Au0)6-G2�NH2}, {(Au
0)12-G3�NH2},

{(Au0)24-G4�NH2}, {(Au
0)57-G5�NH2}, and {(Au0)98-G6�NH2}, respectively, are

as follows. It is clear that all the AuDSNPs are relatively monodispersed except
{(Au0)6- G2�NH2}:

d ðnmÞ=Ggeneration : 15:4=2; 12:0=3; 9:1=4; 8:6=5; 7:1=6 ð8Þ

The first one displays larger size and higher polydispersity, which is attributed to
limited number of amines of G2�NH2 dendrimers to stabilize AuNPs [273]. The size
of the AuDSNPs decreases with the increase of the number of dendrimer genera-
tions, suggesting the different nucleation and growth mechanisms for gold
nanocrystals in the presence of PAMAM dendrimers. At basic pH conditions (pH �
10.4 when dendrimers are dissolved in water), AuCl4

− anions bind preferably to the
protonated amines of PAMAM dendrimers through electrostatic interaction. Larger
generation PAMAM dendrimers have denser structures that would significantly
limit the nucleation, movement, and growth of gold nanocrystals. In contrast,
smaller generation PAMAMs have relatively open structures, which hinder the
growth of gold nanocrystals less significantly than larger generation PAMAMs. The
present AuDSNPs are significantly larger than AuDENPs previously reported [239,
242, 273]. This is because the reduction potential of NH2–NH2 (−0.09 V) used in
this work is significantly smaller than NaBH4 (−0.48 V). Therefore, the slower
reaction rate favors the formation of larger AuDSNPs. The size dispersity of
AuDSNPs synthesized using hydrazine reduction chemistry is comparable with
those synthesized under UV or laser radiation [274, 275]. All the synthesized
AuDSNPs are highly polycrystalline as demonstrated by both the high-resolution

Fig. 4.12 UV–Vis and fluorescence (right) spectra of AuDSNPs. Curve 1, 2, 3, 4, and 5
correspond to {(Au0)6-G2�NH2}, {(Au

0)12-G3�NH2}, {(Au
0)24-G4�NH2}, {(Au

0)57-G5�NH2}, and
{(Au0)98-G6�NH2}, respectively (left panel). Curves 6 and 7 indicate gold colloids with diameter
of 5 and 100 nm, respectively (right panel) [241, 269]
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TEM images and selected area electron diffraction patterns [241, 269]. Zeta
potential measurements confirmed that all the synthesized AuDSNPs are positively
charged with zeta potentials ranging from *26 to *41 mV. This further indicates
that after the formation of the hybrid nanostructures, the terminal amines of den-
drimers are still available to be protonated. The surface charge polarity of
AuDSNPs is similar to the protonated corresponding dendrimers, which was con-
firmed by polyacrylamide gel electrophoresis measurements [269].

AgDSNPs synthesized using amino-, hydroxyl-, and carboxyl-terminated EDA
core generation 5 PAMAM dendrimers (G5�NH2, G5�NGlyOH, and G5�NSAH) as
stabilizers are biocompatible, fluorescent, and can be used as cell-labeling markers
[276]. The AgDSNPs were synthesized by UV irradiation of Ag(I)–dendrimer
complexes and are water soluble and stable. The fluorescent properties of
AgDSNPs are from the dendrimer templates, which have been demonstrated by
some researchers [269, 272]. The {(Ag0)25-PAMAM G5�NH2}, {(Ag

0)25-PAMAM
G5�NGlyOH}, and {(Ag0)-PAMAM G5�NSAH} DSNPs are fluorescent in the
wavelength range of 400–500 nm. The fluorescence properties of AgDSNPs allow
us to image the intracellular uptake of AgDSNPs using confocal microscopy, while
the high electron density contrast of silver metal allows one to image the cellular
localization of the nanoparticles using TEM.

Shi et al. have [277] shown that acetamide-functionalized AuDSNPs (diameter
ca 13 nm) can be formed by acetylation of amine-terminated G5�NH2 PAMAM
dendrimers complexed with Au(III) ions (AuCl4

−). In addition,
hydroxyl-functionalized AuDSNPs (diameter ca. 8.5 nm) can be formed by simply
mixing the glycidol hydroxyl-terminated G5 dendrimers (G5�NGlyOH) with
HAuCl4. In both cases, no additional reducing agents were needed and the reactions
were completed at room temperature. Alexa Fluor 594 dye-functionalized
AuDSNPs (diameter ca. 16 nm) can be formed by acetylation of Alexa Fluor
594-conjugated, amine-terminated G5 dendrimers complexed with HAuCl4.
Fluorescence spectroscopy studies reveal that the Alexa Fluor 594-functionalized
AuDSNPs retain similar fluorescence intensity to the Alexa Fluor
594-functionalized dendrimers that lack AuNPs. The formed acetylated AuDSNPs
displayed a zeta potential value of +9.8 mV, which is close to neutral. These
preparations of AuDSNPs provide a straightforward approach to synthesizing
functionalized metal nanoparticles for biomedical applications.

In comparison with AuDENP nanostructures composed of one or more metal
nanoparticles within one dendrimer molecule [240], it is possible to modify
AuDSNPs with many more targeting ligands than those of AuDENPs, which sig-
nificantly increases their targeting sensitivity and polyvalency effect [278–280].

Specifically, unique bimetallic materials can be synthesized by
dendrimer-templating method (Scheme 4.19) such as AuAg alloys, core@shell
Au@Ag and AuAg alloy@Ag structures [245]. The model was proposed to explain
extraction involves insertion of the thiol group into the dendrimer, partial func-
tionalization of the AuDENP surface with n-alkanethiols, extraction of the DENP as
a monolayer-protected cluster (MPC) [28], and then additional passivation of the
MPC surface with n-alkanethiol ligands [282, 283]. These Au/Ag materials display
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interesting optical properties that are dependent not only on the percentage ele-
mental composition of the component elements but also on their geometrical
arrangement, specifically, whether the nanoparticle is composed of a random alloy
or has a core@shell structure [284]. AuAg alloy nanoparticles are usually syn-
thesized by the simultaneous reduction of both salts in solution [285, 286], while
Au@Ag or Ag@Au (core@shell) nanoparticles have been synthesized by con-
trolled deposition of the shell metal onto a seed of the core metal [287].

The spectrum of (Au0)55-G6-OH (Au55@G6-OH) exhibits a monotonically
increasing absorbance toward higher energies (Fig. 4.13) [239]. This spectrum is
suggestive of gold nanoparticles that are less than 2 nm in diameter [288], because
larger gold particles give rise to a characteristic surface plasmon band at*520 nm. The
UV–Vis spectrum of the G6-OH[Au27.5Ag27.5]DENPs {((Au0Ag0)27.5@G6-OH)
DENPs} in Fig. 4.13 reveals a broad peak centered at*450 nm. However, the spec-
trum of silver-only nanoparticles having a diameter of *3 nm consists of a single,

Scheme 4.19 Dendrimer-templating method used to prepare core@shell ([Au55]@(Agn) and
[AuAg]55@(Aun)) nanoparticles and AuAg alloys (for structured materials, brackets indicate the
core metal and parentheses indicate the shell metal), reducing agent: ascorbic acid [281]

Fig. 4.13 UV–Vis spectra of
Au55@G6-OH (G6-OH
[Au55]) (1) and
(AuAg)27.5@G6-OH (G6-OH
[Au27.5Ag27.5]) DENP (2)
seeds [281]
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narrow plasmon band that appears at 390 nm [289]. An early report of the absorption
spectra of AuAg alloys [290], which were synthesized by melting gold and silver,
showed that there is a linear dependenceofkmax on the composition of the nanoparticles.
Subsequently, this relationship was found to apply to AuAg alloys formed by core-
duction [285]. What this means is that AuAg alloys exhibit a single peak in their
absorption spectra, and the position shifts continuously from that of pure gold
(*520 nm) to that of pure silver (*390 nm) as the Ag/Au molar ratio in the
nanoparticles increases [285]. Accordingly, kmax for a AuAg alloy containing 50% of
eachmetalwas found tooccur in the range of450–460 nm[285].Thepositionofkmax in
Fig. 4.13 (*450 nm) is within this range, and thus the optical spectroscopy results are
consistent with the presence of AuAg bimetallic DENPs containing equal percentages
of gold and silver. The Au55@G6-OH DENPs have a diameter of*1.4 nm, while the
(AuAg)27.5@G6-OH DENPs have an average size of 1.5 nm. These values agree with
previously reported results [282] although both are slightly larger than the calculated
value of 1.2 nm.

Various dendrimer molecules have already been mentioned to stabilize (noble)
metal nanoparticles. Pioneering work by Crooks et al. [291] substantially defined
the nanoparticle stability inside the dendritic network and its further utilization
(Scheme 4.20). The advantages of the dendrimer approach include the following:

(1) The completeness of reduction of the metal ions sequestered inside the den-
drimer yields some stoichiometric control over the nanoparticle size. The
dendrimer arms are very effective at preventing nanoparticle aggregation.

(2) The loose steric aspects of dendrimers also allow the encapsulated nanoparti-
cles to participate in various catalytic reactions.

Scheme 4.20 Cartoon depicting the synthesis of various metal nanoparticles using dendrimers as
capping ligands, top structure—alloy: cocomplexation approach, bottom structures—alloy or
core@shell: sequential approach (weak reducing agent, 1) and partial displacement approach
(more noble metal salt, 2) [210, 291]
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(3) The terminal groups on the dendrimer periphery can be modified for purposes
of nanoparticle solubility in different media, among other goals.

The encapsulation of metal ions inside dendrimers involves, variously, electro-
static and complexation interactions—the dendrimer interior includes coordinating
groups such as –OH, NH2, or –COOH. Stable monodisperse gold nanoparticles can
be synthesized using quaternary ammonium-terminated fourth- and
sixth-generation (G4, G6) dendrimers without further purification steps.
Water-soluble Au8 nanodots have also been prepared within hydroxy-terminated
second- and fourth-generation (G2-OH and G4-OH) dendrimers [271], and they
fluoresce at short wavelengths that change with the size of the gold nanoparticle. In
contrast, thiolated gold subnanoparticles do not emit at shorter wavelengths but
instead emit at relatively size-independent near-infrared wavelengths.

Recently, there has been a lot of interest in hybrid composites of organic and
inorganic material systems utilizing dendrimers. In particular, their role in tem-
plating nanoparticle growth has been explored. Crooks et al. have shown that
PAMAM can be used as templates for preparing nearly monodispersed intraden-
drimer metal nanoparticles using a “ship-in-a-bottle” approach [248]. These hybrid
dendrimer-encapsulated metal nanoparticles (DEMNPs) are useful for applications
in catalysis and electrocatalysis. However, it has been difficult to immobilize and
stabilize PdDEMNPs on highly ordered pyrolytic graphite (HOPG) for applications
such as carbon-supported electrocatalysts in the development of fuel cells. This is
largely due to the poor adhesion properties of the DEMNPs on graphite and their
strong tendency toward aggregation.

The coupling of energy and electron-transfer phenomena between inorganic
nanoparticles and organic molecules is also of great interest. The difference between
the HOMO and LUMO levels between nanoparticles and organic dyes/conjugated
polymers has resulted in both energy-transfer and quenching mechanisms. This was
discussed with a new type of conjugated dendrimers based on thiophene and
demonstrated interesting 2D supramolecular assembly on graphite [292]. Besides
their excellent assembly properties on graphite, thiophene dendrimers also have
very strong absorption in the region of 250–400 nm and are good candidates as
light-harvesting antenna macromolecules.

Deng et al. [293] have reported the synthesis of PAMAM dendrimers func-
tionalized with thiophene dendrons (3T6C) on their periphery (Scheme 4.21) and
the preparation of dendrimer-encapsulated metal nanoparticles. In general, the
hybrid nanoparticles based on thiophene dendron-functionalized PAMAM G4
(3T6C) can be prepared by the so-called ship-in-a-bottle approach. The first step is
the loading of metal ions into the interior of dendrimers. The second step is the
reduction of metal ions and consequent Ostwald-ripening process. The changes in
absorption spectra of the dendrimers G4(3T6C)-(Pd2+)24 and G4(3T6C)(Pd)24 are
consistent with the formation of dendrimer-encapsulated Pd nanoparticles. The
surface plasmon peak of G4(3T6C)(Au3+)8 at about 530 nm is not observable
because of the overlap with the absorption of G4(3T6C). Therefore, to prove the
existence of gold nanoparticles inside the dendrimer, the authors decided to
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synthesize larger Au nanoparticles G4(3T6C)(Au3+)24, where the surface plasmon
peak at 562 nm was easily observed. The resulting Pd hybrid nanoparticles are very
stable. Even after several months, no agglomeration was observed and the solution
spectra remained the same. However, the gold hybrid nanoparticles are not as stable
as Pd. A black precipitate was formed after several weeks.

In general, both the loading of metal ions and the presence of nanoparticles shift
the amide bands to a larger wave number. The amide I band is more sensitive (from

Scheme 4.21 Cartoon depicting the modification of G4 PAMAM with thiophene dendrons
(3T6C) and the preparation of dendrimer-encapsulated metal nanoparticles [293]
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–4 to 12 cm−1) than that of amide II (from 0 to 12), and metal ions have a stronger
effect than their corresponding nanoparticles. Thus, the shift of amide bands is an
indication of complexation. A stronger complexation results in a larger shift.
Therefore, the metal ions will complex with PAMAM more strongly than their
corresponding nanoparticles. This is expected because of the electrostatic charge
present on the metal ions. As indicated by the significant shift of amide bands, it is
very clear that amide groups are involved in the complexation and stabilization of
both Pd2+ and Pd nanoparticles, although it is not fully understood at present why
the amide I of G4(3T6C)(Pd)24 shifts to a shorter wave number. However, the
loading of Au3+ does not change the amide II band, which is a combination of C–N
stretching and N–H bending. This indicates that Au3+ does not or very weakly binds
to the NH of the amide group as compared to Pd2+. Also, Au3+ does not shift the
amide I as much as does Pd2+. Therefore, amide groups do not contribute signifi-
cantly to the complexation of Au3+ with PAMAM, partially explaining the weak
complexation between Au3+ and PAMAM. Upon the formation of gold nanopar-
ticles, both amide I and II bands are at the exact wave number as for G4(3T6C). If
there were weak interactions between Au3+ with amide groups, Au nanoparticles do
not interact with it at all. This can partially explain why the Au hybrid nanoparticles
are not as stable as Pd nanoparticles.

Dendrimer G4(3T6C) showed three characteristic absorption bands of 3T6C at
about 245, 270, and 315 nm. The loading of metal ions shifts the absorption
maxima to shorter wavelengths and increases the intensity of absorption at 245 nm,
making the absorption peak at 270 nm not very resolvable. Upon formation of
metal clusters, the absorption maxima are further blueshifted. This hypsochromic
effect is the result of increased rigidity of the dendrimer caused by metal ions and
nanoparticles. As compared to Au3+ and Au clusters, Pd2+ and Pd clusters have a
stronger binding effect. This is consistent with the results from FTIR spectra that
Pd2+ binds more strongly to PAMAM and therefore the Pd hybrid nanoparticles are
more stable. The hypsochromic effect is not obvious for fluorescence. Interestingly,
the fluorescence of G4(3T6C) is enhanced by gold nanoparticles due to a surface
enhancement effect. The mechanism for this enhancement involves the interaction
of the emission dipole moment of the gold surface plasmon resonance with the
emission dipole moment of the dendrimer G4(3T6C). The surface plasmon band of
G4(3T6C)(Au)8 (at about 530 nm) has a better overlap with the emission of G4
(3T6C) than does that of G4(3T6C)(Au)24 (at 562 nm). Therefore, the fact that G4
(3T6C)(Au)8 enhances the fluorescence of G4(3T6C) more than does G4(3T6C)
(Au)24 provides direct evidence for this mechanism. Surface-enhanced fluorescence
is rarely observed directly in a nanoparticle and organic fluorophore system.

G4(3T6C) tends to form very large aggregates. This is due to the increased
hydrophobicity caused by thiophene dendrons on the periphery. However, highly
oriented pyrolytic graphite (HOPG) surfaces turned out to be a very good substrate
for G4(3T6C). In the AFM images, one can see many separate and randomly
deposited globular particles on the HOPG surface. In each image, the particles
appeared to be substantially uniform in size. There are a few large irregular clusters,
perhaps caused by dendrimer aggregation. According to the structure of dendrimer
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G4(3T6C), it has approximately the same size of G6NH2 (diameter 6.7 nm).
However, a strong dendrimer–graphite interaction causes a spherically symmetric
dendrimer to adopt an oblate shape on the surface. This is due to the strong ð–ð
stacking and interaction of the terthiophene moieties with graphite. This strong
stabilization was discussed along with an order with thiophene dendrimers on
HOPG as a function of dendrimer generation and alkyl chain length [292]. G4
(3T6C)(Pd)24 has an average height of 1.5 nm and full width at baseline of 50 nm.
Dendrimers with metal clusters inside tend to form more uniform aggregates. The
presence of hydrophilic metal ions may decrease the interaction between the den-
drimer and hydrophobic graphite, resulting in more irregular aggregates for den-
drimer loaded with metal ions. It should be pointed out that G4(3T6C) provides
essentially a monodispersed size and strong adhesion of Pd hybrid nanoparticles to
HOPG. Thus, the driving force to assemble dendrimers onto preformed nanos-
tructures could be electrostatic interaction [294], covalent bonding [295], and the
combination of different weak forces [296].

Pang et al. have demonstrated a facile wet chemical method for the synthesis of
dendrimer-like structures that are spontaneously assembled using gold nanoparti-
cles by a one-pot route, wherein a novel surfactant solution of CF3(CF2)7–SO2NH–
(CH2)3N

+(CH3)3 I
− (HFOTAI) is used not only as a reducing agent, but also as an

assembling agent [297]. In the spectra of the mixed solution of HFOTAI and
HAuCl4, new bands at 520 and 670 nm appeared (Fig. 4.14). These band intensities
increased for early incubation times, but they decreased after 3 days due to the
sedimentation of the products. The band at 520 nm can be attributed to the surface
plasmon band of gold particles. The band at 670 nm is probably due to aggregated
particles and/or larger particles of Au. Thus, the UV–Vis spectra indicate that Au
particles were formed by the reaction of HAuCl4 with HFOTAI, though the details
of the chemical reaction of HFOTAI are still unknown. The formation of Au
particles was also confirmed by the XRD patterns of the precipitates of the products,
for which the [111] and [199] diffraction peaks of a gold crystal were observed at
38.0° and 44.2°, respectively. Scheme 4.22 shows a schematic illustration of the
evolution process estimated from the experimental results. For the whole concen-
tration (from 4.6 to 18.6 mg) of HFOTAI, Au particles only exist in the early stages
and in the final stages of the evolution process. The structures of the assemblies at
high concentrations of HFOTAI for short incubation times are similar to those of
the evolved assemblies for lower concentrations of HFOTAI for longer incubation
times. In other words, the assemblies for higher concentrations in the evolution
process follow the evolved assemblies produced at lower concentrations. In addi-
tion, the formation rate of a younger assembly increases with increasing concen-
tration of HFOTAI.

The very slow evolution process of the assemblies shows that the supply of gold
is constant for a long time. Possible sources of the gold are (a) the reduction product
of HAuCl4 and (b) gold nanoparticles produced during the early period evolution.
In the present system, iodine ions, which are the counterions of HFOTAI, probably
affect the evolution of the gold nanoparticles. That is, the iodine ions enhance the
rate of the Ostwald-ripening process. Thus, a selected gold particle or assembly
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grows due to the supply of atomic gold generated by the slow reduction of HAuCl4
and/or gold nanoparticles produced in a short incubation time.

An important factor for the possible explanation of the dendritic assembly for-
mation is the role of HFOTAI. TEM observations confirmed that HFOTAI formed
vesicles in an aqueous solution. Since, in the mixture solution of HAuCl4 and
HFOTAI, surfactant assemblies of HFOTAI were not observed in TEM micro-
graphs, HFOTAI molecules probably interacted with the gold nanoparticles. The IR
spectra indicate that the gold particles are covered with HFOTAI molecules and that
the dendritic assemblies consist of gold particles and HFOTAI. Thus, HFOTAI
molecules probably serve as a binder of the gold particles. The gold nanoparticles
were prepared by the traditional sodium citrate reduction method, wherein the gold
nanoparticles were covered by citrate ions. The resulting product was not dendritic
assemblies of Au particles but larger spherical and cubic particles. Thus, HFOTAI

Fig. 4.14 UV–Vis spectra of the reaction solution (0.48 mM HAuCl4 with 11.4 mg HFOTAI) for
different incubation times: (1) just after mixing, (2) after 3 days, (3) after 21 days, (4) HFOTAI
and (5) HAuCl4 [297]

Scheme 4.22 Schematic illustration of the microstructural evolution process for various HFOTAI
concentrations [297]
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molecules covering the gold particles play an important role for the formation of the
dendritic assembly structures.

De Jong et al. [298] have prepared cyclodextrin (CD) self-assembled monolayers
(SAMs) on gold surfaces onto which stable positioning and patterning of molecules
has been achieved by means of multiple supramolecular interactions. Therefore,
these CD SAMs constitute a molecular printboard for the positioning of thermo-
dynamically and kinetically stable assemblies of multivalent systems, for example,
dendrimers. It was reported that an analogous ferrocene-terminated dendrimer
(generation 5, 64 ferrocene end groups) binds to CD SAMs on gold with
approximately seven interactions to the surface [299] leaving multiple guest groups
exposed to the solution available for complexation of hosts from solution. These
molecules bind to the CD printboards with different numbers of interactions
depending on the number of functional groups present in the dendrimer [299].
Herein the complexation-induced aggregation in solution of CD-modified gold
nanoparticles (CD-AuNPs) and adamantyl-functionalized dendrimers was studied.
The addition of such a dendrimer to a solution containing AuNP@CDs led to
pronounced and irreversible precipitation of the dendrimer/CD-AuNP aggregates.

Crespo-Biel et al. [300] have described the stepwise construction of a novel kind
of self-assembled organic/metal nanoparticle multilayers on the basis of multivalent
supramolecular host–guest interactions between dendritic guest molecules and
host-modified gold nanoparticles. Adamantyl-terminated poly(propylene imine)
dendrimers were chosen because the CD–adamantyl interaction is one of the
strongest, the number of adamantyl units (ranging from 4 to 64) can be easily
varied, and the spherical shape of the dendrimers allows the multivalent display of
these guest functionalities. Dendrimer (Scheme 4.23) has 64 adamantyl groups, and
the complexation with CD takes place in solution. Adamantyl-terminated poly
(propylene imine) (PPI) dendrimers were insoluble in water, but by complexation of
the adamantyl end groups by slight excess of cyclodextrin and by the protonation of
the dendrimer core amine functionalities, they could be brought into aqueous
(pH = 2) solution. However, at pH > 7, precipitation of generations 3–5 of these
PPI dendrimers occurs. Conversely, AuNP@CDs are not stable in acidic solution.
Therefore, the LBL assembly was typically accomplished by alternately dipping the
substrate into an aqueous acidic CD (pH = 2) solution, followed by rinsing the
substrate with the same CD (pH = 2) solution, and into an aqueous CD-AuNPs
solution, followed by rinsing with water. The delivery of the dendrimers from
solution-phase CD complexes to the CD SAMs makes use of the competition
between the solution and the surface host sites, as well as the multivalency of the
surface host sites emerging from the surface immobilization (Scheme 4.24).

UV–Vis spectroscopy was used to monitor the supramolecular assembly of the
CD-decorated AuNPs (AuNP@CDs nanostructures). Dendrimer adsorption was not
visible in the visible region. When CD-AuNPs were adsorbed onto the film, the
CD-AuNPs plasmon absorption band in the visible region emerged at around
525 nm similar to the CD-AuNPs in solution. The UV–Vis absorption spectra of
the multilayer PPI/CD-AuNPs films for different numbers of bilayers on a CD SAM
show the increase in absorption at 525 nm, and this increase was a function of the
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number of bilayers deposited on the CD surface. An essentially linear dependence
was found, confirming the SPR and ellipsometry data. The linearity was shown to
last up to 18 bilayers, which is a strong indication of a well-defined deposition
process.

Scheme 4.23 Chemical structures of the CD-AuNPs and adamantyl-terminated PPI Dendrimers
[300]

Scheme 4.24 Layer-by-layer assembly scheme for the alternating adsorption of
adamantyl-terminated PPI dendrimer and CD-covered AuNPs onto CD SAMs [300]
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From the absorption at 525 nm of a solution of CD-AuNPs, the extinction
coefficient was calculated to be 0.586 cm2/mg using the Lambert-Beer law. The
surface coverage for one layer of CD-AuNPs was calculated to be 3.1 lg/cm2.
A theoretical value of 1.7 lg/cm2 was estimated on the basis of the formation of a
monolayer of CD-AuNPs in a hexagonal packing with a lattice periodicity of a gold
nanoparticle core summed with twice the CD cavity height and taking into account
that the gold core contributes 62% of the total weight of the AuNPs. Thus, the
experimental value is a factor 1.8 larger than the crude theoretical estimate obtained
assuming a hexagonal packing of monodisperse particles. Most of this difference
can probably be attributed to the slight physisorption of the CD-AuNPs at the
relatively high concentration employed in the UV–Vis experiments. Nevertheless,
the fair comparison between the experimental and the theoretical values clearly
indicates that close to a monolayer of AuNPs is deposited after each deposition
cycle. The multilayer thickness as a function of the number of deposited bilayers
demonstrating that the thickness of the film is linearly related to the number of
deposited bilayers (AFM). An estimate of the multilayer thickness of 2 nm/bilayer
was obtained in congruence with the ellipsometry results.

Most of the dendritic containers reported so far use the concept of closing the
dendritic box in order to keep the guest molecules (particles) inside the dendrimer
host. Thus, many researchers have addressed this kind of core@shell structure by
modifying the dendrimer surface, so that molecules can be reversibly imprisoned in
internal cavities of the dendrimer and then site-selectively liberated by a suitable
external or internal stimulus. For such applications, a shell should be “opened” and
“closed” reversibly—controlled by means of a simple external or internal stimulus,
such as light, pH, or ionic strength. Vogtie and coworkers prepared a photo-
switchable dendritic box by modifying terminal groups with light-switchable units
[301]. PNIPAM is a well-known water-soluble polymer that shows reversible
hydration–dehydration changes in response to small solution-temperature changes.
Okano and coworkers have already reported thermally controlled surface attach-
ment and detachment of cells using a surface-grafted PNIPAM. The thermally
responsive polymeric micelles maintain passive targeting of tissue sites via their
small size, and the potential for active targeting via their PNIPAM-switchable
physicochemical character [302]. Jiang and coworkers have achieved reversible
switching between superhydrophilicity and superhydrophobicity by grafting
PNIPAM to a surface [303]. PNIPAM and its copolymers have found several
applications, such as extraction, controlled release, and enzyme-activity control.
Thus, attaching a sensitive PNIPAM shell onto a dendrimer surface will produce
dendritic core@shell nanostructures with special properties for applications in smart
nanostructure synthesis, drug delivery, and smart catalysis. However, it has been
very difficult to link a PNIPAM chain to the dendrimer surface to form a dendritic
core@shell nanostructure, although some kinds of core@shell structures have been
successfully prepared by polymer-chain modification of the dendrimer surface. You
et al. have reported that the average hydrodynamic radius (rh) decreases from 19 to
10 nm when the temperature increases from 24 to 38 °C, due to the shell shrinking
[304]. Conversely, rh increases from 10 to 19 nm as the temperature decreases from
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38 to 24 °C, resulting from the shell expanding. This is because, at temperatures
below the lower critical solution temperature (LCST) , the predominantly inter-
molecular hydrogen bonding between the PNIPAM chains and water molecules
results in the PNIPAM chains adopting a water-soluble coiled structure. At tem-
peratures above the LCST, intramolecular hydrogen bonding between C=0 and
N–H groups in the PNIPAM chains causes the chains to become compact and
collapse, reducing their water solubility. To compensate, the PNIPAM chains
collapse onto the surface of the dendrimer to form a shell at the periphery of the
dendritic core; the (rh) (10 nm) of the core-shell nanostructure is much smaller than
that (19 nm) at temperatures below the LCST. In addition, PNIPAM chains in
aqueous solution collapsing to a globular state from the expanded state can result in
changes in transmittance; that is, the aqueous-transmittance changes reflect the
PNIPAM-chain conformation in aqueous solution. An aqueous solution of den-
drimer is transparent when the PNIPAM chains are expanded, but it becomes turbid
when the chains collapse above the LCST. The solution became turbid in response
to increasing the temperature to 32 °C, which indicates that the PNIPAM chains
collapsed above 32 °C. On the other hand, the radius of gyration rg can be mea-
sured to calculate rg/rh, which reflects the density of the polymer segments.
A smaller value of rg/rh corresponds to a higher segment density. For example, for
linear, flexible macromolecules, rg/rh is around 1.5–2.0, but for a hard sphere, the
ratio falls to 0.78. A ratio of 0.8–1.5 is found for hyperbranched or dendritic
macromolecules. The value of rg/rh decreased from 1.05 to 0.88 when the tem-
perature increased from 25 to 35 °C, which indicates that the PNIPAM chains
collapsed onto the core to form a barrier-like shell. Therefore, a dendritic core@-
shell nanostructure, whose shell is sensitive to temperature, has been successfully
synthesized by grafting PNIPAM chains to the dendrimer surface.

The supramolecular cages generated by hydrophilic dendritic polyols can be
utilized as templates for the kinetically controlled growth of faceted silver
nanoparticles with low aspect ratios [305]. These polyester-type polyols consist of a
multifunctional core, and the large number of terminal hydroxyl groups makes them
hydrophilic (Scheme 4.24). A “green” advantage of using hydrophilic polymers is
that one can avoid using hazardous organic solvents for nanoparticle synthesis.
A hydrazine/ethanol solution was added dropwise with stirring to the Ag+–den-
drimer solution until the reduction to silver was initiated, indicated by the
appearance of a light yellow color. Experiments using the H20 dendrimer produced
a broad size range of particles from 10 to 100 nm. The majority of particles
(� 60%) was in the 40–60 nm size range and was in general characterized by low
aspect ratios. The measured surface plasmon band (kmax = 416 nm) is characteristic
of silver nanoparticles, confirming the reduction and formation of Ag(0) particles. It
was found that the particles grow (measured by TEM) in these matrices to form
well-defined large particles over time. When the same nanoparticle dispersion was
analyzed after three months, larger particles in the size range of 200–600 nm with
well-defined facets and shapes were observed in addition to the smaller particles
observed previously. Most of the large particles are octahedral, and some of them
are cubes. Of the analyzed particles using the TEM images, only a small percent
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(*5%) of the large particles were found to be cubes while the remaining were
general polyhedra with well-defined facets.

The high density of hydroxyl groups (Scheme 4.25) in the Boltorn dendrimers
leads to extensive inter- and intramolecular hydrogen bonding, making them unique
in their ability to form supramolecular assemblies with nanosized cores. These
supramolecular cages are dynamic in their structural attributes since intermolecular
hydrogen bonds can act as dynamic gates for the controlled passage of ions as well
as small nanoparticles into and out of the cages. By virtue of the high density of
hydroxyl groups, the interior of these cages is polar and hydrophilic, making it
possible to transport and reduce metal ions in the cages. Also, the ester and the
hydroxyl groups help passivate the surfaces of the metal nanoparticle formed inside
these nanocavities. The stability of these supramolecular cages would depend lar-
gely on the generation number of the dendrimer and the nature of the solvent with
the higher generations possessing greater stabilities. While Scheme 4.24 refers to
one focal point for the growth, it is possible that several extended structures of
various shapes, containing several intercluster aggregations, by virtue of the pos-
sibility for extended hydrogen bonding. Protic solvents such as water or ethanol can
also affect the stability of these polymer associations by solvent bridging.

It is noteworthy that the experiments conducted with larger generation den-
drimers (H30 and H40) did not yield particles with well-defined faces. Most of the
particles formed from these dispersions were spherical in general, and over a period
of time aggregated randomly without any significant variation in the individual
particle sizes. For example, the particle sizes varied from 50 to 190 nm. Thus, the
functionalized dendrimers can act as host molecules for metal ions and that the
reduction of these metal ions yield metal nanoparticles stabilized within the inter-

Scheme 4.25 Structural motif of the hyperbranched dendritic polyols. A cartoon illustrating the
formation of metal nanoparticles in the size-confined pools formed by the intermolecular
association of the dendritic polyols. “F” represents the focal point of an individual dendrimer [305]
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and intradendrimer cavities. Wang et al. [306] showed that focally modified den-
drons with metal coordinating functionalities can be utilized as a stabilizing med-
ium for the controlled growth of nanoparticles. They reported [306] that the average
size of the resulting nanoparticles is a direct function of the generation number of
the passivating dendrons with the higher generation dendrons yielding larger par-
ticles. However, the growth of large nanocrystals was observed to be specific to the
case of the H20 templates.

Upon considering the growth of nanoparticles in dendrimer dispersions, one
should consider two important aspects that govern the plausible mechanisms—the
ability of the individual molecular units to undergo intermolecular association and
the effect of increasing the generation of the dendrimer. Higher generation den-
drimers will have better defined intramolecular structures compared to their lower
analogues. It is hypothesized that nanoparticle formation in the lower generation
dendrimers occurs in the intermolecular cavities as shown in Scheme 4.25. For the
higher generation dendrimers, both the intermolecular and intramolecular cavities
can act as size-confined pools for nanoparticle formation. However, a comparison
of the particle size with the size of the dendrimer molecule reveals that most of the
particles in the present view are formed in intermolecular cavities. The particle
growth, however, is observed only in the case H20. This may be attributed to two
factors. First, the self-structuring of higher generation dendrimers (H30 and H40) is
more defined in comparison with H20. This will reduce diffusion of small
nanoparticles from one nanocapsule to another as well as the dynamic restructuring
of the nanocapsules for H30 and H40. Another factor may be the shape of the initial
particles. It is plausible that the well-defined faces of the nanoparticles formed in the
H20 sample are significant in the further growth of the nanocrystals. The
face-to-face joining of individual nanoparticles minimizes the overall surface
energy allowing the formation larger, stabilized, and nanosized single crystals. The
view presented here reveals that functional dendritic structures and dispersions can
serve as a medium for the growth of nanocrystals with well-defined facets, and the
influence of the dendrimer generation on particle growth and morphology.

4.4 Bioconjugates

The coated particles prepared by different approaches have amine, hydroxyl, or
carboxyl groups. A primary amine on their surface, for example, comes from
aminopropyl methacrylamide. The presence of such primary amine is tested by
reaction with fluorescamine and also reflected from positive surface charge of the
particle [307]. This primary amine group was used for covalent linking of different
molecules of interest, such as glucosamine, oleylamine, and TAT peptide.
Glutaraldehyde can be used as the conjugation reagent that has primary
amine-reactive two aldehyde groups at the two ends [308]. Similarly, TAT (TAT
peptide with sequence CGRKKRRQRRR) peptide functionalization was achieved
using N-succinimidyl 4-(maleimidomethyl) cyclohexanecarboxylate (SMCC) as a
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conjugation reagent. Colloidally stable and water-soluble functional nanoparticles
formed retained plasmonic and fluorescent properties, suggesting that various other
functionalizations can also be achieved.

The functionalized plasmonic-fluorescent nanoparticle has been used as cell
imaging and plasmon-based optical detection probe. The oleyl and
TAT-functionalized gold nanoparticle was used to label COS-7, EAC, and Neuro2a
cells. The oleyl group has a strong interaction to the cell membrane that helps the
particle to target the cell membrane [309]. Similarly, TAT-functionalized
nanoparticles induce increased cellular interaction and labeling [307]. It was
observed that oleylated and TAT-functionalized particles label the cell and labeled
cells are successfully imaged with a fluorescence microscopes using the fluores-
cence property of plasmonic-fluorescent nanoparticles. The positive surface charge
and multiple oleyl/TAT functionality in each particle induce strong interactions of
particles with cell membranes, and thus the nanomolar concentration of the particle
is sufficient to observe such labeling under fluorescence microscope. Sample
solution or labeled cells were also exposed under continuous UV irradiation. The
result shows that the fluorescence decrease of the sample solution is insignificant
and the fluorescence image of the labeled cells fades only partially, even after
5–10 min of UV light exposure. Usually, molecular fluorescence of fluorescein
bleaches rapidly within minutes under continuous UV light, and for that reason, the
fluorescence image faded upon long-term imaging. In present composite probe,
several fluoresceins are attached in each particle and thus bleaching becomes partial
and slow. A similar stable fluorescence of fluorescein and other fluorophore-
conjugated silica particles was observed earlier [310]. This result suggests that the
fluorescence property of the composite nanoprobe is stable enough for relatively
long-term imaging applications [311].

Glucose-functionalized plasmonic-fluorescent composite particles show their
biochemical activity toward Concanavalin A (Con A) . Con A is a glycoprotein that
has four glucose binding sites at pH 7.5. As a result, it induces cross-linking
between glucose-functionalized particles [312]. This effect is seen as visible pre-
cipitate formation of particles after Con A addition. The particle aggregation and
precipitate formation can be monitored using the surface plasmon of the
plasmonic-fluorescent particle. As the particle size is small, the formation of cou-
pled plasmon at the long wavelength due to the particle aggregation is not domi-
nant. However, optically clear solutions turn cloudy, and then a pink/yellow
precipitate appears, leaving a colorless supernatant. This result shows that the
plasmonic property of the composite particle can also be used for optical detection
applications [311].

Among the myriad possibilities, dendrimers can find applications in drug
delivery due to the opportunity of their internal niches to host a variety of molecules
[209]. DEMs have also been reported to enter tumors and carry either
chemotherapeutic agents or genetic therapeutics [313]. Incorporation of photoactive
components in either the core or the periphery of these nanostructures enriches
them with new functionalities opening new perspectives in nanomedicine.
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Roberts et al. [314] studied the toxicity of cationic PAMAM Starburst® in mice.
Cationic dendrimers of generation 3 (G3, Mw 5147, diameter 3.1 nm, 24 amine
termini), generation 5 (G5, Mw 21,563, diameter 5.3 nm, 96 amine termini), and
generation 7 (G7, Mw 87,227, diameter 8.0 nm, 768 amine termini) were given i.
p. with doses ranging from 0.026 to 45 mg/kg either as a single dose or once a week
for 10 weeks. No significant behavioral abnormality or weight loss was observed
through the study. However, one out of five mice died at about 24 h after dendrimer
injection in the G7 group with highest dose of 45 mg/kg. These studies suggest that
low generation cationic dendrimers (G < 7) even at high doses do not cause adverse
effects. However, Heiden et al. found cationic PAMAM dendrimers (G4, amine
termini) were toxic to zebra fish embryos, and the toxicity was dose and exposure
duration dependent [315]. A mortality of 100% was observed by 24-h postfertil-
ization when the dendrimer concentration exceeded 20 µM. In the same study by
contrast, anionic PAMAM dendrimers (G3.5, carboxylic acid termini) were not
toxic and showed no signs of attenuating embryo development. G4 dendrimers
conjugated to Arg-Gly-Asp (RGD) were much less toxic compared to unconjugated
G4 dendrimers. Malik et al. [316] also found that 95 mg/kg daily doses of anionic
PAMAM dendrimers (G3.5, carboxylic acid termini) administered i.p. led to no
mortalities and no weight change in B16F10 tumor-bearing mice. Overall, these
studies indicated that dendrimer toxicity is dose and generation dependent with
higher dose and higher generation dendrimers leading to more toxicity in vivo. The
toxicity profiles also depend greatly on the surface charge of the dendrimers, that is,
anionic dendrimers are less toxic compared to cationic dendrimers.

Photoactivated DEMs for the targeted delivery of an anticancer drug were also
developed based on the photocaging strategy [317]. Fifth-generation polyami-
doamine (PAMAM) DEMs of ca. 5 nm in diameter were conjugated with the
anticancer drug doxorubicin caged with the o-nitrobenzyl photocage. Furthermore,
folic acid (FA) appendages were also introduced at the DEM exterior as suitable
targeting ligands. These bifunctional DEMs were effectively taken up by cancer
cells expressing a high level of folate receptors. Note that the presence of the FA
chromophores, spatially close to the photocage, does not influence the photo-
chemical properties of this latter. In fact photolysis of the tailored DEMs with
365 nm light produces a clean photochemical reaction which leads to release of the
anticancer drug in the cell compartment with a precise time control, inducing a
remarkable level of cell mortality strictly dependent on the light exposure time.

Hematologic toxicity is one of the most important concerns for dendrimers given
intravenously. Cationic dendrimers such as –NH2 PAMAM have shown concen-
tration- and generation-dependent hemolysis and induced morphology changes in
red blood cells after 1-h incubation at a low concentration of 10 µg/mL; whereas,
anionic dendrimers were not hemolytic at concentrations up to 2 mg/mL [318].
Agashe et al. examined the hematologic toxicities of generation 5 PPI dendrimer
(PPI-5.0G), t-BOC-protected glycine-coated dendrimer (DBG), t-BOC-protected
phenylalanine-coated dendrimer (DBPA), mannose-coated dendrimer (M-PPI), and
lactose-coated dendrimer (L-PPI) [319]. Dendrimers were administered intra-
venously (i.v) into male albino rats, and blood samples were collected and analyzed
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to determine hematologic parameters such as white blood corpuscles (WBCs), red
blood cells (RBCs), hemoglobin (Hb), hematocrit (HCT), and mean corpuscular
hemoglobin (MCH). Compared to the control group, there were significantly higher
WBC counts and lower RBC, HCT, Hb, and MCH values for the PPI-5.0G group,
probably due to the polycationic nature of the dendrimers. Surface-modified den-
drimers (DBG, DBPA, M-PPI and L-PPI) showed no difference in terms of
hematologic parameters compared to the control group.

Immunogenicity is the ability of antigens to induce humoral or cell-mediated
immune responses. Immunogenicity should be avoided if the immune system is not
the intended target of the dendrimer drug delivery system. The immunogenicity of
PAMAM (G3, G5, and G7) dendrimers was studied in rabbits, and no evidence of
immunogenicity was found 10 days after i.p. injection by the immunoprecipitation
assay or the Ouchterlony double diffusion assay [314]. Five PPI-based dendrimers
(PPI-5.0G, DBG, DBPA, M-PPI, and L-PPI) were injected intramuscularly into
Balb/C mice at dose levels of 1–4 mg of dendrimer [319]. The antibody (IgG) level
in blood was nondetectable, which indicated no sign of humoral immune response
triggered by the dendrimers. However, these studies only tested short-term
immunogenicity. The in vivo studies of cell-medicated immune response and
complement activation have not been reported though a G5 PAMAM dendrimer
has been seen to induce strong complement activation in vitro [320].

Nephrotoxicity and hepatotoxicity have been reported consistent with biodis-
tribution studies that revealed high kidney and liver accumulation for G3 PAMAM
dendrimers (intraperitoneal–i.p.) [314], G3 and G4 PAMAM dendrimers (i.v. or i.
p.) [318], biotinylated-PAMAM dendrimers (G0-4) (i.v.) [321], and PEG-polyester
dendritic hybrids (i.v.) [322]. Roberts et al. [314] noticed liver cell vacuolization of
the cytoplasm in a 6-month toxicity study group after administration of
G7 PAMAM dendrimers by i.p. route once a week for 10 weeks. A third-generation
melamine dendrimer (MW 8067, 24 amine termini) was evaluated for in vivo acute
(single dose) and subchronic (three i.p. injections) toxicities [323]. The acute study
indicated the lethal dose was 160 mg/kg, giving rise to 100% mortality 6–12-h
postinjection. In both acute and subchronic studies, there was no significant renal
damage in all dose ranges as determined by blood urea nitrogen levels. Hepatic
function was normal at up to 10 mg/kg dendrimer as evaluated by changes in serum
alanine transaminase (ALT) activity. However, a significant increase in ALT
activity noticed for both acute and subchronic groups at the 40 mg/kg dose level,
and the histopathological investigation showed extensive liver necrosis.

Dendrimer modification with chemically inert polyethylene glycol (PEG) or
fatty acids is one of the most attractive ways to reduce dendrimer toxicities in vitro
[26]. PEG-polyester dendritic hybrids (3-arm PEG star and G2 polyester dendrons,
Mw 23,500 Da) were injected into mice as an i.v. bolus dose of 1.3 g/kg [322].
Mice survived after 24 h, and no changes of organ pathology were observed in the
liver, lungs, heart, kidney, or intestine. PEGylated melamine dendrimer (G3, PEG
2000 termini) was administered at doses of 2.56 g/kg i.p. and 1.28 g/kg i.v. into
C3H mice, and all mice survived after 24 and 48 h after i.p. and i.v. administration,
respectively, with no liver or kidney toxicity noted [324].
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The nonbiodegradability of PAMAM/PPI-type dendrimers is of major concern
for their medical use. Biodistribution studies of magnetic resonance imaging (MRI)
contrast agents based on PAMAM/PPI dendrimer-gadolinium (Gd) chelates have
been reported. Lower generations of PAMAM-Gd (diameter < 10 nm) were
excreted via kidney, and the renal elimination rate decreased with increasing
dendrimer size. Minimal renal excretion and high RES uptake were observed when
PAMAM-Gd size exceeded 10 nm [325]. It was also noticed that only less than
15% of the injected PAMAM-Gd agents (PAMAM G4, G5, and G6) was excreted
within 2 days [326]. Dendrimer core structure also influences the biodistribution of
the dendrimer MRI agents. Compared to the PAMAM-Gd, a less hydrophilic PPI
diaminobutane core contributes to the dramatic increase in liver accumulation
[327]. Although PEGylation and other surface modification schemes may reduce
the potential of harmful biological interactions, the dendrimer core material must be
biodegradable or readily eliminated by the renal or hepatic system. Otherwise, the
long-term toxicity is difficult to predict. The amide core of PAMAM- and PPI-type
dendrimers cannot undergo hydrolysis or enzymatic degradation. Newer den-
drimers where the core is structured from amino acids, oligonucleotides, or
polyesters may overcome these toxicity concerns [328].

In a further study [329], fluorescein-doped magnetic mesoporous silica
nanoparticles were modified with 3-(triethoxysily)proplyl isocyanate-activated
G2�NH2 PAMAM dendrimers and the amino terminal groups of the assembled
dendrimers can be further neutralized by reacting with methyl acrylate to form
esters. The formed composite nanoparticles are biocompatible even at a NP con-
centration of 650 lg mL−1 and can be used as both drug delivery vehicles and
fluorescent imaging agents.

For targeted imaging of cancer cells in vitro and in vivo, it would be ideal to
assemble targeting ligand-modified dendrimer molecules onto the nanoparticles
(e.g., iron oxide, NMNPs, etc.). In the study [294], Shi et al. synthesized and
characterized a group of FA-modified carboxyl-functionalized G3 PAMAM den-
drimers that were used to assemble onto the superparamagnetic iron oxide (Fe3O4)
NPs. The Fe3O4NPs synthesized using controlled coprecipitation of Fe(II) and Fe
(III) ions were assembled with the FA-modified dendrimers through electrostatic
interaction in order to achieve specific targeting to KB cells that overexpress FAR.
It appears that carboxyl-terminated PAMAM dendrimer-assembled Fe3O4NPs can
be uptaken by KB cells regardless of the repelling force between the negatively
charged cells and the negatively charged particles. In the presence of a large amount
of carboxyl terminal groups on the dendrimer surface, the receptor-mediated
endocytosis of Fe3O4NPs assembled by FA-modified dendrimers was not facili-
tated. This implies that the surface charge of dendrimer-stabilized magnetic iron
oxide NPs in a biological medium is an important factor influencing their biological
performance.

The first methods for preparing metal-encapsulated dendrimers for use in
biomedical applications were reported within the last decade with the goal of
adding a finer degree of control for tuning the biological interactions elicited by the
metal particles, including improved biocompatibility, retention, and ease of surface

4.4 Bioconjugates 389



modification for potential use as biomarkers, contrast agents, and for photothermal
therapy [242, 330]. Gold-based nanoparticles have been developed that strongly
absorb light in the near-infrared region, facilitating deep optical penetration into
tissues, generating a localized lethal dose of heat at the site of a tumor [330].

The advantage of using dendrimers as templates to prepare gold nanoparticles
lies in the fact that the surface of the particles can be modified with various
functional moieties (e.g., targeting ligands and dyes) through dendrimer chemistry
for practical biomedical applications [331, 332]. AuDENPs with a size of 2 nm
prepared with amine-terminated generation 5 PAMAM dendrimers (G5�NH2’s) can
be modified with folic acid and fluorescein isothiocyanate for the subsequent tar-
geting and imaging of cancer cells overexpressing high-affinity folic acid receptors
[279, 332]. Arginine-glycine-aspartic acid (RGD) peptide-functionalized generation
5 (G5) dendrimers can be used as templates to form AuDENPs with a size of 3 nm,
which can specifically target tumor vasculature-related endothelial cells overex-
pressing avb3 integrin [331]. RGD peptides are well known to bind preferentially to
the avb3 integrin. In this context, targeting tumor cells or tumor vasculature by
RGD-based strategies is a promising approach for delivering anticancer drugs or
contrast agents for cancer therapy and diagnosis. RGD-based strategies include
antagonist drugs (peptidic or peptidomimetic) of the RGD sequence,
RGD-conjugates, and the grafting of the RGD peptide or peptidomimetic, as tar-
geting ligand, at the surface of nanocarriers. These studies have clearly indicated
that PAMAM dendrimers are promising templates for the generation of multi-
functional AuDENP-based nanoplatforms for various biomedical applications. One
of the key steps in the preparation of AuDENPs for ready use for biological
applications is the rendering of the particle surface charge to neutral. This can be
achieved by the acetylation of dendrimer terminal amines [267]. Shi et al. [267]
have shown that AuDENPs formed with G5. NH2 dendrimers as templates with a
gold salt/dendrimer molar ratio of 51.2:1 can be acetylated to render particles with a
similar size and size distribution to those before acetylation. The acetylated
AuDENPs, having neutral surface charges, are water soluble, colloidally stable, and
biocompatible at a concentration up to 2 lM.

Phosphorylcholine (PC)-functionalized dendrimers provide another example of
noble metal particle stabilizer. Their stability and controllable surface properties
indicated potential use in biosensing (Scheme 4.26) [333]. AFM and TEM were
used to demonstrate the morphology and size distribution of the AuNPs formed.
Later, Voelcker’s use of the neutral impact collision ion scattering spectroscopy
(NICISS) technique proved useful to understand the inner structure of
dendrimer-stabilized AuNPs [231].

Furthermore, dendrimer-encapsulated gold nanoparticles have been prepared and
identified for their potential use toward the photothermal treatment of malignant
tissue (Scheme 4.27). Amine-terminated G5-PAMAM dendrimer-entrapped gold
nanoparticles were prepared and covalently conjugated to fluorescein and folic acid
for targeted delivery to tumor cells overexpressing folic acid receptors, as reported
by the Baker group [332]. The dendrimers were shown to specifically bind to KB
cells in vitro and were internalized into lysosomes. The applicability of these
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particles for targeted hyperthermia treatment and as electron-dense contrast agents
was recognized, and in vivo performance studies are currently underway. The
photothermal properties of gold-encapsulated PEGylated and non-PEGylated
G4-PAMAM dendrimers as reported by Haba et al., were evaluated and com-
pared to conventionally used gold nanoparticles prepared with sodium citrate [334].
Gold was encapsulated by first introducing HAuCl4 and then chemically reducing
the gold inside the dendrimers. PEGylated gold-encapsulated dendrimers demon-
strated superior photostability compared to non-PEGylated, with the
non-PEGylated absorbance decreasing to almost negligible levels by three days,
whereas the PEGylated nanoparticle absorbance was relatively unchanged over five
days. It was noted that the non-PEGylated gold particles tended to aggregate. The
photothermal properties of the PEGylated particles were only slightly lower com-
pared to conventional gold particles.

Scheme 4.26 Schematic representation of the synthesis of AuDSNs saturated with reactive amine
groups (NH2) for bioconjugation and phosphorylcholine groups (PC) for stability [184, 333]

Scheme 4.27 Photothermal
therapy. Conceptual
representation of
photothermal therapy using
dendrimer-entrapped gold
nanoparticles. The
nanoparticles would be
targeted to tumor cells via
folic acid receptors, and upon
exposure to near-infrared
light, the gold particles would
emit heat and kill the host cell
[334]
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It is known that folic acid (FA)- and fluorescein isothiocyanate (FI)-modified G5
dendrimers with neutral surface charge can specifically target to some cells over-
expressing folic acid receptor (FAR) [279]. It is anticipated that using FA- and
FI-modified G5 dendrimers to synthesize AuDSNPs using the developed sponta-
neous approach [277] may provide a means to create an AuNP-based multifunc-
tional nanoplatform for cancer cell targeting and imaging. In Shi et al.’s work [280],
amine-terminated G5 PAMAM dendrimers prefunctionalized with FA and FI
moieties were complexed with Au(III) ions, followed by acetylation of the amine
groups on the dendrimer surfaces (Scheme 4.28). This one-step process led to the
spontaneous formation of 6 nm-sized AuNPs stabilized by multifunctional den-
drimers bearing both targeting and imaging functionalities. The formed AuDSNPs
are water soluble, stable, and biocompatible. Combined flow cytometry, confocal
microscopy, silver staining, and inductively coupled plasma-mass spectrometry
analyses show that the FA- and FI-functionalized AuDSNPs can specifically target
to cancer cells expressing high-affinity FAR in vitro. The tunable dendrimer surface
chemistry (e.g., surface functionalization and bioconjugation) in conjunction with
the facile approach developed to form AuDSNPs open a new avenue to developing
various biofunctionalized AuDSNPs for a range of interesting biomedical
applications.

4.5 Conclusion

Some templates can be employed for the shape-controlled synthesis of metal
nanocrystals. These spatially and dimensionally constrained structures can serve as
reaction cages to control the nucleation and growth of the particles (and impart
stability), leading to the formation of nanoparticles with a morphology comple-
mentary to that of the template. Thiol chemistry has widely been used to modify the
surface of NMNPs with synthetic polymers and biomacromolecules. Block
copolymers (di- and triblock), especially amphiphilic, have been used to prepare

Scheme 4.28 Schematic representation of the approaches to synthesizing {(Au0)7-
G5�NHAc-FI-FA} and {(Au0)7-G5�NHAc-FI} DSNPs [241, 280]
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aggregation-free NMNPs. A new class of amphiphilic polystyrene-block-
polycysteine copolymers was synthesized and used to conjugate with AuNPs to
inhibit particle aggregation. A synthesis of positively charged silver nanoparticles
via photoreduction of silver nitrate in branched copolymers demonstrated superior
surface-enhanced Raman scattering (SERS) activity. Microwave irradiation was
found to be a new technique for coating of AgNPs onto the surface of PMMA
beads. Bimetallic alloy nanoparticles consisting of two noble metals platinum–

silver supported on carbon with a variable dimension were successfully prepared by
ethylene glycol (EG). A PEG-based nonionic block copolymer templates were used
for the synthesis of luminescent silver nanoparticles. Another example of fluores-
cent metal nanoparticles are Ag/Au bimetallic cores coated by a PEG-based
hydrogel prepared with 2-(2-methoxyethoxy)ethyl methacrylate as monomer and
poly(ethylene glycol) dimethacrylate as cross-linker. A new path to design multi-
functional infinite coordination polymer particles (ICPs) materials has been opened
up by the incorporation or integration of other functional materials into ICPs. Gold
nanoparticles have also been synthesized using biopolymers such as proteins and
polysaccharides. These polymers are known as polyelectrolytes (PE) and can be
used as reducing/stabilizing agents in one single-step syntheses. The building-up of
multifunctional core@shell nanostructures is one of the great advantages of using
PE assemblies. In this case, the PE forming the multilayers can be functionalised
with drugs, organic dyes, contrast agents, radionucleids, catalysts, organic dyes, and
proteins, namely antibodies, allowing the application of the ensuing structures in
areas such as drug/gene delivery, biosensing, bioimaging, and photodynamic
therapy. Copolymers based on cyclodextrin can be used to produce nanosized silver
particles where potassium persulfate was used as the initiator.

Through the layer-by-layer (LBL) assembly, the polyelectrolyte microcapsules
can adsorb the precursor of metal and then embedded NMNPs into the wall of
microcapsules through in situ reduction. Nontraditional nanostructures consisting of
noble metals are often fabricated by depositing thin layers of metals (or their
precursors) on some silica beads existing templates, followed by calcination or wet
chemical etching to remove the solid cores. Another method was based on the
layer-by-layer adsorption of polyelectrolytes and charged gold nanoparticles to
build shell-like structures around colloidal templates whose surfaces had been
derivatized with appropriately charged groups. A supramolecular procedure was
introduced for the stepwise construction of multilayer thin films. The procedure,
based on the LBL assembly of guest-functionalized dendrimers and CD-AuNPs
(AuNP@CDs), was demonstrated to yield multilayer thin films with thickness
control at the nm level. Characterization by means of SPR, UV–Vis spectroscopy,
ellipsometry, and AFM showed a well-defined multilayer formation, an accurate
thickness control, and the need of specific host–guest interactions. Such protocols
can potentially be used for obtaining various structures, whose assembly is driven
by multiple supramolecular interactions. This constitutes a general nanofabrication
paradigm for the integration of organic, inorganic, metallic, and biomolecular
components while retaining the interfacing supramolecular specificity.
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We have reported an environment-friendly in situ polyol process for developing
a well-distribution and uniform shape of silver nanoparticles in PVA films stabi-
lized with PGA polypeptide. The application of the Ag films to SERS shows great
enhancement, needs low excitation power, is easy to prepare, and is convenient to
use. Using benzoic acid as a probe molecule, we obtained much stronger SERS
signals, indicating that for silver nanoparticles capped by stabilizer molecules such
as PGA, the in situ reducing method provides a new vision of PVA to fabricate
SERS-active substrates. As compared the effects of the silver colloid aggregation on
the silver/PVA nanocomposite, we can therefore confirm that the size, shape, and
spacing of silver nanostructures is related to SERS enhancement.

Colloids of Ag were obtained from the powder that has bigger particles (typi-
cally between 30 and 50 nm) via a chemical redispersion method. The studies
revealed that the powder has about 20–25% redispersibility in aqueous medium. It
is highlighted that one can prepare large surface-capped particles in the first place
and then isolate particles of smaller dimension i.e., typically in the nanometer
regime via a colloidal stage. The nanoparticles via colloids can be loaded in various
matrices including the polymers. The absorption wavelength can be altered by the
selection of water-friendly polymers. The nanoparticles so obtained can have
potential applications in household items, electronics as well as in optoelectronics.

Amphiphilic block copolymers (ABCs) highlighted here have been used
extensively in pharmaceutical applications ranging from sustained-release tech-
nologies to gene delivery. The utility of ABCs for delivery of therapeutic agents
results from their unique chemical composition, which is characterized by a
hydrophilic block that is chemically tethered to a hydrophobic block. In aqueous
solution, polymeric micelles are formed via the association of ABCs into nano-
scopic core/shell structures at or above the critical micelle concentration. Upon
micellization, the hydrophobic core regions serve as reservoirs for hydrophobic
drugs, which may be loaded by chemical, physical, or electrostatic means,
depending on the specific functionalities of the core-forming block and the solu-
bilizate. Although the Pluronics® are the most widely studied ABC system,
copolymers containing poly(L-amino acid) and poly(ester) hydrophobic blocks have
also shown great promise in delivery applications. Because each ABC has unique
advantages with respect to drug delivery, it may be possible to choose appropriate
block copolymers for specific purposes, such as prolonging circulation time,
introduction of targeting moieties, and modification of the drug-release profile.
ABCs have been used for numerous pharmaceutical applications including drug
solubilization/stabilization, alteration of the pharmacokinetic profile of encapsulated
substances, and suppression of multidrug resistance and herein highlighted the
formation of metal nanoparticles.

With PAMAM dendrimers as templates, dendrimer-entrapped gold nanoparticles
(AuDENPs) can be formed with each AuNP entrapped within each dendrimer
molecule. A wide range of metal ions can be preorganized with dendrimers,
especially PAMAM dendrimers to form metal DENPs. Likewise, bimetallic
core@shell or alloy DENPs can be prepared by coreduction of the metal ions in the
presence of dendrimer templates. AuDSNPs (dendrimer-stabilized) were found to
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be fluorescent and display strong blue photoluminescence. The size of the
AuDSNPs decreases with the increase of the number of dendrimer generations,
suggesting the different nucleation and growth mechanisms for gold nanocrystals in
the presence of PAMAM dendrimers. Specifically, unique bimetallic materials can
be synthesized by dendrimer-templating method such as AuAg alloys, core@shell
Au@Ag, and AuAg alloy@Ag structures. The encapsulation of metal ions inside
dendrimers involves, variously, electrostatic and complexation interactions—the
dendrimer interior includes coordinating groups such as –OH, NH2, or –COOH.

Amine-terminated fourth-generation PAMAM dendrimers functionalized with
thiophene dendrons are synthesized, and their application in the preparation of
dendrimer-encapsulated nanoparticles has been demonstrated. FTIR and UV–Vis
spectroscopies show evidence that Pd hybrid nanoparticles are more stable than Au
nanoparticles. Fluorescence spectra indicate that thiophene dendrons interact with
the encapsulated nanoparticles and their emission can even be enhanced by gold
nanoparticles through energy transfer. AFM images reveal that the functionalized
PAMAM dendrimer is an efficient host for immobilizing and stabilizing hybrid
nanoparticles on HOPG. The complex dendrimer-like gold assembly was sponta-
neously formed.

The functionalized plasmonic nanoparticle has been used as cell imaging and
plasmon-based optical detection probe. Biomolecule (lucose…)-functionalized
plasmonic-fluorescent composite particles show their biochemical activity toward,
for example, Concanavalin A (Con A). This effect is seen as visible precipitate
formation of particles after Con A addition. The particle aggregation and precipitate
formation can be monitored using the surface plasmon of the plasmonic-fluorescent
particle.

Among the myriad possibilities, dendrimers (DEMs) can find applications in
drug delivery due to the opportunity of their internal niches to host a variety of
molecules. DEMs have also been reported to enter tumors and carry either
chemotherapeutic agents or genetic therapeutics. Incorporation of photoactive
components in either the core or the periphery of these nanostructures enriches
them with new functionalities opening new perspectives in nanomedicine.
Dendrimer modification with chemically inert polyethylene glycol or fatty acids is
one of the most attractive ways to reduce dendrimer toxicities in vitro.

For targeted imaging of cancer cells in vitro and in vivo, it would be ideal to
assemble targeting ligand-modified dendrimer molecules onto the metal nanopar-
ticles. The advantage of using dendrimers as templates to prepare gold nanoparti-
cles lies in the fact that the surface of the particles can be modified with various
functional moieties (e.g., targeting ligands and dyes) through dendrimer chemistry
for practical biomedical applications. Gold-based nanoparticles have been devel-
oped that strongly absorb light in the near-infrared region, facilitating deep optical
penetration into tissues, generating a localized lethal dose of heat at the site of a
tumor.
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Glossary

Boltorn polyols and their derivatives are hyperbranched polymers which are
widely used in material and medicinal chemistry to prepare
polymers with improved mechanical properties, to modify the
properties of membranes, and to control drug delivery.
A characteristic example of such hyperbranched molecules,
which can now be produced on an industrial scale, belongs to
the aliphatic polyester family bearing the commercial name
Boltorn®. The hyperbranched Boltorn polymers can be ali-
phatic polyesters constructed with ethoxylated pentaerythritol
as central cores and 2,2-bis(methylol)propionic acid (bisMPA)
as dendritic units. For example, Boltorn H20 should contain 16
hydroxyl end groups per molecule indicating that it contains on
average two generations of MPA. Similarly Boltorn H30 and
H40, respectively, are third and fourth generation containing 32
hydroxyl and 64 hydroxyl per molecule.

Folic acid another form of which is known as folate, is one of the B
vitamins. It is used as a supplement by women to prevent
neural tube defects (NTDs) developing during pregnancy. It is
also used to treat anemia caused by folic acid deficiency.
Long-term supplementation is also associated with small
reductions in the risk of stroke and cardiovascular disease.
Folate targeting is a method utilized in biotechnology for drug
delivery purposes. Based on the natural high affinity of folate
for the folate receptor protein (FAR), which is commonly
expressed on the surface of many human cancers, folate–drug
conjugates also bind tightly to the FR and trigger cellular
uptake via endocytosis. avb3 is a type of integrin that is a
receptor for vitronectin. It consists of two components, integrin
alpha V and integrin beta 3 (CD61), and is expressed by pla-
telets. Furthermore, it is a receptor for phagocytosis on mac-
rophages or dendritic cells.

Hematologic
toxicity

is a common treatment complication of chronic hepatitis C
virus (HCV) infection, especially when interferon (IFN) and
ribavirin are used. The side effects of treatment are often aug-
mented in cancer patients due to baseline cytopenias. These
adverse events often lead to dose reduction or discontinuation
of antivirals.

Hepatotoxicity (from hepatic toxicity) implies chemical-driven liver damage.
Drug-induced liver injury is a cause of acute and chronic liver
disease.
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HOMO and
LUMO

are acronyms for highest occupied molecular orbital and lowest
unoccupied molecular orbital, respectively. The energy differ-
ence between the HOMO and LUMO is termed the HOMO–
LUMO gap. HOMO and LUMO are sometimes referred to as
frontier orbitals. The difference in energy between these two
frontier orbitals can be used to predict the strength and stability
of transition metal complexes, as well as the colors they pro-
duce in solution. Roughly, the HOMO level is to organic
semiconductors and that the valence band maximum is to
inorganic semiconductors and quantum dots. The same analogy
exists between the LUMO level and the conduction band
minimum. In organometallic chemistry, the size of the LUMO
lobe can help predict where addition to pi ligands will occur.
Each molecular orbital has a calculated energy level. Chemists
sort the molecular orbitals (MOs) by energy levels. Chemists
assume that the electrons will occupy the lowest energy level
MOs first. The difference in the HOMO’s energy level and the
LUMO’s energy level is called the band gap. The band gap can
sometimes serve as a measure of the excitability of the mole-
cule: the smaller the energy, the more easily a molecule’s
electrons will be excited. For example, this can help predict
whether a substance will have luminescence. As MOs for larger
molecules tend to be more complicated (the electrons are
spread out all over the big molecule). At this point, we gen-
erally no longer focus on a comparison between the MOs and
the AOs but instead just take the MOs as a set of orbitals for the
whole molecule. There are many such orbitals (an infinite
number), but we will always focus simply on the electrons that
are most important for the chemistry.In immunology, the
mononuclear phagocyte system or mononuclear phagocytic
system (MPS) (also known as the reticuloendothelial system or
macrophage system) is a part of the immune system that con-
sists of the phagocytic cells located in reticular connective
tissue. The cells are primarily monocytes and macrophages,
and they accumulate in lymph nodes and the spleen. The
Kupffer cells of the liver and tissue histiocytes are also part of
the MPS. The mononuclear phagocyte system and the mono-
cyte macrophage system refer to two different entities, often
mistakenly understood as one.Immunogenicity is the ability of
a particular substance, such as an antigen or epitope, to provoke
an immune response in the body of a human or animal. In other
words, immunogenicity is the ability to induce a humoral
and/or cell-mediated immune responses.Nephrotoxicity is tox-
icity in the kidneys. It is a poisonous effect of some substances,
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both toxic chemicals and medications, on renal function. There
are various forms, and some drugs may affect renal function in
more than one way. Nephrotoxins are substances displaying
nephrotoxicity.

Zebra fish (Danio rerio) is a tropical freshwater fish belonging to the
minnow family (Cyprinidae) of the order Cypriniformes.
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Chapter 5
Hard Template-Directed Synthesis

Abstract Silica is presently widely used as a template for the development of
various nanostructures due to its characteristic high surface area, thermal and
chemical resistance, the presence of reactive silanol groups (Si–OH), and nano-
pores. Nontraditional nanostructures consisting of noble metals are often fabricated
by depositing thin layers of metals (or their precursors) on some silica beads
existing templates. A straightforward sol-gel method can be utilized for the
preparation of noble metal nanoparticles and their composites via in situ-doped
silica aerogels. The metal dispersion and size distribution obtained by this approach
depends on the kind of metal, the reaction conditions, and the metal loading.
Another approach consisted of making use of the pore channels of hexagonal
mesoporous silica, as matrixes for controlling the nanoparticles size. It was
demonstrated that noble metal nanoparticles could be coated with a silica shell via
the reaction of citrate-stabilized gold nanoparticles and alkylaminotrimethoxysilane,
followed by polymerization after the addition of a sodium silicate solution. The
spherical silica nanoparticles were used as the templates of interior cores of metal
nanoshells and as the templates for the deposition of the external noble metal shell
layer by layer. A controlled growth of silver nanoparticles on TiO2 templates is
expected in tuning the optical response of the silver–TiO2 hybrids. The growth
model can explain the phenomenon of silver nanoplates lying on the small silver
nanoparticles. A simple and reproducible method for the activation of monodis-
persed silver nanoparticles was insertion of the concentrated NaCl, NaBr, and NaI
solution into the silver nanoparticle dispersion. It was also demonstrated the
entrapment of thiol-coated gold particles, and believe that the technique is
straightforwardly applicable also for other hydrophobically coated nanoparticles.
The presence of a substrate influences the resultant frequency and bandwidth of the
surface plasmon resonance and more generally its multipole distribution. By
combining two different materials or different particle shapes of the same material
within the same single nanostructure, new properties of the coupled system can be
obtained. An interesting approach to introduce theranostic functionalities into a
nanosystem is to covalently attach a metal-porphyrin chelate to mesoporous silica
nanoparticles (MSNs) which are readily taken up by cells. Bioconjugates based on
MSNs are used in a wide array of applications, including chemical catalysis, drug
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delivery, controlled release of therapeutics, and cell labeling and killing.
UV-photoexcited TiO2 nanoparticles and their conjugates in aqueous solution form
various reactive oxygen species, mainly highly reactive hydroxyl (OH), peroxy
(HO2) radicals, and singlet oxygen, highly reactive hydroxyl radicals, electrons and
superoxide ions able to deactivate of bacteria, algae, viruses and kill cancer cells.

Keywords Silica and TiO2 templates � Mesoporous silica nanoparticles �
Composites � Deposition � Bioconjugates � Reactive oxygen species � Cell killing
Abbreviations

1D One-dimensional
AAS Atomic absorption spectrometry
AFM Atomic force microscopy
APS Aminopropyltrimethoxysilane
APTES (aminopropyl)triethoxysilane
APTMS Aldehyde propyltrimethoxysilane
Asm Aspartame
AuNP Gold nanoparticle
AuNR Gold nanorod
BDAC Benzyldimethylhexadecylammonium chloride
BET Brunauer–Emmett–Teller
BJH Barrett–Joyner–Halenda
CEA Carcinoembryonic antigen
CNS Central nervous system
CTAB Cetyltrimethylammonium bromide
CTAC Cetyltrimethylammonium chloride
CVD Chemical vapor deposition
CVs Cyclic voltammograms
DA Dopamine
DBTA Dibenzoyl tartaric acid
DCC Dicyclohexylcarbodiimide
DLS Dynamic light scattering
DMAP Dimethylamino pyridine
DNA Deoxyribonucleic acid
DOPAC 3,4-dihydroxyphenylacetic acid
DOX Doxorubicin
DTG Differential thermogravimetry
EDC N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
EDS Energy-dispersive spectra
EDX Energy-dispersive X-ray spectroscopy
EFPL Enhancement factor
EFSERS Raman enhancement factor
EI Extinction intensity
ELs Edge lengths

416 5 Hard Template-Directed Synthesis



F Fluorescein
Fcc Face-centered cubic
FESEM Field emission scanning electron microscopy
FSM Folded-sheet mesoporous material
FTIR Fourier transform infrared spectroscopy
GCE Glassy carbon electrode
HAADF High-angle annular dark field
HD-PtNDs Highly dispersed platinum nanodots
HF Hydrofluoric acid
HRTEM High-resolution TEM
ICP-AES Inductively coupled plasma atomic emission spectrometry
LSPR Local surface plasmon resonance
MCM Mobil composition of matter, mobil crystalline materials
MCN Mesoporous carbon nitride
MESNa Sodium 2-mercaptoethanesulfonate
MIES Metastable impact electron spectroscopy techniques
ML Monolayer
MMT Montmorillonite clay
M-O-M′ M and M′, metals; O, oxygen
MPTMS 3-mercaptopropyltrimethoxysilane
MSN Mesoporous silica nanoparticle
MSN-PdTPP Pd-meso-tetra (4-carboxyphenyl) porphyrin (PdTPP) covalently

embedded in MSNs
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
MW Microwave
Nbx Nanobox
Ncg Nanocage
Ncb Nanocube
NCls Nanoclusters
NCs Nanocrystals
Nf Nanoframes
NHA Normal human astrocytes
NMNP Noble metal nanoparticle
OA Oriented attachment
OR Ostwald ripening
OTS Octadecyltrimethoxysilane
PDT Photodynamic therapy
PdTPP Pd-meso-tetra (4-carboxyphenyl) porphyrin
PL Photoluminescence
PLE Photoluminescence excitation
PLGA Poly(L-glutamic acid)
PLL Poly(L-lysine)
PSA Prostate-specific antigen
PVPo Polyvinylpyrrolidone
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QD Quantum dot
RBS Rutherford backscattering spectrometry
RF Radio frequency
Rh Rhodamine
Rh6G Rhodamine 6G
RhB Rhodamine B
SBA-15 Mesoporous silica nanoparticles
SEM Scanning electron microscope
SERS Surface-enhanced Raman scattering
SG Sol-gel
SHE Standard hydrogen electrode
SiNWs Silicon nanowires
Si–OH Silanol groups
SPO Scanning probe oxidation
SPR Surface plasmon resonance
STM Scanning tunneling microscopy
TEM Transmission electron microscope
TEOS Tetraethoxysilane, tetraethyl orthosilicate
TGA Thermal gravimetric analysis
THF Tetrahydrofuran
TSPR Transverse SPR
UPD Underpotential deposition
UPS Ultraviolet photoelectron spectroscopy
UVA UV light
XRD X-ray diffraction
DE Given temperature
j Dielectric constant decreases the value
f Zeta potential

5.1 Introduction

Hard templates can be employed for the shape-controlled synthesis of metal
nanocrystals. The metal ions are reduced within or around the confined volume or
space of the template. These spatially and dimensionally constrained structures can
serve as reaction cages to control the nucleation and growth of the particles (and
impart stability). Templating can also be done against existing nanoparticles with a
well-controlled shape. It is appropriate here to point out a difference between the
preformed-seed-mediated method and the template method. In the
preformed-seed-mediated method, a similar or identical seed particle becomes part
of the resultant nanoparticle, whereas the template is often a dissimilar material that
does not become part of the nanoparticle. There are reports on the deposition of
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various inorganic nanoparticles onto silica microspheres, including metals [1],
metal oxides [2] and sulfides [3].

Nanoscale dispersions of metal in silicate and other metal matrixes have attracted
great interest because of their unique size-dependent optical, electrical, and
chemical properties [4]. Several general strategies were reported for the encapsu-
lation of metallic colloids in sol-gel matrixes. With use of an inverse micelle
technique, spherical nanosized metal-silica composite particles were prepared via a
sol-gel reaction within the metal alkoxide microemulsion [5]. Martino et al.
reported the synthesis of metal nanocluster-dispersed silica monoliths by diffusing
the metal clusters into pre-existing wet monoliths formed through a sol-gel reaction
[6]. Silica thin films and bulk materials containing metal colloids were also pre-
pared by diffusing metal salt solution into silica matrixes, followed by a reduction
of the metal salt, which could be chemical, photochemical, or sonochemical
reduction [7]. Using a two-step sol-gel procedure, Whilton et al. [8] synthesized
porous silica-supported metal nanoparticles. Prefabricated metal-polymer microgel
hybrids were incorporated in a silica matrix. In this method, the spherical func-
tionalized polymer microgels function as both nanosized exotemplates for con-
trolled growth of metal colloids and as endotemplates for porous sol-gel silica.
From all these works, it has been noticed that the morphology and properties of the
metal-silica composite were greatly affected by the preparation methods.

In addition to the soft and hard templates, there is another kind of nanoparticle
template, called sacrificial template that has been used, where the template particle
sacrifices itself in the process of templated particle formation. Sacrificial template
mechanism is based on the principles of galvanic displacement reactions. The
morphology of sacrificial nanoparticle acts as a reference and guides the nucleation
and growth of the depositing metal and final morphology of the resultant particle.
By varying the shape of the sacrificial template nanoparticle and its ratio to the
more-noble metal precursor added, one can obtain a variety of morphologies such
as, for example, triangular rings, wires, tubes, boxes, or cages [9, 10].

Porous metal-oxide membranes containing uniform cylindrical pores can be used
as hard templates for the electrochemical preparation of noble metal nanorods,
which may represent one of the first major developments in high-yield,
solution-phase synthesis of anisotropic metallic nanostructures [11]. This
membrane-based approach is very useful for synthesizing metal nanorods with
control over both diameter and length. Recently, novel plasmonic nanorod metal
materials for biosensing were prepared by electrochemical growth of gold nanorod
arrays using a substrate supported, thin-film porous aluminum oxide template [12].
In addition to the synthesis of 1D gold nanostructures, gold nanocrystals with
complex morphologies, such as branched [13] and cap-like [14] particles, can be
produced by employing suitable hard templates. Examples of hard templates
include silicas and porous nanoparticles membranes, such as polymer films con-
taining track-etched channels and alumina films containing anodically etched pores.
This approach is commonly used for the synthesis of high-density, ordered arrays of
nanorods, nanowires, and nanotubes. Preparation of nanoparticles in these tem-
plates involves infiltration of the pores with a precursor solution, which is then
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allowed to undergo reduction and recovery of the metallic nanoparticles by selec-
tively removing the template. The pore size and shape and the amount of metal
deposited within the pores of the membrane control the nanoparticle diameter, size,
and morphology [15, 16]. Metals can be deposited inside the pores of the templates
by either chemical (“electroless”) or electrochemical reduction of the appropriate
metal ion [15, 17]. Electroless metal deposition involves the use of a
chemical-reducing agent to generate electrons and to deposit a metal from solution
onto a desired surface without any circuitry. Metal nanotubules and wires can be
prepared by using this technique [15, 18].

A suitable scaffold for the synthesis of noble metal nanoclusters typically allows
multiple and strong interactions with metal ions by complexation or by ionic bonds.
Special care is needed to avoid aggregation, since all the suitable scaffolds can also
be used for the nucleation and growth of large nonfluorescent silver nanoparticles,
for example, in acrylates [19, 20], dendrimers [21] or DNA [22]. To limit the size to
few-atom nanoclusters, proper scaffolds thus must be combined with suitable
concentrations and with appropriate reduction methods.

In the classical seed-mediated synthesis of gold nanorods in the presence of
CTAB, originally it was thought that the rod-like micelles formed by CTAB in
aqueous solution would play the role of soft templates [23] but later on a more
reasonable mechanism based on the preferential binding of CTAB to certain crystal
faces of gold nanorods was put forward and became widely accepted [24]. It is
worthwhile to search for other feasible colloidal templates for the shape-controlled
synthesis of gold nanocrystals. In this regard, metal–surfactant complexes with
desirable morphologies, which are formed by Au(I) or Au(III) and surfactants
through binding interactions (e.g., aurophilic attraction and electrostatic combina-
tion), can be employed as reactive sacrificial templates for the shape-controlled
synthesis of gold nanocrystals (metal–surfactant complex-templated synthesis).

Modification of the nanoparticle surface is a suitable and still almost unexplored
path to constrain a set of smart units into an organized network. Fluorescent
nanoparticles, for example, are in fact very promising for the design of labels and
sensors for the relative ease of their synthesis and for their peculiar properties. Silica
nanoparticles can be prepared in a very straightforward way and their surface can be
easily modified by means of alchoxysilane derivatives. This versatility makes silica
nanoparticles a good choice as a scaffolding structure for a network of dye moieties
(metal nanoparticles), especially considering that in addition these materials are
transparent to visible light and inert as far as energy and electron-transfer processes
are concerned [25]. As a consequence, dye-coated silica nanoparticles constitute a
suitable system to characterize intermolecular photophysical processes at their
surface, avoiding any interference from the particle nucleus.

Composites of nanometer-sized metal particles with a narrow particle size dis-
tribution homogeneously dispersed in a SiO2 matrix have been reported based on
the incorporation of preformed nanoparticles within silica [26] or by sol-gel pro-
cessing of the metal complex [27]. The metal dispersion and size distribution
obtained by this approach depend on the kind of metal, the reaction conditions, and
the metal loading. Another approach consisted of making use of the pore channels
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of hexagonal mesoporous silica [28], as matrixes for controlling the nanoparticles
size. Thus, the ordered mesoporous silica materials, MCM (mobil composition of
matter or mobil crystalline materials) and FSM (folded-sheet mesoporous material)
types, have been used as templates for the growth of metal nanoparticles [29]. The
general procedure used was based on impregnating the metallic precursor onto the
support followed by calcination to generate the nanoparticles. The final size of the
nanoparticles is dependent on both the pore size and the calcination temperature.
Guari et al. [30] have described a new methodology consisting of coordination of an
organogold precursor within the pore channels of functionalized mesoporous silica
followed by metal nanoparticles growth under mild chemical reduction. Other
research groups seeking gold nanoparticles growth using, respectively, thiol- or
amino-functionalized mesoporous silica materials have also explored this approach
[31]. This methodology should prevent outer pores growth and allow a good control
of the size of the particles [32].

Several other literature data concerning gold encapsulated in SiO2 can be
included. Caruso described some methods for the engineering of nanoparticle
surfaces [33]. It was demonstrated that gold nanoparticles could be coated with a
silica shell via the reaction of citrate-stabilized gold nanoparticles and alky-
laminotrimethoxysilane, followed by polymerization after the addition of a sodium
silicate solution. Liz- Marzan et al. [34] have claimed that the preparation of a silica
coating on gold nanoparticles was successful only when the gold complexing and
silane-coupling agent ((3-aminopropyl)trimethoxysilane) were previously attached
to the particle surface. Mann et al. [35] prepared functionalized silica shells over
gold nanoparticles and showed that the colloidal solutions of these particles were
stable for up to 2 months. Methods for covering the surface of gold nanoparticles
with polymers have also been discussed [36]. It was also reported the homogeneous
incorporation of silica-coated gold particles into a transparent silica gel without any
aggregation of particles [37]. These core@shell nanoparticles are stable and ready
for further applications; however, they generally have a nonordered porous shell.
Later, Konya et al. [38] have proposed a simple but very promising method to
synthesize controlled size and shape Pt nanoparticles containing mesoporous
materials.

The nanoscale dispersions of noble metal particles in mesoporous sol-gel
materials are of great interest. With a size range of 2–50 nm, the mesopores permit
ingress by molecules and guests physically excluded from microporous materials
and provide a high surface area available for sensing and catalysis. In comparison to
macroporous materials, the pore size can be made small enough to prevent the
active species (i.e., nanosized particles) from leaking out of the matrixes. Since the
early 1990s, numerous kinds of mesoporous silicate have been prepared using
neutral or ionic surfactant as the template or pore-forming agent [39]. Wei et al. [40]
have developed a novel, low-cost, biocompatible nonsurfactant pathway for
preparing mesoporous materials. With use of small nonsurfactant molecules such as
glucose, fructose, dibenzoyl tartaric acid (DBTA), and urea as a pore-forming
agent, silica mesoporous materials have been prepared with high surface area and
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pore volume. The pore size is in the range of 2–6 nm with narrow distributions
[41].

There has been major progress in methods for controlling the growth of
nanocrystals (NCs) of metallic materials. Shape control has enabled obtaining
nanoparticles in forms such as dots, rods, tetrapods, and more [42]. Earlier work on
NCs in sol-gel materials focused primarily on hydrophilic, water-soluble NCs.
Additional types of water-soluble semiconductor NCs were entrapped in silica
particles by a sol-gel process, forming “raisin bun”-type particles [43]. The general
method for the entrapment of hydrophobically coated NCs inside micrometer- and
submicrometer-sized composite silica spheres is based on the work [44]. The NC
entrapment method is demonstrated for a variety of nanocrystals, primarily semi-
conductors covering different spectral bands, and of different shapes including
spheres and rods. Authors also demonstrated the entrapment of thiol-coated gold
particles and believe the technique is straightforwardly applicable also for other
hydrophobically coated NCs. They term the micrometer-sized particles which
contain nanoparticles “nano@micro” or “micro@nano” composites [45]. The size-,
composition-, and shape-dependent properties of such NCs can be harnessed for a
variety of applications in areas ranging from biological fluorescent tagging to
light-emitting diodes, lasers, and catalysts.

The development of new bioactive materials able to bond to living tissues is a
promising alternative for the production of implants and scaffolds for tissue engi-
neering. Many bioactive materials are prepared by a sol-gel method, including
glasses and organic–inorganic hybrids. When in contact with physiological fluids,
they form carbonated hydroxyapatite nanocrystals similar in composition and
structure to biological apatites. This was considered an essential stage in the for-
mation of a bond between the bioactive glasses and the living tissues [46].

Inorganic gel materials prepared by the so-called “sol-gel method” using metal
alkoxides as starting materials are generally porous and have a large specific surface
area, so that the gel materials can easily react with water vapor and/or water liquid
in a much shorter time. In the case of multicomponent inorganic gel materials,
hetero-bondings like M–O–M′ (M and M′, metals; O, oxygen), which are often not
stable from a thermodynamic point of view, are readily hydrolyzed, and specific
components dissolve and recrystallize in water.

The growth of metals on oxide surfaces is important in numerous technologies
including electronic device fabrication and nanoparticle formation. In general, the
morphology of metal particles on oxide surfaces depends to a large extent on
defects, particularly point defects like oxygen vacancies [47]. Several studies have
addressed the relationship between metal cluster nucleation/growth on oxide sur-
faces and defects; however, many questions remain unanswered. A study by
Besenbacher and coworkers using scanning tunneling microscopy (STM) showed
that bridging oxygen vacancies on TiO2 are active nucleation sites for gold clusters
[48]. In addition, the authors suggested that the diffusion of a vacancy–cluster
complex plays an important role in the formation of larger gold clusters. Using
atomic force microscopy (AFM), Barth and coworkers have quantified point defects
on MgO by estimating the Pd cluster density as a function of the deposition surface
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temperature [49]. In a theoretical study, Bogicevic and Jennison have calculated the
binding energies of various metals to MgO and showed that dimers of noble metals
are more stable at oxygen vacancies [47]. Using STM, Freund and coworkers have
demonstrated preferential decoration of Pd and Rh metal particles on line defects of
Al2O3 [50]. Furthermore, defects on crystalline SiO2 thin films can be studied using
ultraviolet photoelectron spectroscopy (UPS) and metastable impact electron
spectroscopy techniques (MIES) [51].

Precise position of nanomaterials produced by various chemical routines is
critically required for ultimate nanostructuring. The mainstream methodologies for
this involve direct manipulation of the nano-objects by AFM or guided
self-assembly on a well-defined template via capillary interaction, electrostatic
attraction, or covalent bonding [52]. Compared with low-throughput AFM
manipulation, flexible and high-throughput self-assembly strategies are more
amenable to large-scale nanostructuring. Employing nanometer-resolution lithog-
raphy, sub-100-nm nanomaterials were precisely positioned [53]. Particularly,
using scanning probe oxidation (SPO), which directly oxidizes a substrate by
applying an intensive electrical field at tip-sample junction, a template of patterned
oxide domains, nanoparticles, were fabricated on a silicon substrate. Deriving the
oxide domains with aminopropyltrimethoxysilane (APS) led to precise position of
single gold nanoparticles that were perfectly guided by the template. This strategy
does not apply any principle limitation to the choice of other organosilanes pos-
sessing specific affinities for various colloids; in general, any nano-object that could
self-assemble on silicon surfaces has the chance to be patterned by the combination
of SPO and self-assembly involving versatile layer-by-layer assembly.

A spherical, isotropic, homogeneous particle has isotropic optical characteristics
(e.g., polarizability, extinction cross section). The same particle placed in the
vicinity of a substrate (template) reveals anisotropic optical response due to the
polarizability of the substrate material, which may be described as electromagnetic
coupling with the image charges induced in the substrate. The presence of a sub-
strate influences the resultant frequency and bandwidth of the surface plasmon
resonance and more generally its multipole distribution. The problem of the induced
image charges and their influence on the optical properties of nanoparticles was first
considered by Yamaguchi [54]. Wind et al. [55] developed a general expression for
the polarizability of a sphere on a substrate. Gozhenko et al. [56] developed a
theory for a multipole response of an arbitrary aggregate of nanospheres placed in
the vicinity of a plane substrate with particle sizes smaller than the wavelength of
light. Most of the experimental and theoretical investigations were devoted to the
optical response of metallic nanoparticles deposited on a dielectric substrate. The
system of a layer of metallic nanoparticles placed in the vicinity of a plane metallic
substrate may be used to investigate the coupling of the localized surface particle
and propagating surface plasmon polaritons at the interface between the plane
substrate and the ambient medium. The coupling of localized and propagating
surface plasmon polaritons may reveal interesting physical phenomena, which, in
turn, may find numerous technological applications.
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The core-shell nanomaterials, as one of the complex nanostructures, have been
widely studied. Inorganic nanoparticles can obtain improved chemical stability and
size monodispersity through deposition onto the inert supports in this type of
nanostructure. There are also some reports on the deposition of various inorganic
nanoparticles onto silica microspheres, including metals [1], metal oxides [2], and
sulfides [3]. Gold nanoparticles are widely used metal nanoparticles for the depo-
sition onto silica microspheres. The typical method contains three steps: the syn-
thesis of silica microspheres; the surface functionalization of silica microspheres
with silane-coupling agents; deposition of AuNPs onto the functionalized silica
microspheres by simply mixing the two kinds of particles. Obviously, the three-step
method has been widely used for its convenient manipulation. However, the pro-
cess is tedious, and the Au coverage on silica microspheres is not dense. Halas and
coworkers [57] already made a detailed study for the three-step method. They found
that the surface functionalization of silica microspheres with different terminal
groups had a significant influence on the gold coverage. The hydrophilic groups,
such as amino (NH2) and mercapto (SH) groups, promoted the attachment of
AuNPs, while the hydrophobic groups, such as methyl (CH3) and diphenylphos-
phine (PPh2) groups, could not favor the attachment of AuNPs. They also studied
the impact of mixture of organosilanes and mixture of solvents on the coverage and
morphologies of the attached AuNPs. There is a great effort to optimize the reaction
conditions of the three-step method and to explore novel methods to improve the
gold coverage on silica microspheres. In addition, sonochemical deposition [58],
electroless deposition [59], and seeded growth [60] have been successfully used for
the deposition of AuNPs onto silica microspheres. Seed-mediated template-growth
method has been demonstrated to be a powerful synthetic route to generate a range
of different types of metal nanoparticles [61]. This method separates the nucleation
and growth stage of nanoparticle syntheses by introducing presynthesized small
seed particles into a growth solution typically containing a metal precursor, re-
ducing agent, surfactants, and some additives. It has been shown that various shapes
of gold and silver nanoparticles (e.g., rods, spheres, cubes, and octahedra) can be
synthesized using the method, depending on the type of surfactants and ionic
additives (e.g., silver ions, halides, and hydroxide) in the growth solution [62].

Alcohol reduction method [63] has been known as a chemical-reducing-agent-
free-preparation method for colloidal dispersion of metal nanoparticles. In this
method, metal ions are mainly reduced by alcohol via redox reaction between the
metallic precursor and alcohol; the reduction of metal ions is greatly governed by
the difference between the oxidation potential of alcohol and the reduction potential
of metal species at a given temperature (DE) [64]. Generally, monoalcohol aqueous
solutions such as ethanol/water mixture are frequently used as a reducing agent and
a solvent for the reduction reaction in alcohol reduction method. In a typical pro-
cedure, the metal precursors are suspended or dissolved in an ethanol/water mixed
solvent. The resultant metal precursor suspensions or solutions are heated with
reflux at a given temperature for a few hours in the presence of water-soluble
polymeric stabilizer like poly(N-vinyl-2-pyrrolidone), and then colloidal metallic
particles are formed. This method seems to be proper for attaching metal
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nanoparticles to the surface of the support materials due to its slower reduction rate
compared to the direct reduction method by a chemical-reducing agent in solution.
It is well known that the fast reduction rate makes it difficult to control the system.
In order to easily prepare the nanocomposite materials, novel preparation routes
were suggested including the polyol process or alcohol reduction method [65].

It was demonstrated that ion irradiation can also be used to modify the shape of
nanomaterials [66]. For example, silica colloids with diameters in the 100–1000 nm
range show dramatic anisotropic plastic deformation under mega-electron-volt ion
irradiation, changing their shape from spherical into oblate ellipsoidal. This
ion-beam-induced anisotropic deformation effect is known to occur for a broad
range of amorphous materials [67] but has not been observed for crystalline
materials, including metals.

Although small platinum (Pt) nanostructures are particularly important for the
efficient catalysis and sensitive detection [68], the ease of aggregation often leads to
performance deterioration [69]. To obtain the dispersed Pt nanostructures, one of
the effective routes is to chemically fabricate Pt on preformed nanostructured sur-
faces, to form a core@shell structure. Gold nanorods have been extensively
investigated as support, due to their well-established synthesis routes, tunable
surface plasmon resonance property, and super catalytical activity. The Au@Pt
nanostructure has been synthesized by using Au nanorods as support [70], which
can catalyze the oxidation of some organic compounds [71].

By combining two different materials or different particle shapes of the same
material within the same single nanostructure, new properties of the coupled system
can be obtained [72]. One potential route to produce such nanoparticle arrange-
ments is by self-assembly of the components. The mechanisms driving the
self-assembly of nanoparticles have been presented [73]. Exploiting the balance
between repulsive and attractive interactions in colloidal systems, it has been
possible to control the self-assembly of nanoparticles into discrete structures [74].
In this context, the assembly of NP homodimers, that is dimeric structures of the
same metal, and their optical properties have been studied before [75]. Examples in
which NPs in solution were selectively assembled have been presented by Mirkin
et al. [76] and Alivisatos et al. [77] using DNA as linker molecules. Enrichment of
the dimer population has been achieved by different methods [78].

5.2 Silica

5.2.1 General

Silica is a robust, hydrophilic, and biocompatible material that can be readily
modified with diverse chemical functionality. As a consequence, it is widely used as
an inorganic coating and templates for nanoparticles of different composition, e.g.,
quantum dots (QDs) [79], magnetic nanoparticles [80], lanthanide nanoparticles
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[81], and noble metal nanoparticles (NMNPs) [82], or as a nanoparticle-based
carrier of functional molecules [83]. Using the diversity of silane chemistry [84], a
silica shell, coating, or template can be tailored to have functional groups that can
include, but are not limited to, amine, aldehyde, carboxyl, epoxy, and thiol groups.
In addition to the use of silica as a structural shell on other template materials,
nanoparticles composed of silica can be prepared with sizes that typically range
between tens and hundreds of nanometers. The Stöber or reverse microemulsion
methods are most commonly used for the synthesis of silica-based nanomaterials
[85].

Silica is presently widely used as a template for the development of various
nanostructures to its characteristic high surface area, thermal and chemical resis-
tance, the presence of reactive silanol groups (Si–OH), and pores with diameters
between 2 and 50 nm. Thus, the process of mass transfer is favored by its meso-
porous structure, providing smart nanostructures with high sensitivity [86–88].
Therefore, the formation of a hybrid material containing mesoporous silica provides
an excellent substrate for the development of smart nontraditional structures. The
nanostructures consisting of noble metals are often fabricated by depositing thin
layers of metals (or their precursors) on some silica beads existing templates, fol-
lowed by calcination or wet chemical etching to remove the solid cores. As
demonstrated by Halas and coworkers [89], small gold nanoparticles (with diameter
of 1–2 nm) could be adsorbed onto the surfaces of silica spheres that had been
premodified with self-assembled monolayers of (3-aminopropyl)triethoxysilane.
These adsorbed gold colloids could then serve as the nucleation sites for the sub-
sequent electroless plating of gold (or other metals), leading to the formation of
complete metal shells. Another method developed by Caruso and coworkers was
based on the layer-by-layer adsorption of polyelectrolytes and charged gold
nanoparticles to build shell-like structures around colloidal templates whose sur-
faces had been derivatized with appropriately charged groups [90].

As a general rule, the functional performances of noble metal nanoparticles/SiO2

materials are strongly dependent on the gold particle size and distribution and hence
on the adopted synthetic procedure. Generally, these systems have been prepared by
both physical and chemical routes, including ion implantation, ionized cluster
beam, evaporation, sputtering, chemical vapor deposition (CVD), wet chemical
methods, polyol process, and sol-gel (SG) routes. A report concerning the prepa-
ration of Ag–SiO2 composites by a combined pulsed laser deposition/SG approach
has also appeared in the literature [91]. Among these synthesis routes, the sol-gel
process is a versatile low-temperature approach to glass coatings and powdered
samples incorporating nanoclusters in various matrixes [92]. Moreover, under
suitable conditions, the formation of the host and guest phases in the composite
system can be performed by a single-step process. This peculiarity, together with
the mild synthesis conditions (soft chemistry), makes the sol-gel method particu-
larly suitable for yielding thin films with good control over composition and
microstructure. The plasma-/liquid-phase hybrid approach also appears as an
interesting route. In particular, the peculiar characteristics of radio frequency
(RF)-sputtering are the flexibility that permits the fabrication of composite films of
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various metals and dielectric materials and the capability to produce uniformly
distributed metal clusters [93]. Moreover, the synergic competition between char-
acterizing sputtering processes from glow discharges is a key step in order to obtain
nanoparticles with tailored size and distribution. In these processes, plasma acti-
vation of both gas-phase species and growth surface can induce intermixing pro-
cesses between the host matrix and the guest phase. Such effects are further
enhanced by the properties of SiOx(OH)y(OR)z gels, i.e., the porous structure and
the presence of nonbridging groups, allowing, in principle, an optimal dispersion of
the deposited gold nanoparticles. These features might result in unexpected and/or
improved functional properties. Moreover, an important advantage of the proposed
synthetic pathway is its versatility and feasibility for the preparation of a wide range
of host/guest systems, featuring properties hardly attainable by conventional syn-
thetic routes.

The production of the mesoporous silica material-supported gold nanoparticles
types of nanocomposites leads to high surface area systems, in which the
shape-selective behavior of mesoporous materials can be combined with the cat-
alytic action of metal particles. This shape selectivity cannot be achieved with
amorphous oxide-supported metal catalysts [94, 95]. Among all the mesoporous
materials, the mesoporous silicas have gained great attention due to the properties
of MCM-41 (mobil composition of matters) and related materials, including highly
ordered mesopores, controlled pore size, specific surface areas, and pore volumes
[96, 97]. Mulvaney group published an early synthesis of silica-coated AuNPs in
1996. The silane-coupling agent (3-aminopropyl)trimethoxysilane was used to
render the gold surface vitreophilic. After the formation of a thin silica layer in
aqueous solution, the particles were transferred into ethanol for further growth
using the Stober method. Varying the silica shell thickness and the refractive index
of the solvent allowed control over the optical properties of the dispersions [34].

Noble metal nanoparticles can be synthesized in mesoporous silica films [30]
and in ultrathin nanoporous particle films [98]. Silver particles of narrow size
distribution were produced upon reversible chemical transformation between
metallic and oxide states in the titania matrix [99] and in mesoporous silica that was
grafted with hydrophobic Si(CH3)3 groups at the pore surface [100]. It is well
known that gold nanoparticles are typically red or pink [101]. In addition, the
refractive index of aerogel deeply influences the color of gold particles [102]. The
high refractive index materials induced the gold fine particles to take on a blue
color. In the case of the silica matrix with low refractive index, the gold-doped
silica aerogel samples showed a pink color. Since the change after supercritical
drying was only related to the volatilization of solvent, a process that does not
destroy the silica matrix, the color of gold-doped silica aerogel was retained as pink.

Montmorillonite clay (MMT), as lamellar clay, has been used as templates for
noble metal nanoparticles with good results because their high ion-exchange
capacity, high surface area and sportive capacity, chemical lifelessness, and low or
null toxicity [103] lead to high antimicrobial activity compared to bulk silver metal
[104]. MMT@AgNPs-based structures are supposed to be new generations of
antimicrobials as they are being used in many antimicrobial preparations [105].
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Several methods have been reported for the synthesis of nanostructures based on
silica/noble metals, e.g., photochemical reduction, microwave, chemical reduction,
irradiation [106]. Microwaves are electromagnetic waves and being used for the
development of different materials. In microwave applications, heating is caused by
the interaction of permanent dipole moment of molecules with high-frequency
electromagnetic radiation. In comparison with conventional heating, this method
shortens reaction time by factor of approximately 20 with uniformly spread through
the entire bulk of the reaction medium. Silver nanoparticles were synthesized onto
the surface of MMT by a simple-microwave-assisted process from an aqueous
solution of silver nitrate; silver nanoparticles with a narrow size distribution on
MMT surface were obtained without using any reducing agents [107].

5.2.2 Silver Nanoparticles

Silver nanoparticles were successfully immobilized onto the
3-mercaptopropyltrimethoxy-silane (MPTMS)-functionalized silica particles by
polyol process [108, 109]. Thiol groups tend to interact with silver ions by the
cleavage of an S–H bond and the spontaneous formation of an S–Ag bond [110].
As a result of unique behavior of thiol groups containing sulfur atom, chemicals
containing thiol groups have been widely used as chemical protocols to make
various metal–metal-oxide composites [111]. Thiol groups can be introduced by
graft reaction between surface silanol groups of silica and MPTMS [112]. In this
procedure, monodispersed silica particles with spherical shape and an average
particles size of about *300 nm in diameter are observed. Herein, polyol process
was applied to form and immobilize silver nanoparticles onto the silica surface
functionalized with thiol groups. Generally, polyvinylpyrrolidone (PVPo) acts not
only as a nucleation-promoting agent for silver ions but also as a stabilizer for silver
nanoparticles in polyol process. When ethylene glycol solution containing silver
ions and silica particles functionalized with thiol groups was heated with reflux in
the absence of PVPo, few particles were formed and immobilized onto the silica
surface. On the contrary, when the same reaction proceeded in the presence of
PVPo, silver nanoparticles were successfully formed and immobilized onto the
surface of silica particles. Thus, the reduction potential of this system consisting of
AgNO3, silica particles, and ethylene glycol is insufficient to reduce AgNO3 and
stabilize the silica@Ag nanostructures at a given reaction temperature in the
absence of PVPo.

In Fig. 5.1, curves 1 and 2 indicate the UV–Vis absorption spectra of resulting
composite particles prepared in the absence of PVPo and in the presence of PVPo,
respectively. Curve 1 shows very weak absorption intensity, whereas curve 2 shows
a broad absorption band about 520 nm, redshifted compared to the general
absorbance band of silver nanoparticles observed at about 400 nm. This is dis-
cussed in terms of the fact that absorption and scattering of light by the particle
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depend on its chemical composition, size, shape, surrounding dielectric medium,
and coupling of the colloids and adsorbed solutes [113].

Especially, in the case of composite (core@shell) particles consisting of
dielectric core and metal layer such as shell or particles, when the thickness and
coverage of silver layer are increased, the plasmon peak broadens, redshifts, and
depresses the scattering peak greatly [114, 115]. From these facts, it is thought that
redshift and broadening of plasmon peak were attributed to the high degree of silver
coverage on the silica surface, which means that the silver nanoparticles were
completely immobilized onto the silica particles with a high degree of coverage.
Therefore, it is obviously concluded that PVPo molecules successfully promoted
the formation of silver nanoparticles without interference of formation of combined
structure between silver nanoparticles and silica surface. On the other hand, it is
worth to notice that though the degree of apparent silver coverage is high, actually,
a small number of silver particles with a large size and a wide size distribution are
immobilized onto the silica surface. It is thought that nucleation period was not
enough and nucleation and growth steps occurred simultaneously during the for-
mation of silver particles. In order to obtain small particles having a narrow size
distribution, nucleation and growth steps are completely separated. In addition, it is
more advantageous to perform the preparation procedure in steps during the
preparation of composite particles consisting of dielectric core and metallic shell to
prevent the formation of large aggregates or particles [116].

The generation of silica–silver composite particles at different stages of immo-
bilization process is shown in Fig. 5.2. In curve 1, a broad absorption peak appears
about 490 nm, which indicates that very small silver nanoparticles are immobilized
onto the silica surface.

After additional growth of silver particles, much higher and broader peak was
observed as shown in Fig. 5.2 (curves 1 and 2). This means that small silver
particles grow to larger ones. Moreover, it is thought that the thickness of silver
layer increased after additional growth process. Similar behavior was confirmed by
the FESEM observation. Therefore, it can be concluded that when polyol process is

Fig. 5.1 UV–Vis absorption
spectra of the silica–silver
composite particles prepared
by polyol process at 120 °C
for 4 h with silver
concentration of 1000 ppm in
the absence of PVPo (1) and
in the presence of PVPo (2)
[113]
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applied for the immobilization of silver nanoparticles onto the large supports, it is
possible to obtain extremely small silver particles and to control the size of silver
particles and the thickness of silver layer by control of reaction temperature and
time. This size-controlled immobilization route is explained by following two steps;
(1) small silver particles are firstly formed on the silica surface and (2) these small
silver particles homogeneously grow to larger ones. These two steps are completely
conducted in one-pot by polyol process, which is attributed to the slower and more
easily controllable reaction rate of the polyol reduction method than that of general
chemical reduction method using reducing agent such as hydrazine or sodium
borohydride. Especially, first step is more easily conducted by polyol process in the
present system; extremely small silver particles are easily immobilized onto the
supports by polyol process at a low reaction temperature for a relatively long
reaction time.

At higher concentration of AgNO3 (10,000 ppm), this trend was more clearly
proven. When the reaction proceeded at 120 °C, few silver particles with extremely
large size were immobilized on the surface of silica particles, whereas when the
reaction was conducted at 25 °C at a sufficient nucleation time, many small silver
particles are immobilized onto the silica surface. As a result, it is obvious that small
silver particles with narrow size distribution are easily formed on the silica surface
at a low reaction temperature. Subsequently, additional growth step proceeded with
increasing reaction temperature up to 120 °C according to the same schedule as
already mentioned. After the additional reduction process, the size of individual
silver particles immobilized onto the surface of silica particles increased irregularly
and the number of silver particles greatly decreased. This fact means that despite
slow reaction rate of the polyol process, the reaction rate of growth process is so fast
that immobilized small silver particles homogeneously grow to larger ones because
too high concentration of silver precursor accelerates the reaction rate. It is thought
that they are finally detached from the surface of silica particles because they are too
large to be immobilized onto the surface by thiol groups. It is experimentally well
known that when silver nanoparticles are prepared by polyol process, large particles

Fig. 5.2 UV–Vis absorption
spectra of the silica–silver
composite particles prepared
by polyol process at 25 °C for
12 h (curve 1, solid line) and
after additional growth for 7 h
(curve 2, solid line) and at
higher silver concentration of
10,000 ppm for 12 h (curve
1*, dotted line) reaction and
after additional growth for 7 h
(2*) [113]

430 5 Hard Template-Directed Synthesis



about over 50 nm in size are more easily deposited on the surface of inside wall of
glass reactor than small one. From these facts, it is obvious that large particles
growing over than about 50 nm during the growth process were detached from the
silica surface and deposited on the inside wall of glass reactor. This can be more
clearly explained by UV–Vis absorption spectra of the samples discussed above. In
two curves of Fig. 5.2 (dotted lines, curves 1* and 2*), it was observed that the
maximum peak intensity was decreased after growth process, which indicates that
the concentration of the silver particles in the solution decreased as a reaction
proceeded. This result agrees with the glass wall coating phenomenon and FESEM
images. As a result, it is clearly concluded that too high silver precursor concen-
tration interferes with the immobilization of well-defined silver nanoparticles due to
the fast reduction rate of silver precursor.

The mechanism for the immobilization of the silver nanoparticles onto the silica
surface by polyol process is shown in Scheme 5.1. At the initial stage of the
reaction, MPTMS-functionalized silica particles and PVPo are dissolved into the
ethylene glycol. After complete dissolution of PVPo, AgNO3 is added into the
system. In this stage, silver ions are bonded with thiol groups of the silica surface
by the cleavage of an S–H bond and the spontaneous formation of an S–Ag bond
[110], and excess silver ions form complex with PVPo by interaction between the
hydrophilic pendant rings of PVPo and the silver ions [117]. In the second stage,
Ag+ ions are reduced to Ag0 metal state by ethylene glycol and PVPo, and silver
nuclei are formed on the surface of the MPTMS-functionalized silica particles;
nuclei are created at the silver ions bound to the thiol groups of the silica surface by
the nucleation site role of Ag+ ions bound to thiol groups [114], similar with the
role of seed materials. Finally, silver nanoparticles are formed on the silica surface
by growth of nuclei [33]; reduced silver species such as silver atoms or clusters in
the solution are deposited on the nuclei immobilized on the silica surface, which is
attributed to the slower reduction rate of polyol process than that of general
chemical reduction method using reducing agent.

Scheme 5.1 A schematic representation of the mechanism for the immobilization of the silver
nanoparticles onto the silica surface by polyol process [113–115]
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Silver nanoparticles can be also synthesized by using thermal decomposition
method. Ag–SiO2 (SiO2@AgNPs) composite (or core@shell) nanoparticles are
synthesized by using well-known Stöber method at low-temperature route for
coating SiO2 particles with silver nanoparticles [118]. This synthesis was done
completely without external reducing agents or media, adhesive aids or function-
alizing agents. Composition or structure of these nanocomposites can be obtained
by weight loss (thermal gravimetric analysis, TGA) analysis during heat treatment
under airflow. Data reveal, for example, the formation of silver–oleate complex
(Fig. 5.3). A very strong endothermic peak was observed at 295 °C. The peak is
related to the evaporation of oleate molecules by the decomposition of silver–oleate
complex. In the case of CTAB, the weight loss occurred from 220, revealing that
CTAB molecules were decomposed thermally [119].

No peak of silver in the pristine silver–oleate complex has been observed in the
XRD analysis which indicates that the complex is amorphous. However, peaks of
silver have been observed in the aging of silver–oleate complex at 300 °C. Peaks
are broadened due to the nanocrystalline nature of silver. Herein the XRD shows
three peaks at 2h values of 38.2°, 44.5°, and 64.5° corresponding to (111), (200),
and (220) planes of silver, respectively. No impurity peak is observed in the XRD
spectrum. The mean size of silver nanoclusters was determined as *8.0 nm
(TEM). The silver nanoparticles have very narrow size distribution. The EDX
spectra of silver nanoparticles excited by an electron beam. There is no impurity
atom in the nanoparticles except silver atom. Accordingly, from the EDX spectra,
we could confirm that the nanoparticles in TEM images are pure silver particles.

Figure 5.4 (left panel) shows UV–Vis spectrum of Ag nanoparticle (kmax =
410 nm) dispersed in isooctane solution. Ag nanoparticles display an optical
absorption band at 410 nm (� 3 eV), typical of absorption at metallic silver
nanoparticle, due to the surface plasmon resonance (SPR) [120]. The colloidal
suspensions of silver particles were a bright yellow-greenish color, due to the
intense bands around the excitation of SPR [121]. This absorption band is a little

Fig. 5.3 TGA (1)/DTG (2)
curves of silver–oleate
complex during heat
treatment under airflow [118,
119]
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blueshifted compared with the plasmon absorption band of silver colloids prepared
by citrate reduction method (kmax = 434 nm) [122]. It is caused that silver
nanoparticles have narrower size distribution and smaller diameter than silver
nanoparticles prepared by citrate reduction method.

UV–Vis spectrum of Ag–SiO2 nanoparticles shows absorption band at 420 nm
whereas that of silver nanoparticles prepared is shown at 410 nm (Fig. 5.4). This
absorption band is rather broad and redshifted compared with the plasmon
absorption band of Ag nanoparticle. As discussed earlier, the position and shape of
the plasmon absorption of silver nanoparticles are strongly dependent on the par-
ticle size, dielectric medium, and surface-adsorbed species. This is concerned with
redshifted absorption band of Ag–SiO2 [123]. EDX (energy-dispersive X-ray
spectroscopy) spectrum shows that this product consists of Ag and Si components.

Figure 5.4 (right panel) shows TEM image of SiO2@AgNPs nanostructures
whose SiO2 nanoparticle size is about 200 nm and silver nanoparticle size is below
10 nm. Silica nanoparticles were synthesized by hydrolysis and condensation of
tetraethylorthosilicate (TEOS) in a mixture of ethanol with water, using ammonia as
catalyst to initiate the reaction. TEM image shows SiO2 nanoparticles were
homogeneously impregnated with silver nanoparticles.

Further silica–silver heterogeneous nanocomposite structures have been pre-
pared by alcohol reduction method [124]. Silver nanoparticles with narrow size
distribution were homogeneously and quickly immobilized onto the silica surface
with thiol groups. The spherical silica particles were prepared by the sol-gel process
on the basis of the Stöber method [125]. Thiol groups were used as a chemical
protocol to attach the silver nanoparticles to the silica surface [110]. Therein, in the
case of silver ion reduction by alcohol reduction method, the degree of reduction
can be monitored by the change in color of the solution during the reaction.
Transparent ethanol solution containing AgNO3 and PVPo shows a color change

Fig. 5.4 UV–Vis spectra of Ag nanoparticle (kmax = 410 nm, curve 1) and Ag–SiO2 nanoparticle
(kmax = 420 nm, curve 2) (left panel). Schematic picture of SiO2@Ag nanoparticles (right panel)
[120]
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between light brownish yellow and dark brownish yellow according to reaction
factors (e.g., precursor concentration, stabilizer concentration, reaction temperature
and time). The appearance of the yellow color reveals the formation of colloidal
silver nanoparticles. In this system, the color of the solution changed to light
brownish yellow at about 90s and became darker to thick brownish yellow as the
reaction proceeded.

In the UV–Vis graph (Fig. 5.5, left panel), well-defined peaks are shown at
around 405 nm, which is attributed to the surface plasma excitation of silver
nanoparticles. The peak intensity slowly increased as the reaction proceeded and the
formation of silver particles is almost ended within 10 min.

It was observed (TEM, 10 min, Fig. 5.5, left panel, curve 1) that the silver
nanoparticles with an average size of 6.9 nm are homogeneously immobilized onto
the silica surface. After 2 h, the silver nanoparticles on the surface of silica grow to
larger ones with an average size of 10.6 nm in diameter. Figure 5.5 (right panel,
curves 1 and 2) shows the particle size distribution for silver particles immobilized
on the surface of silica particles. These results show a good agreement with that of
the color change of the solution and UV–Vis absorption spectra of the resulting
nanocomposite particles.

The Si, S, and Ag peaks (2 h, EDX elemental analysis) were obtained, which
indicates that the silver nanoparticles were successfully immobilized onto the silica
surface. The XRD diffraction peaks for the nanocomposite particles prepared at the
reaction time of 10 min are broadened and small. This fact suggests that their
particle size was extremely small. After an additional reaction for 2 h, the
diffraction peaks clearly appeared and the intensity was increased. This result is
attributed to the increase of crystallinity of the silver nanoparticles due to the
increase of the particles size. The formation of face-centered cubic (fcc) phase of
silver was confirmed; diffraction peaks at 2h = 38.10°, 44.30°, 64.35°, and 77.35°

Fig. 5.5 UV–Vis absorption spectra of the silica–silver nanocomposite particles prepared by the
alcohol reduction method at different reaction times: 10 min (curve 1) and 2 h (2) (left panel).
Particle size distribution for the silica–silver nanocomposite particles prepared by the alcohol
reduction method at different reaction times: (curve 1) 10 min and (2) 2 h (right panel) [124]
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are assigned as the (111), (200), (220), and (311) reflection lines, respectively, of
the fcc phase of silver.

To verify the role of the thiol groups on the surface of silica particles, the
preparation of the silica–silver nanocomposite particles was tried in ethanol med-
ium using bare silica particles without thiol groups. In TEM figure, it was not clear
whether the silver nanoparticles are immobilized on the silica surface or only
overlapped in the image. However, it is clearly observed that the number of silver
nanoparticles is smaller compared to the case using silica particles with thiol groups
on the surface. This fact can be explained by the nucleation site role of the thiol
groups. In this system, silver ions are bound to the sulfur of the thiol groups before
being reduced due to the strong interaction between the sulfur and metal ions. These
combined sites on the silica surface (S–Ag) act as nucleation sites during the
reduction process, similar to the heterogeneous nucleation technique. As a result,
thiol groups on the silica surface act as a chemical protocol and a nucleation-
promoting agent.

Furthermore, free silver nanoparticles below 3 nm are observed in solution.
Particularly, free silver nanoparticles are obviously smaller in size than that of
immobilized silver nanoparticles. In spite of the additional reaction for 2 h, the size
of the free silver nanoparticles did not grow larger; only silver nanoparticles
immobilized on the silica surface grew to larger ones. From this fact, it is thought
that silver species with � 3 nm in size such as nuclei, microclusters, and particles
were continuously formed in the solution, and these silver species were deposited
on the nuclei immobilized on the silica surface. This is attributed to the slower
reduction rate of the alcohol reduction method than that of the general chemical
reduction method using a reducing agent. In consequence, the preparation mech-
anism is explained by two steps; (1) silver nuclei were mostly created on the surface
of silica by a nucleation site role of thiol groups on the silica surface, and (2) these
nuclei grew to larger ones by deposition of reduced silver species to the immobi-
lized nuclei, similar to the seed-growth mechanism.

The effect of surfactant and solvent (reducing agent) on the formation of
AgNPs-silica was studied in several papers [126, 127]. On addition of silver salt in
formamide, evolution of gas was observed. This was attributed to the reduction of
silver ions or oxidation of formamide. The process involves the evolution of NH3,
CO2, and H2 gases [126, 127]. When a stabilizing agent such as SiO2 or PVPo was
added to formamide before addition of silver salt, stable clear dispersions were
obtained. However, no adsorption of metallic silver on the walls of the container
was observed in the presence of SiO2 or PVPo. Silica seed nanoparticles (13 nm)
were used to provide support for silver nanoparticles. The evolution of silver
nanoparticles stabilized by SiO2 is given by the following dependence (Fig. 5.6):

Absorbance450=time minð Þ : 0:6=15; 1:0=30; 1:5=60 and 3:3=210 ð5:1Þ

On comparison with the results obtained without SiO2, it can be noted that in the
presence of silica, the rate of formation of silver particles decreases drastically. It is
important to clarify here that this difference is due to the fact that in absence of SiO2
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silver particles got deposited on the walls of the container. The particle size (de-
termined by DLS) was around 38 nm for 0.01 mol dm−3 AgNO3 solution con-
taining 1.5 g/dm3 SiO2. The variation in the size of the particles with [Ag

+] keeping
the amount of SiO2 constant was also determined. It can be noted that as the
concentration of Ag+ ions increased the size of the particles decreased. This can be
explained by assuming that, to generate small and monodispersed particles, the
nucleation and particle growth processes should occur on different timescales [128].
As the rate of evolution of silver particles increases with the concentration of silver
ions, it appears that this could be the reason for observing smaller particles at higher
concentration of Ag+ ions.

It was noted that the charge on colloidal SiO2 in formamide becomes more
negative (−56.7 mV) as compared to that in water (−37.3 mV). The zeta potential,
f, of colloid particles is sensitive to the inverse Debye screening length (j) of the
medium, which in turn is decided by the ionic strength and dielectric constant of the
medium. An increase in dielectric constant decreases the value of j, thereby
increasing the effective potential of the particle at the shear plane. This explains the
observed increase in the charge of colloidal SiO2 in formamide as compared to that
in water. Due to negative charge on the surface of SiO2 particles, the encounters
between the particles are inhibited. This helps in stabilizing small silver particles on
its surface.

Microwave-assisted synthesis of different silver nanoparticles to MMT ratios
nanocomposite was developed by Kheiralla et al. [129] (Scheme 5.2).

The aqueous AgNO3 solution was contacted with MMT, and then
paraformaldehyde citric acid was added. The resulting solution was then placed in a
conventional microwave. The obtained AgNPs@MMT powder materials were
labeled as 1, 3, and 5% AgNPs@MMT nanocomposites, where 1, 3, and 5 rep-
resented the weight ratio of silver metal at MMT. Paraformaldehyde and citric acid
are used as stabilizing and reducing agent for synthesizing silver nanoparticles
through the reduction in silver ions by the oxidation of hydroxyl groups of
paraformaldehyde to aldehyde groups using strong base, NaOH. The addition of

Fig. 5.6 Time-dependent
UV–Visible absorption
spectra of silver nanoparticles
in formamide in the presence
of 1.5 g/dm3 SiO2: curve 1
(15 min), 2 (60), and 3
(210) [126]
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silver nitrate to the NaOH solution (Scheme 5.2; Chap. 2, Scheme 2.15) leads to the
formation of Ag+ as [Ag(H2O)

4]+, which then change to silver oxide (Ag2O)
through the reaction of OH− ions with Ag+ ions. A dark cream solution is produced
because of the formation of a large amount of silver oxide (Ag2O) sediment [130].
Paraformaldehyde is deprotonated [–O(CH2O)nH], and electrostatic interaction
between silver ions and free deprotonated paraformaldehyde shielded the formed
nanoparticles and grabbed silver clusters to the nanoparticles. Increasing tempera-
ture using microwave in presence of NaOH solution (pH 12) leads to fast hydrolysis
paraformaldehyde to oligomers that capped more Ag+ ions and causes high dis-
persion on MMT surface. The addition of citric is obligatory because of the removal
silver ions by NaOH (redox reaction), which inhibits further reduction reaction of
the silver particle surface (Chap. 2, Eqs. 2.2–2.5).

Typical XRD peaks for all samples of trioctahedral subgroup of 2:1 phyllosili-
cates are observed, which are ascribed to (110), (020), (004), (130), (2 0), (330),
and (060) diffractions. The results indicate that the crystalline structure of the clay
sheets had not been destroyed after preparation processes, with observed low
intensities peak closely matching those of pure silver (reflections at 38.36°, 44.49°,
64.81°, 77.71°, and 81.81°). The Ag peak (111) is indicating that the Ag grains
were oriented along the [111] direction, where (111) plane corresponds to the cubic
system in the thin films’ growth [131]. Despite the intensities of reflections cor-
responding to the planes in different samples are low, the 5% AgNP@MMT sample
shows more reflection intensity indicates more crystallites corresponding to the
(111) plane of cubic Ag (a = 0.4132 nm). Indeed, the reflection peaks of AgNPs
have low intensities owing to their high dispersion on the inner surface of MMT,
which is consistent with other report [132]. The crystal grain size (d) was estimated
from the full width at half-maximum of the Ag (111) peak using the following
Scherrer equation. The crystallite size for 1, 3, and 5% AgNPs@MMT nanocom-
posite samples is found to be in the range of 7.4, 10.7, and 19 nm, respectively.

The FESEM (field emission scanning electron microscopy) morphologies of
MMT@AgNPs nanocomposite show MMT as a multilayered material consisting of
many parallel arrays of broken plates [133, 134], and the nanomaterials exhibited
similar morphologies upon silver functionalization. With increase AgNO3 ratio on
MMT, the surface becomes shiny due to the presence of AgNPs, and homogeneous
fraction surface was detected during the synthetic processes; AgNO3 is intercalated
into the gallery regions of montmorillonite and formed hybrid framework. It can

Scheme 5.2 Schematic diagram for the synthesis of AgNPs@MMT nanocomposite, (1)
paraformaldehyde/NaOH, (2) MW/citric acid [129]
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also be seen that the AgNPs@MMT nanocomposites exhibited card-like and
ball-like homogeneous surface fractions and form one-phase morphology.
The HRTEM images revealed that the AgNPs are well dispersed on both MMT
surface and pores, and the dark region is increased with increasing silver content,
which is in good agreement with XRD analysis. MMT is porous material and
according to [132], the low intensity of some metal in the porous structure resulted
from high diffusion of this metal inside pores. The degree AgNPs dispersion on
MMT surface is a function of color intensity and its homogeneity. However, more
congregating of the silver nanoparticles is inhibited due to the paraformaldehyde
(polyoxymethylene) molecule escaping on the surfaces of the silver particles, then
forming a steric hindrance to prevent them from aggregation [135]. Furthermore,
the inductively coupled plasma atomic emission spectrometry (ICP-AES) mea-
surements confirmed that the silver nanoparticles have been well distributing in the
MMT, as it was observed by TEM.

The UV–Vis absorption spectrum of 1, 3, and 5% AgNPs@MMT nanocom-
posite is shown in Fig. 5.7. Compared to AgNPs [136], AgNP@MMT exhibit a
redshifted peak at 421, 433, and 442 nm for 1, 3, and 5 AgNP@MMT
nanocomposites, respectively. This redshift in the absorption spectra reflects a
decrease band gap of the semiconductor, which arises from the size quantization
effect, and may be caused by the MMT shell [137]. It was reported that the
absorption bands correspond to AgNPs smaller than 15 nm were detected at around
404–415 nm [138]. The symmetric absorption peaks indicate surface plasmon
resonance of uniform spherical silver nanoparticles [139]. This implies that when
the concentration of silver ions was increased, the size increased. This could be due
to different nucleation mechanisms operating at lower and higher Ag+ concentra-
tions attached to MMT at constant ratio of stabilizing agent.

Fig. 5.7 Typical UV–Vis
spectrum of the 1–5% (curves
1, 2, and 3) AgNPs@MMT
nanocomposites [129]
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The band at 518 cm−1 (FTIR spectra) was observed in the pristine clay, which is
attributed to the Al–O–Si (in the octahedral sheets) bending vibration. The band at
�800 cm−1 is associated with d SiO–H, and the sharp band at �1050 cm−1 sug-
gests the asymmetric Si–O stretching modes of gallery silica framework and MMT
layers [140]. The band at 3640 is assigned to O–H group along with stretching
Al–OH [141]. The bands in the 2930–2856 cm−1 and band at 1380 cm−1 regions,
which assigned to the different C–H stretching vibrations of the reducing agent, are
almost disappear indicating that these materials have been removed [134]. The
broad bands around 3475 cm−1 may be attributed to surface silanols group and the
adsorbed water molecules, while deformational vibrations of adsorbed water
molecules cause band at �1640 cm−1. The shoulder at �1223 cm−1 is due to
asymmetric stretching vibrations of Si–O–Si bridges, while the 960–965 cm−1

bands are due to Si–O–Ag+ vibrations in metal-incorporated silanols [141], and the
intensity of these bands is increased with increasing the silver content. Moreover,
the high intense band at 3475 and 1625 cm−1 due to more of van der Waals
interactions between the oxygen groups of MMT and AgNPs [142].

The prepared materials exhibited well-defined hysteresis loops of type H3 with
capillary condensation isotherms, which with aggregates of plate-like particles
giving rise to slit-shaped pores [143]. A gradual increase in N2 adsorption at
low-to-medium partial pressures (P/P0 of 0.05–0.25 and >3) suggests that these
materials possess supermicropores and mesopores [141]. Moreover, these N2

sorption isotherms and pore size [Barrett–Joyner–Halenda (BJH)] distributions are
similar to MMT. The isotherm hysteresis for AgNPs-MMT nanocomposites extend
to very low pressure, which may arise from the irreversible uptake of N2 in the
narrowed channels. These results should mean that the pores of AgNPs-MMT
nanocomposites may have been partially clogged by nanosilver molecules.
Depending on the loading of the nanosilver molecules, MMT has surface areas of
249 m2 g−1, pore volumes of 0.342 cm3 g−1, and the framework pore sizes are of
1.87 nm, decreasing gradually with increasing the concentration of AgNPs in the
reactant mixture (5% AgNPs-MMT: 172 m2 g−1, 0.289 cm3 g−1, and 1.82 nm).
One reasonable explanation is that the increased silver particles result in intensified
occupation of the gallery channel space and increase in wall thickness of the pore
[144].

Silica−alumina can be used to synthesize silver nanoparticles with precursors
like Ag2O or AgNO3. By coupling MW-plasma with fluidized bed technologies, the
precursors could be decomposed and evaporated; the ensuing nanoparticles were
spread over the support in a uniform manner. The particles were as small as 3 nm in
diameter or as big as 50 nm. They were not oxidized, and the particles were well
spread out [145]. Hydrolysis of alkoxysilanes along with the silver salt, in the
presence of MW irradiation, can produce Ag/SiO2 composite sols, which displayed
antimicrobial properties [146]. Vongehr et al. [147] reviewed advances in the uti-
lization of various water-based synthesis routes toward the shape-controlled syn-
thesis of silver nanoparticles and microstructures. Several one-pot methods
employing commercial MW ovens, inexpensive/low power ultrasound cleaners, or
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two-electrode electrochemistry were described. Synthesis of silver nanostructures
with various shapes and their doping on unmodified silica proceeded in solution.

Pinchuk et al. have studied the system of silver nanoparticles located in the
vicinity of plane metallic (silver or aluminum) and semiconductor (GeSe4) sub-
strates [148]. The experimental dependence of the particle resonance frequency on
the distance from the substrate was described using an image-charge model to
account for the substrate influence. The silver clusters were deposited on the top of
the sample with a small oxide Al2O3 gap between the aluminum film and the silver
clusters. The thickness of the alumina film was estimated to be as d � 2 nm [149].
The measured resonance frequency of the absorption band coincides quite well with
the theoretical one. Concerning the bandwidth, the agreement between the exper-
imental results and the theory, based on image charges induced at the interface
between the aluminum film and the oxide film, was not as good as in the case of the
GeSe4 substrate. A possible reason is the topological and stoichiometric irregularity
of the thin aluminum film, and its only estimated thickness [150]. The absorption
cross section of the light linearly polarized with the electric field parallel to the
substrate was numerically simulated. At the distance d * 2r (the mean radius of
the clusters) between the center of the sphere and the substrate, the influence of the
mirror-induced charges vanishes and the resonant absorption approaches the limit
of the single sphere in the matrix. When the sphere approaches the substrate d < 2r,
one observes an increased redshift of the plasmon resonance both for parallel and
perpendicular components of the electric field (polarization) of the incident light
beam. The amplitude of the absorption is slightly increased when approaching the
substrate. The influence of the substrate is more pronounced in the case of the
perpendicular field, because the induced dipole field is larger. The frequency shift
of the resonance absorption and its increase are less pronounced in the case of a
glass substrate as compared to a metallic substrate.

Inorganic glasses provide a solid matrix that stabilizes silver nanoclusters by
immobilization, and thus preventing their tendency to aggregate to large nanopar-
ticles. In general, the process to make the silver nanoclusters in a glass consists of
two steps. First a Ag+-doped glass is prepared, either by melting AgNO3 together
with the other raw materials, or by immersion of a glass slide in a molten salt bath
containing the silver salt, so that Ag+ replaces Na+ in an ion-exchange reaction, or
by ion implantation. In the second step, the Ag+-doped glass is activated to form the
fluorescent nanoclusters. Activation is achieved by laser irradiation [151], syn-
chrotron irradiation [152], thermal annealing or controlled quenching of the melt
[153]. The nanoclusters are reported to be very stable against photobleaching, have
short lifetimes, and have a high quantum yield up to 20%. The glass matrix is
transparent, and therefore these fluorescent glasses could find applications as optical
components in the form of thin films and fibers. Furthermore, direct laser writing on
the Ag+-doped glass enables fabrication of 3D fluorescent structures at the
nanometer scale opening up applications in optical data storage and nanophotonics
[154]. The recorded images do not photobleach and are claimed to have tempera-
ture, aging, and humidity tolerance, making silver cluster glasses suitable as a
perennial storage medium over many centuries [154].
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5.2.3 Gold Nanoparticles

5.2.3.1 Monolayer Templates

Gold nanoparticles, formed by the reduction of AuCl4
− with trisodium citrate, are

negatively charged because of the adsorption of anions such as citrate, chloride,
gold chloride (AuCl4

−), and hydroxide [155]. When aminopropyltrimethoxysilane
(APS) monolayers were immersed into the suspension of gold nanoparticles, their
top amino groups were protonated since the pKa [156] of amino groups of
aminopropyltrimethoxysilane monolayers is smaller than the pH of the suspension.
Therefore, negatively charged gold nanoparticles can be assembled on APS
monolayers with positively charged amino groups by electrostatic interaction [157].
Using this concept, a binary pattern can be generated with two groups with different
affinities for gold nanoparticles. For example, a pattern composed of amino and
methyl groups would restrict assembly of gold nanoparticles to predetermined
domains of positively charged amino groups [158]. It would even be possible to
position single gold nanoparticles by employing scanning probe oxidation (SPO) to
produce a pattern of domains each of a size comparable to a single
AuNP. However, without careful control of surface properties of oxide domains,
low-quality APS films were usually prepared on these domains, which reduced the
reproducibility of positioning AuNPs. High-quality APS films on oxide domains,
on the other hand, are expected to have gold nanoparticles, with an interparticle
distance nearly double that of the particle diameter, homogeneously distributed on
the entire surface of these domains. Therefore, for an oxide domain diameter of
*70 nm, at least two or three 15-nm-diameter gold nanoparticles (in triangular
conformation) would be on top of it; for a 28-nm-diameter domain, it would always
have one gold nanoparticle. With only such a saturated coverage of gold
nanoparticles realized on oxide domains of different sizes, the precise control of
particle number on domains by modulating the domain size could be reproducibly
applied.

Using gold nanoparticles for aminopropyltrimethoxysilane labeling, Ling et al.
performed detailed investigations on the deposition of APS on silicon oxide
domains produced by scanning probe oxidation [159]. APS located preferentially at
the domain boundaries possibly because of asymmetrically distributed hydroxyl
groups, which led to the incomplete coverage of gold nanoparticles on the domains.
To facilitate complete coverage of oxide domains with gold nanoparticles, a ho-
mogeneous coverage of silanol on these domains was necessary. To obtain rich
content of hydroxyl groups on oxide, instead of separately manipulating the
operation parameters for each probe, oxide domains produced under different
conditions were simply subjected to etching and oxidation in two stages. This
two-step treatment generated uniformly distributed hydroxyl groups on those
domains, which led to complete coverage of gold nanoparticles on the domain
surfaces.
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A possible mechanism for water-mediated deposition of aminopropy-
ltrimethoxysilane (APS) on inert surfaces, such as the above methyl-terminated
monolayers, is as follows. First, APS rapidly binds top layers of surface water
through hydrogen bonds, such as –H2N ⋅ ⋅ ⋅ HOH or –Si–OH ⋅ ⋅ ⋅ HOH. This is
followed by further hydrolysis of APS by underlying surface water and conden-
sation to form polymeric siloxane [160]. Because of the increased van der Waals
attraction between the methyl-terminated surface and polymeric APS, their removal
becomes difficult. For the gold substrate modified sequentially with octanethiol,
APS, and Au nanoparticles, no obvious detachment of AuNPs was observed after
short sonication. This was only achieved by sonication in water for longer period
probably because of hydrolysis and dissolution of polymeric APS during sonica-
tion. Removal of APS adsorbed on methyl-terminated surface by sonication in
water, however, damaged adsorbed APS on oxide. A strategy, to inhibit APS
deposition outside oxide domains by reducing physisorbed water at these regions,
only produced good results on high-quality OTS monolayers, which were more
resistive to the damage of etching and oxidation. For samples of relatively
low-contact angles, possibly indicating the presence of unreacted Si–OH or
Si–OCH3 groups on OTS monolayers, a large number of gold nanoparticles
adsorbed outside oxide domains. The compact and ordered packing of OTS
molecules would be disrupted by these groups, making them more susceptible to
etching and acid-catalyzed hydrolysis to produce more Si–OH groups. In OTS
monolayers, these reactive groups could form covalent bonds with APS, which
would be difficult to remove by sonication without damaging those adsorbed on
oxide domains. Such APS molecules would determine the attachment of gold
nanoparticles outside of oxide domains.

Min et al. [161] have demonstrated that gold clusters nucleate and grow at defect
sites on SiO2 thin films. Consequently, the nucleation and growth of the gold
clusters allow assessment of the defect density and type. Frequently, defects play a
key role in the nucleation and growth of metals on oxide surfaces, and in the
electronic and chemical properties of metal-oxide systems. Defects on oxide sur-
faces are usually classified as extended defects (e.g., steps), line defects (e.g.,
antiphase domain boundaries), and point defects (e.g., oxygen vacancies) [162].
Defects in the SiO2 film are evident in the scanning tunneling microscopy
(STM) images. This STM image shows three distinct regions corresponding to gold
coverages of <0.17, 0.17–0.33, and >0.33 monolayer (ML). Up to *0.17 ML, the
cluster density is essentially independent of the gold coverage. The cluster density
rapidly increases between *0.17 and 0.33 ML, after which the cluster density
remains essentially constant. These results suggest that the low coverage region
with a constant density of gold clusters correlates with the number of point defects
(oxygen vacancies). However, the precise number of neighboring oxygen vacancies
required for nucleation and growth of clusters is difficult to assess. According to
some results, single oxygen vacancies on TiO2 bind approximately three gold
atoms, whereas larger gold clusters require several oxygen vacancies. According to
this model, the number of Au atoms in a 1.4-nm cluster is *20 and would require
*7 oxygen vacancies. Thus, the density of Au clusters above 0.1 ML increases and
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saturates between 0.3 and 0.6 ML. The increase in cluster density from 0.1 to 0.3
ML indicates that there are nucleation sites in addition to the point defects described
above. After reaching saturation, the gold cluster density is essentially constant
whereas the average cluster size increases. This suggests that deposited adatoms are
captured by existing Au clusters within the saturation coverage range up to 1.3 ML.
However, gold clusters do not preferentially decorate step edge sites even during
deposition at a high surface temperature. Therefore, point defects with several
oxygen vacancies (oxygen vacancy complexes) [163] are more stable for cluster
growth than step edges. In addition, as mentioned previously, step edges are more
stable sites than line defects for cluster growth. It should be noted that cluster
growth related to point defects disappears upon an anneal to 1150–1200 K in an
oxygen environment and cluster nucleation changes to decoration of line defects,
although oxygen vacancies are still expected to be present. However, most
vacancies are single oxygen vacancies and therefore do not play a role as active
nucleation and growth sites for Au clusters. These do, however, compete with line
defects, which are more stable sites for Au nanoclusters. On the basis of these
results, the stability of gold nanoclusters on various defect sites is anticipated to be
(from high to low): oxygen vacancy complexes > step edges > line
defects > single oxygen vacancies.

5.2.3.2 Core@Shell Structures

Ren and Zhang have described a straightforward sol-gel method for the preparation
of gold nanoparticles via in situ-doped silica aerogels using hydroxylamine as a
reducing agent [164]. The monolithic gold-doped silica aerogels were comprised of
crystalline gold nanoparticles with sizes at the 5–7 nm range. Samples possessed
high surface area and pore diameters of about 15 nm. From the UV–Vis spectrum,
the absorbance properties of Au3+ altered after the addition of hydroxylamine
(NH2OH). An absorbance peak can be observed at 325 nm, which is evidently
dependent on reaction time. When the peak disappeared, the reaction was com-
pleted, thus, the gold ion concentration in the system gradually decreased until Au3+

ions no longer existed in the system. In the system, NH2OH was thermodynami-
cally capable of reducing Au3+ to bulk metal, and the reaction was dramatically
accelerated by gold surfaces. This process is referred to as a self-catalyzed reaction
[165]:

Au3þ þNH2OHþHþ � the catalyzed surface ! Au0 þN2 þH2O ð5:2Þ

Zhang et al. [166] have used a simplified method [167] to prepare SiO2@Au
(core@shell) composite nanoparticles. Firstly, silica microspheres were prepared
and then functionalized with the silane-coupling agent. Secondly, hydrochloroauric
acid was reduced to gold nanoparticles with sodium citrate in the presence of the
functionalized silica microspheres. By contrast with the general three-step method,
the procedure was simplified, the reaction time was remarkably shortened, and the
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gold coverage on silica microspheres was denser. The general three-step method to
prepare the SiO2@Au composite nanoparticles is shown in Scheme 5.3. The SEM
images revealed the morphologies of the SiO2@Au composite nanoparticles, which
showed distinctly that AuNPs were attached to the surfaces of the functionalized
silica microspheres (Fig. 5.8). At lower pH values, sparse AuNPs were distributed
on the functionalized silica microspheres. As the pH values were adjusted to lower
levels gradually under acidic condition, the Au coverage was decreased corre-
spondingly. Especially when the pH value of the treatment solution fell to around 4,
very few AuNPs were attached onto the functionalized silica microspheres. Under
basic condition (pH > 7), a denser gold coverage was achieved on silica micro-
spheres. As the pH values were adjusted to higher levels gradually under basic
condition, the gold coverage was increased correspondingly. Obviously, the cov-
erage of AuNPs achieved under basic condition was denser than that under acidic
condition. Moreover, the atomic absorption spectrometry (AAS) measurement
revealed that the sample prepared at 3.8 contained 5.2 wt% Au, while the sample at
10.2 contained 8.8 wt% Au. This result was consistent with the above qualitative
analysis. It indicated that for the three-step method, the SiO2@Au composite
nanoparticles achieved a denser Au coverage on silica microspheres under basic
condition than that under acidic condition. AuNPs were attached to surfaces of the
functionalized silica microspheres through the coordination bonds between empty
orbits of gold atoms and lone-pair electrons of nitrogen atoms. Under acidic

Scheme 5.3 Schematic illustration of the deposition of AuNPs onto silica microspheres by
three-step (I) (top panel) and simplified (II) (bottom panel) methods [166]
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condition, most of the amino groups on surfaces of silica microspheres were
probably bound with protons so that the Au–N coordinating interaction was broken.

The UV–Vis spectra of the pure AuNPs reduced by sodium citrate exhibited a
plasmon absorption peak at 530 nm (Fig. 5.9, left panel). The absorption peak of
the {SiO2@Au}NPs structures obtained at higher pH values had a redshift of about
10 nm relative to that of the pure AuNPs. The redshift could be induced by the
transfer of most of AuNPs from the solution to surfaces of the functionalized silica
microspheres. The absorption peak of {SiO2@Au}NPs structure obtained at lower
pH values had little shift relative to that of the pure AuNPs, which was because few
AuNPs were attached to surfaces of silica microspheres, and most were still dis-
persed in the solution. The results of UV–Vis spectra were in agreement with the
Au coverage shown in the SEM images. In addition, the indented shapes of the
absorption peaks were possibly due to the existence of silica microspheres.

The TEM characterization had given us a clearer image that most of the func-
tionalized silica microspheres were covered with a dense gold layer when the pH
value was adjusted to 3.85 (Scheme 5.4). But the amount of the attached AuNPs
decreased to a much lower level as the pH value was adjusted to nearly 9.
Furthermore, the results of AAS measurement showed us that the higher gold
content of 12.6 wt% was gained in the sample at 3.8, and the lower Au content of
10.6 wt% in the sample at 8.9. This result was in agreement with that of SEM
observation.

The results revealed that the lower pH values led to a denser gold layer on silica
microspheres, while the higher pH values led to a lower gold coverage. Under
acidic condition, most of the amino groups on the surfaces of silica microspheres
were probably bound with protons originally. However, this binding might be

Fig. 5.8 Histograms for the size distribution of AuNPs (1) and silica microspheres (2) [166]

5.2 Silica 445



reduced greatly in the following step of heating the mixture of silica microspheres
and HAuCl4 to reflux. Thus, it was not the major factor for the effect of the pH
values on the gold coverage any longer. This phenomenon for the pH effect could
be accounted for qualitatively by the pH values of the treatment solutions relative to
the isoelectric points of silica microspheres and AuNPs. The reported values of the
isoelectric point were around 2 for SiO2, and about 6 for AuNPs [168]. It indicated
that the silica surfaces were negatively charged, respectively, at pH 3.8, 4.8, and
5.4, while AuNPs synthesized by citrate reduction had a positive surface charge.
Apparently, AuNPs experienced a significant electrostatic attraction to the silica
surfaces with negative charge. Thus, most of AuNPs were deposited by this elec-
trostatic attraction on silica microspheres as soon as they were formed. As the pH
value of the treatment solution was increased over 7, the electrostatic attraction

Fig. 5.9 UV–Vis spectra of pure AuNPs (curve 1), SiO2@Au composite nanoparticles [curve 2
(pH 3.8), 3 (7.8), and 4 (10.2)] prepared by the first method (I) (left panel) and SiO2@Au
nanoparticles [curve 1 (pH 3.8), 2 (7.9), and 3 (8.9)] prepared by the simplified method (II) with
various pH values (right panel) [166]

Scheme 5.4 TEM image of
SiO2@Au composite
nanoparticles II at the pH
value of 3.85 [166]
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referred above was remarkably lowered. Furthermore, the reduction of AuCl4 ions
to AuNPs could not be carried out completely at higher pH values (pH > 7). As a
result, a relatively smaller amount of AuNPs were attached.

The spectra of the results obtained at lower pH values all exhibited a plasmon
absorption peak at 538 nm, having a redshift relative to that of the pure AuNPs
[Fig. 5.9, prepared by the simplified method (II)]. It could be due to the transfer of
most of AuNPs from the solution to the surfaces of the functionalized silica
microspheres. The spectra of the results obtained at higher pH values exhibited a
plasmon absorption peak at 529 nm, having no distinct shift. The reason could be
that few AuNPs were attached to the surfaces of the functionalized silica
microspheres.

The SiO2@Au composite nanoparticles, prepared by simple mixing AuNPs with
the functionalized silica microspheres at room temperature, were transferred into the
aqueous solution of HAuCl4, and the mixture was heated to react with a certain
reductant. The final products achieved an evidently denser Au coverage than the
original SiO2@Au composite nanoparticles prepared at room temperature.
Moreover, the TEM image obviously revealed that the SiO2@Au composite
nanoparticles prepared using formaldehyde as the reductant achieved a denser Au
layer on the functionalized silica microspheres. In this method, three reductants had
been used: sodium citrate, formaldehyde, and sodium hypophosphite. The
SiO2@Au composite nanoparticles prepared at room temperature had a low Au
coverage. The Au coverage was improved as the further reduction of AuCl4 ions
was carried out with any of the three reductants. The improvement of the Au
coverage was partly supported as the Au content was measured for 15.7 wt% in the
sample using formaldehyde as the reductant, which was apparently higher than that
in the sample prepared by the three-step method. The major reason was based on
the seeded growth. The whole reaction consisted of two parts. In the first part where
the three-step method was used, AuNPs were tethered on the functionalized silica
microspheres by virtue of the aminophilic nature of AuNPs. In the second part
where the simplified method was used, the pre-attached AuNPs were used as seeds
immobilized on silica microspheres, which provided more nucleation sites for the
growth of an Au layer. Obviously, these growing seeds played a role as the link
between the silica cores and the freshly formed AuNPs during this process. Another
possible reason was the formation of the hydrogen bonds. In the first part of the
reaction, the hydrogen bonds could be formed in the solution, which consumed
many amino groups on silica microspheres and caused a low coverage of AuNPs.
But in the second part, the hydrogen bonds had the possibility to be broken under
the higher temperature (100 °C). Thus, the consumed amino groups could be
reformed on silica microspheres, which could be coupled with freshly formed
AuNPs. The final Au coverage on silica microspheres was enhanced.

The prepared SiO2@Au composite nanoparticles using various reductants
exhibited the plasmon absorption peaks at 551 nm for sodium citrate, 551 nm for
formaldehyde, and 548 nm for sodium hypophosphite (Fig. 5.10). They all had a
little blueshift compared with the absorption peak of the SiO2@Au composite
particles prepared at room temperature (Fig. 5.10, curve 1). It could be caused by
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the increase of the Au coverage after further reduction of HAuCl4. Furthermore, the
position and shape of the plasmon absorption of silver nanoparticles are strongly
dependent on the particle size, dielectric medium, and surface-adsorbed species.

Mercapto-functionalized ordered mesoporous silica with pore sizes ranging from
2.1/2.1 to 7.2/5.9 nm (adsorption/desorption branch) are used as matrixes for gest
noble metal nanoparticles [169]. The silica materials are prepared following the
direct synthesis method, which consists of processing by the sol-gel method a
solution of 3-mercaptopropyltrimethoxysilane (MPTMS) with tetraethyl orthosili-
cate (TEOS) in the presence of a surfactant. These materials were prepared by the
cocondensation route of MPTMS with z equivalents of TEOS in the presence of a
structure-directing agent: n-hexadecylamine for HS-HMS-C16 materials 1 (z = 41)
and 2 (z = 19), and pluronic 123 for HS-SBA-15 materials 3 (z = 19) and 4 (z = 9)
according to following reaction:

HS CH2ð Þ3Si OMeð Þ3 þ z Si OEtð Þ4�surfactant ! HS CH2ð Þ3SiO1:5=zSiO2 ð5:3Þ

As the composition of the final materials is directly linked to the amount of
reactants introduced, this direct synthesis method of functionalization of ordered
mesoporous silica allows a strict control of the organic content incorporated within
the hybrid material. Furthermore, by increasing the amount of organic content, a
decrease in the pore size is obtained from 7.2/5.9 (adsorption/desorption branch) for
3 to 5.3/4.6 for 4. The gold precursor (HAuCl4) was stirred in the presence of
material 4 and NaBH4 to allow complete diffusion within the channels before
isolation of material. All the materials exhibited intense plasmon band absorbance
at 520 nm, indicative of gold (0) nanoparticles. The XRD pattern of gold samples
displayed for the high-angle region (2h = 20–70) broad reflections characteristic of
gold (0) nanoparticles.

For the materials ([Au]/[SR] = 0.2), the gold (0) nanoparticles size derived from
TEM measurements are in good agreement with the pore size values obtained from
BET measurements whatever the method followed (Fig. 5.11). TEM photographs
clearly show a single distribution even for [A1, 0.2] and [A2, 0.2] materials

Fig. 5.10 UV–Vis spectra of
SiO2@Au composite particles
prepared using various
reductants: curve 1 (-), 2
(Cit-Na), 3 (HCHO), and 4
(NaH2PO3) [166]
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obtained, respectively, from 1 and 2 following method A (in water suspension).
However, in both cases, the large size distribution observed results from the
modification of the silica matrix during the first step of the process. A narrower size
distribution was obtained for the gold (0) nanoparticles included in materials,
[A3,0.2], [A4, 0.2], and [B3, 0.2], whatever the method adopted (B in THF sus-
pension). For [Au]/[SR] = 2, the excess of organogold precursor, which could not
be stabilized by the thiol functions, gave rise to the formation of nanoparticles at the
surface of the grains in large quantities. This is consistent with the necessity of the
complexation of the organogold precursor onto the thiol function prior to chemical
reduction in order to control the size distribution of the as-obtained nanoparticles.
Furthermore, these thiol functions interact strongly with the gold nanoparticle
surface, which retains the nanoparticles within the pores.

Material containing 16.1 wt% of gold as given by elemental analysis displays a
high density of nanoparticles located exclusively within the channels of the
mesoporous material, as showed TEM measurements. Following this method, the
amount of organic functions incorporated, which plays a crucial role in the process
leading to gold (0) nanoparticles containing materials with a narrow size distribu-
tion, can be finely tuned from 0.49 to 1.57 Mmol g−1. The amount of gold
incorporated within the materials is linked to the amount of mercapto functions and
varies from 1.05 to 16.1 wt%.

5.2.3.3 Interior Templates

Cheng et al. [170] have successfully applied the convenient nonsurfactant-
templating approach to the synthesis of mesoporous gold–silica nanocomposites.
Instead of using a postdiffusion process, monolithic gold–silica nanocomposites
were synthesized through a one-step sol-gel reaction in the presence of a colloidal
gold sol and a nonsurfactant template in the starting precursor sol mixtures. After

Fig. 5.11 Correlation
between the pore diameter
(dotted (curve 2)/dashed (3)
lines for
adsorption/desorption data
from N2 studies) and the gold
nanoparticles size (1) for [A4,
0.2] (variations of pore
surface (Poresurf) /number of
nanoparticles (NNPs) with pore
diameter) [169]
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the template was removed through calcinations, the materials exhibited meso-
porosity with a high surface area up to 600 m2/g, a pore volume of 0.5 cm3/g, and
relatively narrow pore size distributions with a pore diameter of 3–4 nm. Gold
nanoparticles ranging in diameters of 2–8 nm were homogeneously dispersed
throughout the silica matrix [41]. The gold–silica composites are nanoscopic
materials in which the optical and physical/chemical properties of gold nanoparti-
cles are coupled with the high surface area and the high porosity of the silica
framework.

With the gold content at 10.1 wt% or lower, the pore structures of the composite
samples are comparable to the control sample in the absence of gold. These
materials exhibit mesoporosity with a pore diameter of 3–4 nm, a high Brunauer–
Emmett–Teller (BET) surface area up to 630 m2/g, and a large pore volume of
*0.5 cm3/g. It should be noted that, with the gold content as low as 6.9 wt%, the
composite sample (i.e., GS50-10: 50 wt% DBTA template containing 10 wt% gold
sol) shows a higher BET surface area than the gold-free control sample (i.e.,
GS50-0). During the sol-gel process, the organic moieties in the starting liquid gold
sol might be trapped in the gold–silica matrix and may function as “cotemplates”
with dibenzoyl tartaric acid (DBTA). As the gold concentration is further increased,
the BET surface area of the composite samples tends to decrease. When the gold
content is increased to 11.4 wt%, the pore diameter remains at 3.5 nm. However,
the surface area decreases to *210 m2/g, and a smaller value of pore volume
(*0.17 cm3/g) was observed. There could be several factors that might contribute
to the observed decrease in the specific area and pore volume. First of all, more gold
nanoparticles should result in smaller specific area and pore volume because of the
physical occupation of the internal space by the gold particles. The gold particle
size is slightly greater than the pore size, indicating that in some area the gold
particles could have partially extruded into the pore walls made of relatively “soft”
amorphous sol-gel silica. In such a case, the pore or channel in the silica matrix
would be blocked and become inaccessible to the pore volume and surface area
measurement. This should also contribute significantly to the observed low pore
volume and specific area in the samples with high gold loadings. In addition, the
presence of gold may also affect the interactions, for example, hydrogen bonding,
between the nonsurfactant template (i.e., DBTA) and silicate species during the
mesophase formation, which could result in modified pore parameters.
Furthermore, it is possible that the introduction of gold into the silica matrix also
brings complexities in porosity measurement with nitrogen sorptions, among which
electrostatic forces between an adsorbate (i.e., nitrogen) and metallic surface and
increased material density may affect the measured values to some extent.

In all, with the introduction of gold sol, there simultaneously exist two factors
affecting, in an opposite way, the porosity of the composite materials. One results
from cotemplates, which increase the total pore surface area. The other factor is “the
presence of gold” that reduces the surface area. The outcome depends on the
compromise of these two factors: At low gold content, the pore surface area reduced
by the gold coating is compensated, or even overcome, by the cotemplating effect.
As a result, the composite materials persist in a relatively high surface area and pore
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volume. While as the gold content increases, the cotemplate effect gradually
becomes negligible, giving rise to decreased surface area.

All the mesoporous gold–silica samples exhibit a similar powder XRD profile.
The XRD pattern shows an intense peak at a d-spacing of 6.3 nm along with a
broad shoulder at low-angle range. A broad diffraction peak centered at 2h of 21°
was observed at high-angle range. This pattern is characteristic of a mesoporous
structure lacking a long-range order, which is reminiscent of the disordered
wormhole-like mesoporous silicas prepared by a nonsurfactant-templating pathway
[41].

The analogous XRD patterns were also observed from some mesoporous
materials obtained with neutral and cationic surfactant templates [171]. In the
wormhole-like porous structure, d-spacing obtained from XRD could be approxi-
mately the repeating distance from one layer of silica wall to the next layer of silica
wall crossing a mesopore space. From the difference of the repeating distance
(6.3 nm) and the average pore diameter (3.0 nm), the thickness of pore wall can be
estimated to be *3.3 nm, which is comparable with those of the mesoporous
materials prepared by a nonionic surfactant-templating route [172] or cationic
surfactant-templated multiprecursors sol-gel method [171]. The presence of a single
broad peak centered at a 2h value of 21° is attributed to the amorphous structure of
sol-gel silica [40].

The annealed gold–silica nanocomposites retain a distinctive wine-red color,
which arises from the surface plasmon resonance of gold particles. SPR is char-
acteristic of mesoscale (2–50 nm) particle surfaces because, at this dimension, the
electron cloud can oscillate on the particle surfaces and absorb electromagnetic
radiation at a particular level of energy [173]. However, smaller nanoparticles (<1–
2 nm) do not display this phenomenon because their electrons exist in discrete
energy levels, and bulk gold has a continuous absorbance in the UV–Vis–IR region.
The UV–Visible spectra of as-synthesized composite samples show broad plasmon
absorbance peaks at around 520 nm with full width at half-maximum of 160 nm.
The peak position and the shape are not significantly affected by the gold con-
centration. The absorption maxima obtained in this work are comparable with
reported spectra of nanosized gold particles dispersed in silica aerogel prepared
with other methods [174]. Though dominated by the particle size, the exact
wavelength and shape of the plasmon absorbance maximum are also known to be
affected by particle shape, orientation, and the environment [175]. Therefore, the
presence of such a well-defined plasmon absorption not only reveals the size scale
of gold particles in the nanocomposites but also contributes to some other mor-
phological information: The colloidal gold particles in the composites are more
likely to be confined in the pore cages, or if coforming the pore wall with silica,
they are more likely to be exposed to the pore surface rather than embedded in the
silica matrixes [174].

Surface area, average pore size, and pore volume were determined for silica
aerogels and gold-doped silica aerogels [164]. The nitrogen adsorption–desorption
isotherm is classified as type IV with desorption branch hysteresis, which reveals
that the gold-doped silica aerogel is a typical mesoporous material. BET surface
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areas of gold-doped silica aerogels, derived from their isotherm, are <850 m2/g, as
opposed to 1010 m2/g for the silica aerogel. These results are consistent with the
current understanding that gold nanoparticles are adhered to the inner surface of
silica, which leads to the decrease of BET surface. All samples possess the
approximate average pore diameters (16.1 nm for silica aerogel; 14.3, 15.2, and
17.1 nm for gold-doped silica aerogels). However, the doped gold influenced the
pore volumes of the aerogels. Typically, the pore volume of silica aerogel is
4.09 cm3/g. In contrast, the gold-doped samples only exhibited pore volumes of
<3.5 cm3/g. It may be that the gold nanoparticles were locked into the pores of the
silica aerogel. The presence of gold nanoparticles in the aerogel induced shrinkage
of the silica matrix.

The spherical silica nanoparticles were used as the templates of interior cores of
metal nanoshells. Three kinds of metal–ligand complexes, Ru(Phen-NH2)3

2+, Ru
(bpy)3

2+, and Ru(dpp)3
2+, were absorbed in silica for fluorescence purposes, which

was shown by the color of formed silica spheres, although the absorbance spectra
could be determined because of their strong light scattering. According to the
changes in complex concentrations in solution before and after reactions, it was
estimated that there were ca. 5 � 10−4 M Ru(Phen-NH2)3

2+, 4 � 10–4 M Ru(bpy)3
2+,

and 3 � 10–4 M Ru(dpp)3
2+ complexes in the silica spheres. According to the TEM

images, the silica spheres were observed to have an average diameter of 40 nm. Per
silica sphere thus was estimated to contain approximately 150 Ru(Phen-NH2)3

2+,
120 Ru(bpy)3

2+, or 90 Ru(dpp)3
2+ complexes. These Ru(II) complexes were strongly

absorbed in the silica spheres, and no significant release was observed during store
or reaction [176]. The silica spheres were used as the interior temples for the
deposition of the external noble metal shell layer by layer [176, 177]. On the TEM
images, the silver shells that were built on three kinds of silica spheres were
observed to have similar sizes of 60 nm. The silica spheres are known to have an
average diameter of 40 nm. The metal shells thus were estimated to be approxi-
mately 10 nm thick. These silver nanoshells also had homogeneous size distribu-
tions [178]. Their absorbance spectra showed almost the same plasmon resonances
at 430 nm. Upon excitation at 450 nm, the Ru(Phen-NH2)3

2+-Ag, Ru-(bpy)3
2+-Ag,

and Ru(dpp)3
2+-Ag nanoshells displayed the emission maxima at 596, 605, and

608 nm, respectively, close to the emission maxima of free Ru(II) complexes or
silica spheres. Similar excitation and emission maxima of three metal nanoshells
may promise that their emission signals can be detected in a single imaging test
when they are bound with multiple target molecules in the cells.

To increase the chemical stability of as-prepared metal nanoshells in buffer
solution, they were capped with the monolayers of glycol-like organic ligand [179].
The metal nanoshells were partially substituted with the carboxylate-terminal
ligands and subsequently bound with the avidin molecules in the presence of an
excess amount of EDC in solution [180]. To verify the occurrence of binding and
determine the binding number, the silica spheres without the Ru(II) complexes were
also made and the metal shells were deposited in the same manner. Under the same
conditions, the Rhodamine 6G-avidin conjugates were covalently bound on the
metal nanoshells without fluorescence as the control [181]. The concentration of
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metal nanoshell was determined by the intensity of plasmon resonance before metal
dissolution, and the concentration of the avidin conjugate was determined by the
emission intensity after metal dissolution. The binding number on per metal
nanoshell thus was estimated by the molar ratio of avidin conjugate over metal
nanoshell, which was 6.4 in this case. With the same reaction conditions, the Ru(II)
complex-Ag nanoshells were regarded to have approximately similar binding
numbers.

Representative intensity/lifetime emission images showed that the avidin-Ag
complexes were much brighter than the metal-free silica spheres. The lifetimes of
Ru(II) complexes in silica were also observed to be shortened by the metal shells.
Compared with the silica spheres, the avidin–silver complexes showed approxi-
mately sixfold enhancements on the emission intensities almost independent of Ru
(II) complexes (Fig. 5.12). On the contrary, even though all lifetimes of Ru(II)
complexes were dramatically shortened by the metal shells, the scales of decrease
were variable depending on the Ru(II) complexes. The lifetime of Ru(Phen-NH2)3

2+-
Ag shells was shortened from 100 to 10 ns, a tenfold decrease, and the lifetime of
Ru(bpy)3

2+-Ag shells was shortened from 600 to 45 ns, a 13-fold decrease
(Fig. 5.13). According to the literature, the lifetime of Ru(dpp)3

2+ in aqueous
solution is over 3 ls [182–184]. As immobilized in silica, the lifetime should be
increased. Even though the lifetime of 3 ls was used as the Ru(dpp)3

2+ in silica,
there was an approximately 17-fold decrease when the lifetime of Ru(dpp)3

2+-Ag
complexes was determined to be 180 ns. Thus, we can conclude that a longer
lifetime complex may result in a greater decrease of the lifetime by the metal shell.
Enhanced emission intensity is regarded from the coupling interaction of the
fluorophore with the plasmon resonance of the metal nanoparticle on excitation and
emission. Three Ru(II) complexes are known to have close excitation and emission
maxima, and the plasmon resonances from three metal nanoshells are also found to
have similar maxima. Consequently, three Ru(II) complexes should have similar
coupling interactions with the metal shells, resulting in close enhancement effi-
ciencies on the emission intensity. In contrast, a decreased lifetime by the metal
nanoshell results in an increase of the radiative rate of the fluorophore [185, 186]. It
is a dynamic process and thus is relevant to the lifetime of the fluorophore prior to
binding with the metal. Consequently, the change in lifetime for the fluorescence
metal nanoshells cannot be completely consistent with that on the emission
intensity.

5.2.3.4 Composites

Mesoporous carbon-supported gold nanoparticles have been obtained by replication
of gold-containing mesoporous silicas [188]. Mesoporous silica is a mesoporous
form of silica. The most common types of mesoporous nanoparticles are MCM-41
and SBA-15. Au/SiO2 templates were prepared by contacting a functionalized
SBA-15 silica material with an aqueous solution of HAuCl4, followed by chemical
reduction (Scheme 5.5). Alkylammonium grafts led to the direct formation of gold
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nanoparticles located in the pores of SBA-15, with a size limited by the pore
opening. Thus, gold-containing mesostructured carbons by replication of
gold-supported mesoporous silicas were prepared. The strategy consists in a
functionalization of SBA-15 followed by addition of a cationic gold precursor
HAuCl4 and in situ reduction with sodium borohydride to form gold particles inside
the porosity. The XRD pattern of the template (SBA-15) is characteristic of silicas
with regular mesopores arranged in a 2D hexagonal structure. The physical con-
finement is expected to limit the growth of the gold particles at this stage, to a
uniform size defined by the size of the pore. After impregnation with sucrose, the
composite material is carbonized at high temperature and silica is finally removed in
HF (Scheme 5.5). Control of the particle size is expected from sterical hindrance by
the forming carbon.

Fig. 5.12 Histograms of emission intensities (Iemission) from (curve 1) Ru(Phen-NH2)3
2+/silica

sphere and Ru(Phen-NH2)3
2+-Ag shell, (2) Ru-(bpy) 3

2+/silica sphere and Ru(bpy)3
2+-Ag shell, and

(3) Ru-(dpp) 3
2+/silica sphere and Ru(dpp) 3

2+-Ag shell [187]

Fig. 5.13 Histograms of lifetimes from (curve 1) Ru(Phen-NH2)3
2+-Ag shells, (2) Ru(bpy)3

2+-Ag
shells, and (3) Ru(dpp)3

2+-Ag shells that were collected from the single nanoprobe images [187]
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Two series of Au/SiO2 templates were prepared and used, depending on the
nature of the functionalization molecule. While ammonium-functionalized silicas
gave gold rod particles with size determined by the pores of the silica support, the
use of MPTMS as grafting molecule afforded the possibility to control the particle
size inside the mesopores. Both series gave highly ordered mesoporous carbons
with gold nanoparticles incorporated in the carbon nanorods. However, the gold
particle size in mesoporous carbons was the same for both series and apparently did
not depend on the nature of the silica template. By contrast, chemical reduction of
MPTMS-modified silicas by NaBH4 and sodium citrate was not sufficient to reduce
completely gold species in the metallic state. Gold nanoparticles were only formed
after heating the solids in air, and the particle size could be controlled by tem-
perature. Ordered mesoporous carbons obtained by replication of these
gold-containing SBA-15 samples incorporate small gold particles with an average
size independent of the template and determined only by the porosity of the silica
support. It was assumed that very small gold particles melt down and form larger
aggregates in the mesopores prior to complete carbonization of sucrose. After
carbonization, the presence of carbon in the silica pores provided gold particles with
a very high thermal stability, since no large crystals were observed on the outer
surface even after heating at 900 °C under inert atmosphere. Gold-containing
mesoporous carbons show less activity in the aerobic oxidation of olefins than the
corresponding silica-supported catalysts. Besides a difference in mean particle size,
hence lower dispersion of gold in mesoporous carbons, the low activity of replicas
could also result from the confinement of gold particles in carbon nanorods, which
limits their accessibility to reactants.

The use of task-specific ligands with calcining as post-treatment provides AuNPs
that are encapsulated into the mesoporous channels or loaded on the surface of
silica spheres [189, 190]. For example, Corma’s group [191] showed that
task-specific ligands containing a cetylammonium moiety act as structure-directing

Scheme 5.5 Elemental steps for the preparation of gold-containing ordered mesoporous carbons,
a functionalized silica, b AuNPs inside silica pores, c carbon-impregnated silica, and dmesoporous
carbon with partially encapsulated particles [188]
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agent with AuNPs containing a trialkoxysilyl group. The latter cocondenses with
TEOS to form mesoporous silica (Scheme 5.6). In another recent example [191],
NH2 and –NH functionalized mesoporous carbon nitride (MCN) was shown to
stabilize AuNPs. The synthesis involved the reduction of AuCl4 by NaBH4 in water
suspension in the presence of MCN.

Besides task-specific ligands, the AuNPs are also coated with polymers and then
encapsulated by mesoporous materials as core@shell AuNPs. For instance,
according to Jan et al. [193], a preparation of AuNP/mesoporous silica tubular
nanostructures proceeded with some polymers. Poly(L-lysine) (PLL) and poly(L-
glutamic acid) (PLGA) multilayer-coated membranes could be immersed in a
HAuCl4 solution to form AuNP/PLL/PLGA multilayers. Subsequently, the mem-
branes were taken out from the solution and inserted in a freshly prepared
orthosilicic acid solution for 6–12 h, to allow precipitation of silica in this multi-
layer. After thoroughly rinsing with water and drying at room temperature, the
as-prepared AuNP/meso-SiO2/PLL/PLGA multilayer was obtained and purified by
calcination (Scheme 5.7).

5.2.3.5 Re-shaping

Citrate-capped gold zero-dimensional (0D) nanoparticles 1 (3–5 nm average
diameter) were attached to the p-type Si(100) substrate modified by (aminopropyl)
triethoxysilane (APTES), dicyclohexylcarbodiimide (DCC), and dimethylamino
pyridine (DMAP) to unreacted amine groups through electrostatic or Au–NH2

Scheme 5.6 Synthesis of AuNPs encapsulated in mesoporous silica [191, 192]
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interactions [194, 195]. The substrate was then placed into a growth solution of
CTAB, AuCl4

−, and ascorbic acid [196, 197]. This step [196] leads to the growth of
surface-bound AuSNP seeds into AuNRs via seed-mediated growth (Scheme 5.8).

Gold nanostructures grown on a Si(100)/APTES surface imaged by SEM
showed that the surface was not functionalized with acetic acid. The surface
exhibits a high density of gold nanoparticles (175 µm2) with just a very few una-
ligned short rods on the surface. Gold nanorods were observed to grow on a Si(100)

Scheme 5.7 Procedure used for preparing mesoporous silica and AuNP/meso-silica tubes
consists of following steps: (1) PLL, (2) PLGA, (3) orthosilicic acid, (4) remove surface coating,
(5) silicified (PLL/PLGA)n-coated PC membrane, (6) remove PC membrane, (7) remove
polypeptides [192, 193]

Scheme 5.8 Method for growing aligned AuNRs [194]
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surface functionalized with mercaptopropyltrimethoxysilane (MPTMS) [198, 199].
The surface contains a lower overall density of gold nanostructures (18 µm2)
compared to Si(100)/APTES and high aspect ratio AuNRs exhibiting no particular
alignment. AuNRs were also produced on Si(100)/APTES functionalized with
acetic acid as in Scheme 5.8. These surfaces show a more reduced nanostructure
density on the surface (3 µm2), and more importantly, the nanorods show an
incredible propensity for parallel alignment to one another. The yield of AuNRs is
*19%, the diameter is 25–30 nm, and the average length is ca. 580 nm
(AR * 20) [194].

Surface functionality on alignment by growing AuNRs on Si(100)/APTES
samples reacted with succinic acid, which terminates the surface with COOH
instead of CH3 groups. The SEM image shows that this also leads to AuNR
alignment. The SEM image shows that AgNRs grown on Si(100)/APTES/acetic
acid surfaces using a similar seed-mediated growth procedure [200] are also aligned
(*60%), but not to the extent of AuNRs. The fact that alignment is not observed on
MPTMS, and APTES-functionalized or bare Si(100) shows that surface chemistry
plays a major role, but it is not clear how the amidation reaction leads to alignment.
The aspect ratio of AuNRs can be controlled not only during synthesis but also by
resizing after growth. Size reduction of AuNRs has been demonstrated with
thermal/laser heating [201] and cyanide/Au(III) dissolution [202].

Roorda et al. [203] have showed that polycrystalline gold colloids can be
deformed by ion irradiation indirectly, if they are embedded in an amorphous silica
glass matrix that does deform under the ion beam. To do so, colloidal core@shell
particles composed of a 14-nm-diameter Au core surrounded by a 72-nm-thick SiO2

shell have been irradiated with Cu or Se ions. By irradiating ensembles of these
particles, they were able to fabricate arrays of aligned gold nanorods that showed
evidence for split plasmon bands that are characteristic for anisotropic metal
nanoparticles.

TEM image of a gold@silica particle before irradiation showed spherically
shaped, with the 14-nm-diameter gold core centered inside. A TEM image after Se
irradiation showed neither the silica shell nor the Au core are spherically shaped.
The deformation of the silica shell is consistent with other work on ion beam
deformation of pure silica colloids (i.e., formation of an oblate particle, with the
minor axis parallel and two major axes perpendicular to the ion beam) [204]. TEM
also shows that the gold core has deformed, but in an entirely different manner: A
major axis is observed along the ion beam and a minor axis perpendicular to the
beam. The initially 14-nm-diameter Au core has deformed into a rod with apparent
dimensions of 6 nm by 38 nm. Correcting for the 45° projection of the TEM image
relative to the ion beam direction, the major axis is as large as 54 nm (size aspect
ratio *9). Assuming cylindrical symmetry, we can derive from the TEM image
that the volume of the Au particle does not change during the deformation.
Reference measurements were also performed, in which 14-nm-diameter Au col-
loids, not surrounded by a silica shell, were irradiated with Se ions, and no
deformation was observed. These data indicate that the deformation of the Au core
is related to an effect imposed by the silica shell.
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To study this in more detail, a series of core@shell particles was made with
different silica shell thicknesses (and identical Au cores) in the range 15–72 nm. No
measurable deformation of the Au core was observed for silica shells thinner than
26 nm. A second additional observation, of similar nature, is that for core@shell
particles of equal size and shell thickness, the deformation of the metal core
depends on the local surroundings of the particles; particles that are stacked two or
three layers thick and are in contact before irradiation exhibit significantly larger
deformation of the metal core than isolated particles. An array of aligned nanorods
is observed, with size aspect ratios that vary across the image, due to the varying
degree of interparticle contact throughout the structure. From these two independent
experiments (varying shell thickness and varying colloid contact), one concludes
that the Au core deforms more efficiently as more silica surrounds it.

To explain the shape change of the gold core due to the silica shell, the following
indirect deformation scenario was proposed. Each individual ion impact in silica
leads to the formation of a thermal spike that leads to an in-plane strain perpen-
dicular to the ion beam [205]. In planar (constrained) films, the combined strain of
all individual ion impacts leads to the build up of a macroscopic stress that can be as
large as several hundreds of mega-pascals [206]. In free-standing silica colloids,
this leads to anisotropic expansion perpendicular to the beam, as also observed here
for the silica colloid. In the core@shell colloids studied here, the lateral stress fields
surrounding each individual ion track in silica also act on the Au core. Metals are
known to be relatively soft under ion irradiation, as evidenced, e.g., from the low
radiation-induced viscosity [207]. Thus, with an in-plane stress acting on the soft
core, it may flow in the out-of-plane direction, i.e., along the direction of the ion
beam. A TEM image of an isolated core@shell particle showed the deformation
after Se irradiation. The metal core has evolved into a dumbbell-like structure, i.e.,
two small spheres connected by a thin rod. The rod is aligned along the ion beam
axis. Due to the contact, larger deformation of the Au core is induced, and in this
case the Au core has broken up into a collection of smaller spheres, randomly
distributed in the silica colloid.

Preliminary optical transmission measurements were made under
normal-incidence conditions on core@shell colloids, with 14-nm-diameter Au cores
and 39-nm-thick shells, that were allowed to dry on a fused silica substrate (0.5 mm
thick) to a thickness of 10–20 layers. The sample was immersed in an
index-matching fluid to avoid light scattering due to the silica shells, so that only
the extinction due to the Au cores remains. Fitting a Lorentzian line shape to the
main peak for the unirradiated sample gives a central wavelength of 529 nm. This is
in good agreement with the surface plasmon resonance of Au nanoparticles
embedded in a silica matrix. After irradiation, a broad shoulder has developed on
the long-wavelength side (600–650 nm). In addition, the central wavelength of the
main feature has slightly blueshifted to a wavelength of 521 nm. The small blue-
shift and large redshift are characteristic for elongated gold nanoparticles. The size
aspect ratio estimated from the shifts [208] is 4.6, taking into account the 20°
viewing angle.
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Gold nanodots deposited on silicon are of significant importance because this
material presents a large number of applications like as subwavelength antennas in
plasmonic applications, or as catalysts for the growth of silicon nanowires (SiNWs) ,
or even as electrical contacts in Si nanodevices. In the first example, the gold
nanoparticles are exploited to increase light absorption in solar cells, thanks to the
surface plasmon resonances, when they are in contact with the active surface of
semiconductor. But most of the experimental results [209, 210] demonstrate that
these mechanisms, and consequently the cell performance, are strongly dependent
on the geometrical characteristics of the dot, such as size and shape. Another field of
application for gold nanodots is in the synthesis of SiNWs, where they can be used
either as catalyst seeds in a bottom-up approach like the vapor–liquid–solid process,
or as etching initiator in a top-down process like the metal chemical etching [211,
212]. Also, in these cases, the main morphological characteristics of the final SiNWs
such as diameter and growth (/etching) direction are determined by the size of the
catalyst and their interconnection, i.e., by the original gold dot characteristics [213–
215]. The SiAu system has been also studied from the point of view of the electrical
stability in metallic contacts. Akhtari-Zavareh et al. [216] studied the morphological
and electrical characteristic of an Au/Si diode. They found that after air exposure,
there is a formation of a continuous interfacial layer due to an interaction between Au
and Si. This surface or interfacial interaction leads to the degradation of the recti-
fying diode properties.

The evidence of an interaction between gold and silicon is shown in many works
for several annealing temperatures. At T = 150 °C, i.e., below the Au–Si eutectic
point (363 °C), Rutherford backscattering spectrometry (RBS) analysis demon-
strated that in a Si sample covered with an evaporated gold layer, Si atoms migrate
through the gold film, accumulate on its surface, and oxidize after air exposure
[217]. Room temperature evolution of continuous gold layers evaporated on Si
(111) has been investigated too [218]. The gold films were evaporated in this case at
T < 50 °C on clean silicon and characterized in situ by using electron loss spec-
troscopy and Auger electron spectroscopy. The interacted regions have been
identified as metastable alloys or silicides [219, 220]. A critical thickness below
which the gold seems inert and not able to create alloying has been identified, and,
if it is less than 2 ML, gold and Si do not intermix even at temperatures as high as
800 °C [218]. For a thickness larger than 5 ML, gold reacts with silicon also at
room temperature [218]. The critical thickness has been in this case estimated as the
plateau exhibited by the growth rate measured by an oscillating quartz, but no
morphological analysis is shown. A lower value of 1 ML for the critical thickness
has also been found by Auger spectroscopy studies for gold evaporated on clean Si
(111) at room temperature [219]. Experiments of minute amounts of gold deposited
on NaCl demonstrated that a considerable surface mobility and coalescence are
present also at room temperature. Since the diffusion coefficient of gold in silicon
cannot explain this rapid interdiffusion, it was concluded that the intermixing of
gold into the silicon was a chemically driven process. However, TEM analysis has
been indicated as an improper technique to study the early stages of the deposition
of gold on Si because early film growth can be detected only after the adatoms have
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formed small metal nuclei with sizes exceeding the resolving power of the tech-
nique. The top region of the interacted material has been investigated too, and in
literature, a controversy is present, some papers referring to an alloy [221], some to
a gold-rich material [218], others to a Si rich one [222]. The interaction can be
inhibited if the Si surface is covered by SiO2 or impurities such as carbon, water, or
oxygen prior to the gold deposition [218]. The effects of the substrate orientation
have been explored, and the (100) Si surface exhibits higher interaction rates than
the (111), due to the larger Si dangling bonds density, available for bonding to gold,
present in the first [222]. The role of the deposition technique has been investigated
too, and it has been found that in sputtered samples, the interaction is more active
than in evaporated films due to the knock-off mechanism inferred by the energetic
ions during the sputtering on the Si surface, which remove more efficiently oxide
residuals and improve the Au/Si contact [222].

The TEM analysis after the HF etch and gold deposition shows two zones: white
regions representing the silicon substrate and black regions that represent the gold
nanodots [223]. The analysis performed on the sample a few hours after the
deposition shows three zones: white regions representing the silicon substrate, black
regions that represent gold nanodots, and an intermediate zone of gray color. The
corresponding electron diffraction patterns of the samples are shown. The blue
square is superimposed to the pattern of the (100) Si substrate zone axis. The
indexes refer to the Si spots 004 and 022. The Au spots, indicated by the red
indexes, correspond to two Au patterns rotated by 90° relative to each other with the
same zone axis [110] on Si [100]. As observed, the diffraction analysis shows an
in-plane alignment of the Au nanostructures. The orientation relationship is Au
(110)||Si(100) with Au[002]||Si[022] and Au[002]||Si[022]. High-resolution TEM
analysis coupled to diffraction analysis indicates that the cloudy gray region cor-
responds to an amorphous mixture of gold and silicon, thus indicating that here
gold has intermixed with silicon. Since the characterization is ex situ, it is not
possible to establish whether the interaction has proceeded during the deposition
because of the energetic plasma, or right after the deposition because of the few
hours of room temperature exposure. However, it is reasonable to think that the
plasma has contributed to it, as in case of sputtered continuous films [218].

The interaction between Si and Au is known for thin continuous films annealed
at T < 150 °C [218]. The agglomeration of gold in nanodots is presumably due to
some local residual or regrown Si–O bonds or C atoms that prevent the Si/Au
intermixing [224]. From a preliminary observation, it is possible to understand that
the evolution of the gold nanodots does not show drastic changes, while the
amorphous Au/Si agglomerates, corresponding to the gray areas, evidence a mor-
phological modification because they shrink in density and size leaving room to Si
uncovered areas. In some cases, these areas exhibit the fringes typical of a crys-
talline phase lying over a crystalline substrate, indicating that these nanostructures
after aging are crystalline. This result demonstrates that to ensure the accuracy of
the results, besides than properly preparing the sample for analysis, it is crucial to
analyze the samples immediately after the gold deposition. The next results refer to
the characterization performed on the nanodots first, and then to the amorphous
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agglomerates. The size distribution of the Au nanodots as a function of their radius
for the several days of observation varies as follows [223]:

evolution time (days)/dot radius (nm)/dot density (#/cm2 � 10−12):

0=1:7=2:2; 14=1:6=2:6; 43=1:8=1:7; and 99=1:7=1: ð5:4Þ

From these data, we can say that the size distribution of the Au nanodots as a
function of the radius presents a shape that is maintained all over the time with
small differences in the peak value and in the centroid. The quantitative analysis of
the data then confirms the previous observations, i.e., the nanodots morphological
characteristics do not show appreciable evolution over time, supporting the
hypothesis that at the interface, the presence of residual or regrown SiOx, or even
carbon atoms, have inhibited the intermixing between Au and Si.

Bal and Hazra [224] have studied the room temperature diffusion of continuous
thin layers of gold on Si (001) substrates and have observed that in samples whose
surface was initially treated with HF to remove the native oxide, gold interacts with
silicon diffusing through the surface. The amount of diffusing gold saturated after
about 2 weeks from the date of deposition due to the regrowth of an oxide layer,
which slows or prevents the intermixing Au–Si. Relatively to the Au–Si interaction,
it is known that the intermixing between Au and Si even at low temperatures
produces a gold-rich (70%) amorphous surface alloy [225]. Kim et al. [226] pro-
posed a structural model, indicating the arrangement of atoms in the layers as they
are deposited. The proposed model shows that at the interface between the
deposited material and the substrate, the system Au/Si tends to reach the concen-
tration of a 50–50 of compound Au–Si. Once reached this level, the system tends to
preserve this condition, so it behaves as a “stable” condition.

It was also concluded that the Au/Si interdiffusion in the as-deposited samples
takes place also in case of nano-islands, when in contact with Si-producing
amorphous alloys of about 70:30 Au:Si composition and that after aging, it tends to
the 100% Au composition realigned in both <100> and <200> orientations. From
further results, it can also be concluded that the coverage of Au interacted with Si
decreases after aging, and this is correlated to the relatively slow spinodal
decomposition kinetics occurring at RT (which is well below the eutectic temper-
ature Te = 363 °C). Considering the equilibrium phases diagram and the Au–Si
system, this process should cause after a certain time the complete separation of the
mixed Au–Si region in the two elemental phases which nucleate and grow at
expenses of the intermixed region.

The formation of nanocomposites one can see as follows: (a) First, gold is
deposited on clean Si, and the gold atoms are randomly placed over the surface.
(b) Gold starts mixing with Si by interdiffusion. Due to some residual or regrown
local SiOx, the gold deposited on the oxide does not interact with Si and form nuclei
for stable crystalline dots. (c) The intermixing creates a surface Si layer and sub-
surface amorphous islands of mixed Au–Si, which tend to form a stable stoi-
chiometry of 70% [227]. After the sample is taken out of the chamber, gold starts to
diffuse segregating in crystalline islands aligned with some crystallographic
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orientations of Si and occupying smaller and less dense areas through a process
similar to ripening. The exchange of gold atoms between the crystalline dots and
the subsurface agglomerates is inhibited by the presence of contaminants.

It was reported that nearly monodisperse gold nanoparticles can be prepared by
carrying out a digestive ripening (refluxing a polydisperse colloid suspended in a
solvent with a suitable capping agent) protocol with different ligands such as
alkanethiols, phosphines, amines, and silanes [228]. Among these ligands, it was
clearly established by Banaszak Holl and coworkers that when silanes are attached
to gold surfaces, they lose hydrogen, resulting in weak Au–Si covalent bonds [229].
It has also been demonstrated that large amounts of gold and other metal colloids
can be prepared in polar solvents such as acetone, butanone, and pentanone. TEM
pictures of the as-prepared colloids reveal that the gold nanoparticles are highly
polydisperse and also highly defective in nature. In an effort to make narrower
size-distributed colloids, researchers have been trying to digestively ripen these
Au-ketone-stabilized colloids with various ligands. Indeed, it was shown that
digestively ripening these colloids with ligands such as dodecanethiol leads to a
highly monodisperse colloid which forms beautiful superlattices [230]. Similarly,
digestive ripening of a Au-butanone or Au-pentanone colloid with C18H37SiH3

leads to a decrease in the size of the as-prepared gold nanoparticles with a narrower
size distribution. However, when the same reaction (refluxing a Au-butanone or
Au-pentanone colloid with C18H37SiH3) was carried out in the presence of small
amounts of water, a dramatic formation of nanowires, filaments, and tubes is
observed. The average diameters of these wires and tubes are in the 50–100 nm
range, and the lengths are almost into millimeters. Interestingly, many of these
nanostructures adopt highly helical structures. HRTEM micrographs clearly reveal
the presence of a gold nanoparticle at the tip of each of these nanostructures
(Fig. 5.14). Elemental and energy-dispersive X-ray studies suggest the elemental
composition of these nanostructures to be C18H37SiO1.5, with trace amounts of
gold. HRTEM photographs and selected area electron diffractions also suggest
these structures to be without any crystalline order. Indeed, when the powder X-ray
pattern of these structures was recorded, a peak other than that corresponding to
SiO2 was not found [231].

5.3 Inorganic Scaffolds

5.3.1 General

Inorganic scaffolds were the first type of stabilizers available for noble metal
nanoclusters. Under suitable conditions, they can produce nanoclusters (NCls) of a
well-defined number of atoms, and they can cover a wide emission wavelength
range from UV to near-IR. Silver nanoparticles were used as sacrificial templates to
react with an aqueous HAuCl4 solution, resulting in the formation of gold
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nanoshells with hollow interiors and smooth and pinhole-free surfaces, as well as
homogeneous and highly crystalline walls [232, 233]. In addition, recent success in
synthesizing silver nanostructures with well-defined shapes and surfaces [e.g.,
nanocubes bounded by {100} (crystallographic planes)] also provides a number of
model systems to systematically investigate the template-engaged replacement
reaction on the nanometer scale nanocubes [234], triangular nanoplates [235],
circular nanodisks [236], nanorods [200], and nanowires [237]. These results
showed that the template-engaged replacement reaction proceeded through two
distinctive steps:

(i) the formation of seamless hollow structures (with the walls made of
gold-silver alloys) via a combination of galvanic replacement (between silver
and HAuCl4) and alloying (between gold and silver) and

(ii) the formation of hollow structures with slightly reconstructed shapes and
porous walls via dealloying.

Rodriguez-Lopez et al. [238] reported a very elegant treatment on the shape or
morphology transition of some mono- and bimetallic particles with evolving size.
According to this approach, evolving from the very small size range of both mono-
and binary metallic nanoparticles, a sequence of structures is formed. At small
sizes, particles tend to be Platonic-(shape) solids. The particles tend to adopt
Archimedean-related shapes at a slightly greater particle size. When the particle size
is even larger, they tend to adopt shapes corresponding to Kepler–Poinsot solids,
defect structures (twins, stacking faults, etc.), and finally bulklike structures.

Matrix isolation is a method to produce few-atom ligand-free metal nanoclusters,
and since the early work by Ozin in the 1970s, it has provided lots of insight in the
photophysical properties of oligomeric silver and was used to verify the outcome of

Fig. 5.14 Schematic picture
clearly depicting a gold
nanoparticle at the tip of the
nanowires [229, 230]
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computational studies [239, 240]. In matrix isolation, the silver atoms are thermally
evaporated and transported by a flow of noble gas (e.g., Ar) followed by their
deposition on a cooled transparent substrate, like quartz. The cooling of the gas at
the cold walls leads to nucleation and growth of the nanoclusters. Parameters that
allow control of the cluster size distribution include the gas-to-metal ratio and the
temperature of the substrate. At temperatures approaching 50 K, silver atoms are
able to diffuse throughout the Ar matrix to form nanoclusters, whereas at lower
temperatures, clustering is limited to the surface of the growing matrix layer [241].
Alternatively, the bulk diffusion and subsequent cluster formation can also be
induced by light [242]. The group of Ertl reported that the aggregation of silver
atoms to nanoclusters is accompanied with emission of light (chemiluminescence)
[243]. Although cryogenic matrix isolation is a good tool to study metal nan-
oclusters, it is not suitable for applications in ambient conditions.

Fleischmann’s 1974 discovery of surface-enhanced Raman scattering (SERS)
[244], and especially its rediscovery on colloidal silver particles in 1977 by
Creighton [245], started the extensive development of a new and very sensitive
analytical method [246] enabling to detect molecules in the concentration range
from pico- to femtomoles [247]. High enhancements of SERS even allowed the
detection of individual molecules adsorbed on a single silver particle [248, 249].
Some studies have shown that the highest value of enhancement is achieved only on
the silver particles of a certain size which are referred to as “hot particles”. The
optimal size of these hot particles depends on the wavelength of the laser used for
excitation and ranges from approximately 70–200 nm for excitation wavelengths
between 488 and 647 nm [250]. For the commonly used argon laser with a
wavelength of 514.5 nm, the “hot particle size” is reported from 80 to 100 nm [247,
251]. For a use of lasers with an excitation wavelength in the red region
(*785 nm), and especially in the NIR region (*1064 nm), we can assume that the
highest enhancement of the Raman signal would be achieved with particles of
around 400 nm in diameter. Nevertheless, the preparation of such large particles
represents a hard task from the synthetic viewpoint. Moreover, particles of these
dimensions are unstable and usually settle within a few hours. Silver nanoparticles
of 20–30 nm in sizes can be stable for several months or years, even without any
extra stabilization. However, these small particles themselves usually do not pro-
vide enhancement of the Raman signal. For this purpose, they must be activated for
example by the addition of some inorganic ions [252, 253]. The most frequently
used activation agents of the silver nanoparticles prepared by the common reduction
procedures [254] include halide ions, particularly chlorides [255, 256]. However,
the mechanism of the activation has not yet been fully explained [257, 258]. One
possible explanation is based on the formation of silver particle aggregates [259]. It
has been shown that a very strong increase in the Raman signal is achieved in
nanocrystal junction sites between two nanoparticles [260].

The most widely used procedure for the preparation of gold nanoparticles
supported on the insoluble oxides solids is the precipitation–deposition method.
Starting from an aqueous solution of HAuCl4, addition of a base leads to precipi-
tation of a mixture of Au(OH)4 or Au(OH)x

−Cl4−x
−. Related gold oxy/hydroxides
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that adsorb into the solid are then reduced to metallic gold by boiling the adsorbed
species in methanol or any other alcohol. After adsorption on the solid surface,
AuNP formation occurs by nucleation and growth. The pH of the precipitation and
the other experimental conditions (nature of the alcohol, temperature and time of
the reduction, calcination procedure, etc.) provides a certain control of the particle
size of the resulting nanoparticles [261]. The ideal solid oxide support should have
a high density of hydroxyl groups and a large surface area according to the
deposition–precipitation mechanism in order to achieve the formation of AuNPs
with narrow size distribution [262–264].

Rigid templates such as membranes [265, 266] have been used wherein metal
ions are reduced/reacted inside their nanoscale pores. Reaction temperature seemed
to play the most important role in determining the morphology of the template and
the diffusion coefficient of metal atoms are both strongly dependent on this
parameter [267]. Similar changes in morphology, composition, and structure were
observed no matter whether silver nanocubes, nanowires, or nanospheres were used
as the templates.

An alternative method for the synthesis of metal hybrids lies in the use of
bimetallic nanocrystals by means of seed-grow processes to obtain heterogeneous
nanoparticles. Following this approach, Xia et al. [268] described the overgrowing
of gold structures on presynthesized palladium cubes. Zhang et al. [269] reported
the synthesis of gold nanorods on Ag and CdSe seeds, while Lombardi et al. [270]
demonstrated direct self-assembly of heterodimers formed by Au and {Ag@SiO2}
NPs, highlighting the relevance of this method to investigate single nanoparticle
spectroscopic properties.

5.3.2 Silver Nanostructures

Prucek et al. have reported a simple and reproducible method for the activation of
monodispersed silver nanoparticles by introducing the concentrated NaCl solution
into the AgNP dispersion [271]. Immediately after the addition of NaCl solution to
AgNPs, there was a considerable change in the color of the dispersion of AgNPs
with corresponding changes in its absorption spectrum (Fig. 5.15, curves 2–6). The
average particle size was observed to increase with the reaction time (Fig. 5.15
curve 1). The color of the dispersion changes immediately from yellow to violet.
The original absorption peak with the maximum at 410 nm, corresponding to the
surface plasmon of the original nanoparticles, was considerably suppressed, while
at the same time, the secondary peak with the maximum at 570 nm has emerged.
The secondary peak with the similar maximum was previously reported for silver
particles with dimensions of 100–110 nm [272, 273]. The addition of chloride ions
further decreased the absorption maximum at 410 nm and a shift of the secondary
absorption maximum to 650 nm, which moved to 680 nm was observed. This shift
in the position of the secondary absorption peak can be considered as a confir-
mation of the gradual increase in the average size of silver particles. After several
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minutes, the absorption spectra already had a very flat course without any pro-
nounced maximum, which is characteristic of silver particles with dimensions of
about 200 nm and larger [273].

For example, d = 24 nm determined by TEM is in a good accordance with the
value determined by the DLS method 28 nm (at the given time). After 30 s, TEM
image revealed considerable amount of silver nanoparticles with the size of equal to
or below 25 nm (*90%). However, a certain number of particles (*10%) had
dimensions ranging from 50 to 100 nm. In the sample taken 2 min after the addition
of NaCl solution, the presence of Ag particles with a size of around 150 nm was
observed, and the particles of dimensions of around 25 nm were almost not present.
After 15 min, the large Ag particles with the size of around 350–400 nm were
found in the dispersion, while any smaller particles and/or their aggregates were not
detected. Approximately 20% of the AgNPs were present in the form of
well-defined crystalline shapes, such as hexagonal (Fig. 5.16 a), rod-like (b), and
triangular (c). The miscellaneous morphologies of recrystallized particles are
probably related to the presence of particles with different shapes already present in
the original dispersion (Fig. 5.16d–f). The single-crystal character and typical cubic
structure of these recrystallized silver particles were confirmed by the selected area
electron diffraction.

Similar experiments were performed with NaBr and NaI solutions. In all cases,
the yellow coloring changed to the gray color within several seconds. However, this
color change, implying for a disappearance of the original well-dispersed
nanoparticles, is not due to the recrystallization of silver nanoparticles as
observed after the NaCl addition. In the case of NaBr and NaI additions, the
primary dissolution followed by a secondary precipitation of silver halogenides is a
competitive process, which was proved by detailed TEM (Fig. 5.17) and UV–Vis

Fig. 5.15 Time dependence
of average size of AgNPs
(curve 1) and the
representative UV–Vis
absorption spectra [curves 2
(without NaCl), 3 (0.1 min), 4
(2), 5 (5), and 6 (20)]
recorded during 20 min after
the addition of the NaCl
solution (the final
concentration of 400 mM)
[271]
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measurements. TEM images of the objects formed after NaBr (NaI) addition
revealed presence of aggregates (particles) with the sizes of several tens to hundreds
of nanometers (Fig. 5.17a, c). These objects were, after the radiation by electrons in
TEM, subjects to partial (Fig. 5.17b) or almost total destruction (Fig. 5.17d). This
might be a proof of the formation of a certain amount of AgBr (in the case of NaBr
addition) or even prevailing amount of AgI (in the case of NaI addition). The
different action of iodide ions in comparison with chloride ions is also reflected in
the obtained absorption spectra when almost zero absorbance, between wavelengths
of 500–900 nm, registered after 20 min since the NaI addition, gives further sup-
port for an absence of metallic nanoparticles in the system. Evidently, the highly
concentrated solutions of bromides and iodides are not applicable for activation of
silver nanoparticle dispersion due to the precipitation of silver halogenides. It is
well known that halide anions can serve as a precipitant of Ag+ ions at a low
concentration and a complexing agent at a high concentration of halides. The halide
ions can react with the silver atoms and dissociate them from the surface of Ag
particles. This phenomenon is known as the oxidative etching process [274, 275].
Henglein et al. [276] have reported that oxidative etching of silver particles is
accelerated through the presence of complexing agents. They observed that ligands
that coordinated more strongly with silver induced the oxidative etching at much
faster rates. The suggested mechanism underlying this phenomenon was that the
silver atoms on the surface are coordinated by halide ions, and this action is
accompanied with a simultaneous pickup of the electrons by oxygen. Under such
conditions, the varying behavior of Br− and I− ions compared to Cl− is therefore
given by significantly higher stability constants of AgX2

− complexes with Br− and

Fig. 5.16 Schematic pictures taken 15 min after the addition of the 4 M NaCl solution exhibiting
recrystallized silver particles with various morphologies (a, b, and c), and images of primary
nonactivated AgNPs of the same crystal shapes (d, e, and f) [271]
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I− ions. In the case of bromides and iodides, etched Ag+ ions are more firmly tied
up into a respective complex compound and the subsequent recrystallization of
particles proceeds with a greater difficulty (Br−) or almost not at all (I−).

The original silver nanoparticles (*30 nm), as well as the recrystallized silver
particles transformed after the addition of NaCl (*400 nm) were tested for
application in surface-enhanced Raman spectroscopy with adenine as an model
analyte.

The enhancement of the Raman signal was monitored depending on the period
of time that elapsed since the addition of the NaCl solution to the diluted dispersion
of original AgNPs (Fig. 5.18). The increase in the enhancement during the first
12 min can be explained by an increase in the particle size caused by the recrys-
tallization process. After the mentioned time elapsed since the addition of sodium
chloride, the particle size reached a value of around 400 nm, which is in good
agreement with the prediction of optimal size of silver particles based on previously
published results regarding the dependence of enhancement of the Raman signal on
the particle size for the given excitation wavelength [250]. In the case of excitation
at 488 nm, a considerable enhancement was achieved within two minutes after the
addition of the NaCl solution. The size of silver particles reached approximately
150 nm at this moment. Surprisingly, the enhancement grew further with the
increasing particle size. This fact can be probably connected to the irregular surface
of most silver particles providing active sites for the enhancement. Generally, it is
well known that chloride anions, in low concentrations (about 10 mM) [256, 257,
277], induce the aggregation process, and the junctions among silver nanoparticles
(tens of nanometers) represent the active sites for the Raman signal enhancement.

Fig. 5.17 Schematic pictures demonstrating the electron beam-induced transformation of particles
formed after 15 min since the addition of the NaBr (a, b) and NaI (c, d) [271]
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However, data presented in this work indicate that chloride ions cause the formation
of large silver particles (hundreds of nanometers), which are very efficient for the
Raman signal enhancement [250].

5.3.3 Gold Nanostructures

Depending upon composition and desired dimensions, certain types of prisms can
be prepared either thermally or photochemically [235, 278]. The photochemical
routes, thus far, have been used to synthesize silver nanoprisms with excellent size
control. Gold nanoprisms, on the other hand, have been synthesized exclusively by
thermal methods with varying degrees of success regarding purity and size control
[279]. Both prism compositions are particularly attractive for their enhancing
properties with respect to Raman spectroscopy. The optical spectra of nanoprisms
should exhibit a distinct dipole resonance as observed in isotropic spherical
structures in addition to weaker higher order resonances [280]. In the case of silver,
where bulk preparations of high-quality and relatively pure nanoprisms can be
realized, these plasmons have been identified and assigned through experiment and
computation [278].

Millstone et al. have presented a synthetic approach and separation procedure for
synthesizing and isolating large quantities of gold nanoprisms with uniform edge
lengths and thicknesses, which has allowed them to use UV–Vis–NIR spectroscopy
to observe an in-plane quadrupole resonance mode of such structures for [281].
This synthetic procedure builds off the work of Sau and Murphy [282] and involves
the preparation of small gold seed nanoparticles (d * 5 nm) and the subsequent
three-step growth of seeds in an aqueous solution containing the capping agent
(CTAB), gold ions (AuCl4

−), reducing agent (ascorbic acid), and NaOH. This

Fig. 5.18 Time dependence
of enhancement of Raman
signal (SERS) of adenine after
the addition of chloride ions
for the excitation wavelengths
of 1064 nm (2) and 488 nm
(1). The enhancement factor
was determined by comparing
the intensities of the most
intensive peak in spectrum at
734 cm−1 [271]
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synthetic procedure produces a mixture of spherical and triangular gold nanopar-
ticles, each with a relatively homogeneous size distribution (Fig. 5.19). In contrast
with many other similar synthetic routes for gold nanostructures utilizing CTAB, a
present synthetic method produced no rods, cubes, or branched structures [282].

The average edge length of the nanoprisms is ca. 144 nm, and the average
spherical nanoparticle diameter is ca. 35 nm. Interestingly, electron diffraction
analysis of an individual gold nanoprism shows that, unlike lithographically gen-
erated structures, they are single crystalline and that the large, flat top and bottom
faces are (111) facets (Fig. 5.19). Atomic force microscope images of the gold
nanoprisms confirm that their top and bottom faces are atomically flat with a
uniform thickness of ca. 7.8 nm. This thickness is approximately equal to the
average diameter of the seed nanoparticles when the thickness of the two layers of
CTAB on the top and bottom surfaces of nanoprisms is taken into account. This
suggests that growth of prisms occurs in two dimensions from the isotropic seed to
form the anisotropic prism.

Wang et al. have reported a facile, high-yield synthesis of unique porous gold
nanobelts by morphology-preserved transformation from metal–surfactant complex
precursor nanobelts formed by HAuCl4 and Br− [(CH3)3N

+
–(CH2)12–N

+(CH3)3]
Br− (N-C12–NBr2), a bolaform surfactant containing two quaternary ammonium
head groups [283]. Typical SEM and TEM images of the porous gold nanobelts
were obtained from the product generated by adding NaBH4 to a solution con-
taining N–C12–NBr2 and HAuCl4. It was observed that the product consists of
curled, porous gold nanobelts arrays with a thickness of about 10–20 nm, and width
about 100–200 nm (Scheme 5.9). Such porous gold nanobelts combine the
advantages of both 1D structures and nanoporous structures and may be an
appealing material in application areas including catalysis. Further study showed
that curled nanobelts of *500 nm in width and 50–100 nm in thickness appeared
soon after mixing N–C12–NBr2 and HAuCl4 in solution without NaBH4.

Fig. 5.19 Schematic picture of gold spherical and triangular nanoparticles (left panel). Inset
shows the electron diffraction pattern of the top of a single prism. Histogram of nanoprism edge
lengths (ELs) (right panel) [281]
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Accordingly, the formation process of the porous gold nanobelts is tentatively
proposed as follows: When N–C12–NBr2 was mixed with HAuCl4, a stoichiometric
N–C12–N(AuCl4)2 complex formed immediately via electrostatic interaction as well
as van der Waals interaction between the positively charged head groups and the
negatively charged AuCl4

− ions, which quickly self-assembled and crystallized into
curled nanobelts. As the reductant NaBH4 was added, the N–C12–N(AuCl4)2
complex was reduced to gold nanocrystals, resulting in the formation of porous
gold nanobelts arrays with shrunken sizes.

Scheme 5.9 Schematic illustration of the formation mechanism of porous gold nanobelts via an
N–C12–N(AuCl4)2 complex template and following steps: (1) electrostatic combining, (2)
crystallization, and (3) morphology-preserved reduction [283, 284]
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5.3.4 Composites

Fasciani et al. have presented the remarkable behavior of core@shell gold@silver
nanostructures stabilized with aspartame (Asm), a common artificial sweetener
(Charts 5.1 and 5.2) [285, 361, 363, 369].

The material presented in this contribution consists of a gold core, encapsulated
in a silver shell [286] and stabilized with a dipeptide, specifically aspartame. AuNP
seeds (� 12 nm) were used for seed-mediated growth of core@shell nanoparticles
[287]. Briefly, an aqueous solution of HAuCl4 and I-2959 was irradiated with UVA
light, using a Luzchem LZC-4 photoirradiator (Chap. 2, Scheme 2.11).
A seed-mediated growth procedure was employed for the formation of Au@Ag
nanoparticles according to a reported procedure [286], but by replacing the citrate
stabilizer with two biocompatible stabilizing agents, aspartame. Ketyl radicals
formed by the decomposition of excited I-2959 reduce Au ions via two steps: Au
(III) to Au(I) and then to Au(0)

The surface protection with aspartame leads to excellent aqueous stabilization
with a long shelf life. Moreover, in addition to the synthesis and characterization of
aspartame-stabilized Au@Ag nanostructures ((Au@Ag)@Asm), representative
in vitro experiments were carried out as a first indication of their antibacterial
properties. Formation of (Au@Ag)@Asm nanostructure led to the spectral changes
in Fig. 5.20. Note that after irradiation with AgNO3, the band corresponding to the
gold plasmon absorption is shifted to the blue, while a new band, corresponding to
the silver plasmon absorption and centered at 405 nm, appears. The intensity of the
two absorptions is consistent with the presence of comparable amounts of Au and
Ag. Moreover, after the initial stabilization of the particles formed, the UV spectra
did not change with time, showing very high stability. The analysis of the UV–vis
spectra furnished a clear indication that core@shell structures are formed as
opposed to separate nanoparticles or alloys. Indeed, in those cases we would have
had no shift of the plasmon maximum (single particles) or a single band between
the two metal plasmon absorptions (alloy) [288].

The TEM images obtained clearly reveal that (Au@Ag)@Asm particles are
spherical with an average diameter of *16.6 nm. The particles present a darker
central region, attributed to the gold core, as well a lighter section around it,
representing the silver shell; see Fig. 5.21.

Chart 5.1 Aspartame
molecular structure [285]
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EDS analysis was performed for Au@Ag@AsmNP, and the relative average
percent (%) composition revealed *45.8% silver and *54.2% gold, similar to the
anticipated composition based on the amount of HAuCl4 (110 lM) and silver
nitrate (110 lM), respectively. The EDS spectra confirmed the metal composition
of the core@shell particles formed.

Sun et al. have also focused on silver nanocubes because this class of nanos-
tructures provides a model system with monodispersed size and well-defined facets

Chart 5.2 DOPAC (3,4-dihydroxyphenylacetic acid), EDAC (1-ethyl-3-(-3-dimethylaminopropyl)
carbodiimide), APTMS ((3-aminopropyl) trimethoxysilane), dopamine [361, 363, 369]

Fig. 5.20 Absorption spectra
for core@shell nanoparticles
stabilized with aspartame
((AuNP@Ag)@Asm),
recorded before irradiation
(curve 1), right after
irradiation in the presence of
AgNO3 (2), and at different
times (5–10 days) after the
irradiation was completed (3).
The maxima of the two bands
obtained after irradiation are
centered at 405 and 510 nm
[285]
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[289]. Since the standard reduction potential of AuCl4
−/Au pair (0.99 V vs. stan-

dard hydrogen electrode, SHE) is higher than that of the Ag+/Ag pair (0.80 V vs.
SHE), silver would be oxidized into Ag+ when silver nanostructures and HAuCl4
are mixed in an aqueous medium:

3Ag sð ÞþAuCl�4 aqð Þ ! Au sð Þþ 3Agþ aqð Þþ 4Cl� aqð Þ ð5:5Þ

Two distinctive steps have been resolved: In the first step, the silver nanos-
tructures were continuously dissolved, and the resultant elemental gold was epi-
taxially deposited on the surface of each template. At the same time, the gold layer
was transformed into AuAg alloy because of the fast interdiffusion between gold
and silver at 100 °C. A combination of these two processes led to the formation of
well-defined nanostructures which had hollow interiors, smooth surfaces, and
homogeneous walls consisting of the AuAg alloy. In the second step, the Au–Ag
walls were dealloyed as the replacement reaction continued to proceed, and pro-
cesses such as Ostwald ripening would induce morphological reconstruction, as
well as the formation and enlargement of pinholes in the walls. Complete deal-
loying eventually forced the porous nanostructures to collapse into gold fragments
characterized by irregular shapes. The reaction temperature was found to play a
critical role in determining the final morphology of the product. At room temper-
ature, for example, the simultaneous formation of AgCl solid could disrupt the
epitaxial deposition of gold atoms on the surfaces of silver templates. The slow
diffusion of silver and gold atoms at such a low temperature also prevents the
resultant nanostructures from smoothening their surfaces via processes such as
alloying and Ostwald ripening.

In addition to the traditional templates acting as spatially confined reaction
media, certain reactive solids with a specific shape can be used as sacrificial tem-
plates for the production of metal nanocrystals, which adopt the underlying shape of

Fig. 5.21 Schematic picture for (AuNP@Ag)@Asm. Core@shell nature of the nanoparticles can
be easily visualized (left panel). The right panel shows a histogram of the size distribution of the
nanoparticles, which yields a mean diameter of � 17 nm [285]
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the template. In particular, silver nanocubes can be used as sacrificial templates for
the fabrication of novel gold composite nanocages and nanoframes through a
galvanic displacement reaction (Scheme 5.10) [290]. With the addition of HAuCl4
solution into a boiling suspension of silver nanocubes, a pinhole is formed on one
of the six faces, and gold is deposited epitaxially on the surface of the silver cube.
As the gold layer forms, the initial pinhole serves as the site for silver dissolution,
facilitating the conversion of the nanocube into a Au/Ag-alloyed nanobox. With the
addition of more HAuCl4 solution, dealloying occurs, resulting in the formation of a
porous gold nanocage with an underlying cubic form. By using the wet etchant Fe
(NO3)3 to selectively dissolve silver from the Au/Ag-alloyed nanobox (Nbx), a
unique gold nanoframe is obtained. Representative SEM and TEM images of the
obtained gold nanocages and nanoframes are shown in Scheme 5.10.

The introduction of silver seeds can lead to fast and high-yield syntheses of two
highly anisotropic metal nanoparticles: ultrathin metal nanowires and triangular
gold nanoprisms [291]. Ultrathin metal nanowires are of great interest owing to
their unusual transport properties and potential applications in electronics [292].
Triangular nanoprisms have also attracted a great deal of attention for their tunable
surface plasmon resonance (SPR) and field enhancement at sharp corners [293].
Here, we show that such low-dimensional nanoparticles can be readily synthesized
in high yields by adopting silver seed particles in combination with an aromatic
surfactant, benzyldimethylhexadecylammonium chloride (BDAC), in the growth
solution. The sizes of prepared gold and silver seed particles were determined to be
*2.5 and *3.6 nm, respectively. Subsequently, the seed solution was added into
solution containing BDAC, HAuCl4 or AgNO3, and ascorbic acid [291].

Scheme 5.10 Schematic illustration of the formation of gold nanocages (Ncg) and nanoframes
(Nf) from a silver nanocube (Ncb) that serves as a template. Coloration indicates the conversion of
a silver nanocube into an Au/Ag nanocage via galvanic replacement, and then into gold nanocages
via continued galvanic replacement (1) or an Au nanoframe via selective etching with a wet
etchant (2). SEM and TEM images of Au nanocages and nanoframes [284, 290]
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Scheme 5.11 presents TEM images of nanoparticles synthesized with silver seed
particles and varying amount of silver nitrate in the growth solution. In the absence
of silver nitrate, quasispherical particles with an average diameter of *19.0 nm
were formed. The particles show an SPR band position at 530 nm (Fig. 5.22, right
panel, curve 2), indicating that the particles synthesized in this condition are not
completely spherical [294]. When a small amount of silver nitrate was added to the
growth solution ([AgNO3]/[HAuCl4] ratio of 0.15), triangular prisms and truncated
prisms (about 50%) were formed in high yields as shown in Scheme 5.11. The edge
length and the height of triangular prisms were measured to be *33.5 nm
(Fig. 5.22, left panel, curve 3) and *5.4 nm, respectively. The edge length was
controllable from 23 to 46 nm by varying the volume ratio between the seed and the
growth solution or by using small triangular prisms as seed particles, while the
height of the triangular nanoprisms remained almost constant in the series of dif-
ferent synthetic conditions.

The silver mole percentage in triangular nanoprisms was determined to be 5 and
4% by energy-dispersive spectra (EDS) and inductively coupled plasma atomic
emission spectroscopy (ICP-AES), respectively, indicating that the triangular
nanoprisms are made of mainly gold. The extinction spectra of the triangular
nanoprisms exhibited a dominant SPR peak at 750 nm (Fig. 5.22, right panel, curve
3), which is assigned to in-plane dipole resonance. The main peak position of
calculated spectra of snipped triangular gold nanoprisms with the dimension from
the TEM analyses matches well with the experimentally obtained extinction

Scheme 5.11 Pictorial description showing the shape of nanoparticles synthesized by the
seed-growth method using silver seed particles and BDAC. The shape evolved from quasi-spheres
to triangular nanoprisms and ultrathin nanowires with increasing the concentration of AgNO3 in
the growth solution. The [AgNO3]/[HAuCl4] ratio in the growth solution was 0, 0.15, and 1.2 for
quasi-spheres, triangles, and nanowires, respectively. TEM images of quasi-spheres (a), triangular
nanoprisms (b), and ultrathin nanowires (c) [291]
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spectra, supporting the theory that the triangular nanoprisms are made of gold. The
weak peak at 534 nm was assigned to the small amount of polyhedron (decahedron
and icosahedron)-shaped particles formed along with triangles (� 15%). When the
[AgNO3]/[HAuCl4] ratio in the growth solution was increased to 1.2, extremely
uniform ultrathin nanowires were formed (Scheme 5.11). The silver mole per-
centage in the ultrathin nanowires was determined to be 21 and 14% by EDS and
ICP-AES, respectively. The nanowires had a uniform diameter of 1.6 nm and can
grow up to several micrometers in length.

In the absence of silver nitrate, spherical gold nanoparticles (Scheme 5.12 a)
with a diameter of *40.9 nm and an SPR band at 526 nm (Fig. 5.23, right panel,
curve 2) were synthesized [294]. At an intermediate silver nitrate concentration
([AgNO3]/[HAuCl4] ratio of 0.15), small spheres were primarily formed along with
a small amount of rods and triangles (Scheme 5.12b), which is also evident in the
extinction spectra (Fig. 5.23, curve 3). Note that, for silver seeds, triangular
nanoprisms were formed at the same condition (Scheme 5.11b). At a higher
[AgNO3]/[HAuCl4] ratio of 1.2, ultrathin nanowires were formed, similarly to the
synthesis with silver seed particles (Scheme 5.12c). The silver mole percentage in
the ultrathin nanowires was determined to be 21 and 20% by EDS and ICP-AES,
respectively, which is similar to the silver content found in nanowires synthesized
with silver seeds.

The data presented in Figs. 5.22 and 5.23 reveal that silver seeds play more
important role than gold seeds for the high-yield formation of anisotropic triangular
nanoprisms. This result was unexpected as silver seeds have a larger size distri-
bution than gold seeds. A small light dot was observed in almost every triangular
nanoprism in TEM images, indicating the position of silver seed particles. Similar
light dot features were observed in a previous study on the syntheses of gold
nanospheres from small silver seeds [295]. The dot area in triangular nanoprisms

Fig. 5.22 Size histogram of ultrathin nanowires (curve 1, diameter (d)), quasi-spheres (2, d), and
triangular nanoprisms (3, edge length) (left panel). UV−Vis spectra of ultrathin nanowires (curve
1), quasi-spheres (2), and triangular nanoprisms (3) (right panel) [291]
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appeared dark in high-angle annular dark field (HAADF) images, as expected. EDS
line scan across the dot showed an increase in the silver content and a decrease of
gold content in the dot area (Fig. 5.24), which indicates that the initial silver seeds
are not completely consumed during the reaction [296].

We attribute the growth of triangles from silver seeds to the relatively more
reactive nature of silver compared to gold. In general, silver is more prone to atomic
rearrangement than gold due to the relatively lower bond energy compared to that

Scheme 5.12 Pictorial description showing the shape of nanoparticles synthesized by the
seed-growth method using gold seed particles and BDAC. TEM images of nanoparticles formed at
the [AgNO3]/[HAuCl4] ratio of 0 (a), 0.15 (b), and 1.2 (c). TEM images of spheres (left panel a),
spheres, rods, and triangles (middle panel b) and ultrathin nanowires (right panel c) [291]

Fig. 5.23 Nanoparticles
synthesized by the
seed-growth method using
gold seed particles and
BDAC. Extinction spectra of
nanoparticles shown in
Scheme 5.12 a (curve 2,
spheres), b (3), and (c 1,
ultrathin nanowires) [291]
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of gold. Also, silver seeds are relatively more reactive than gold seeds, and they can
undergo structure reconfiguration and repopulation through various mechanisms
such as oxidative etching [297]. In present synthesis, an additional reaction of
galvanic replacement can occur between silver seeds and gold complexes upon
mixing the seeds and the growth solution [298]. The galvanic replacement reaction
can provide a mechanism for atomic rearrangements and facilitate the structure
evolution of seeds into planar-twined Ag/Au particles covered with thermody-
namically stable (111) facets (Scheme 5.13) [299]. This intermediate structure can
grow into thin triangular nanoprisms in the presence of silver nitrate through silver
underpotential deposition (UPD) on (111) facets [300], which slows down the
growth of (111) facets (Scheme 5.13). The silver ions released from the galvanic
replacement reaction can also contribute to the stabilization of (111) facets of the
initially formed Ag/Au particles [298]. Gold seeds, on the other hand, generate a
mixture of nanoparticles with different shapes due to the lack of shape reconfigu-
ration mechanism. It is worth noting that the quasispherical gold particles formed
from silver seeds, and silver-free growth solution shows very little defects, while
gold spheres made from gold seeds at the same condition show many
defect-induced contrasts. These observations support that silver seed particles can
evolve into more stable particles with less defects. Other possible reactions such as
oxidative etching of silver by dissolved oxygen can contribute to the defect
reduction [297]. However, etching by oxygen did not appear to be the main driving
force, as the purging of the reaction media with nitrogen or oxygen gas did not
make significant differences in final products.

In the case of silver seeds, the nanowire growth was almost instantaneous. This
was not the case with gold seeds (Fig. 5.25, curves 1–6). The fast growth kinetics
with silver seeds (slow with gol seeds) was further verified by the sudden initial
jump of the extinction in the UV–vis spectra (Fig. 5.25, curves 1 and 2, see also
Chap. 2, Scheme 2.13, Figs. 2.5 and 2.6).

The type of surfactant discussed in Chap. 2 was observed to be critical for the
formation of highly anisotropic particles. While triangular nanoprisms could be
generated with cetyltrimethylammonium chloride (CTAC), the yield of nanoprisms

Fig. 5.24 EDS intensity line
profile for Au Ma (curve 1)
and Ag La (2) peaks [291]
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was lower and the size distribution was broader with CTAC (Chap. 2, Scheme 2.13,
Fig. 2.5). The use of BDAC was particularly important for the formation of
nanowires; nanowires were rarely observed in CTAC samples (Chap. 2,
Scheme 2.13, Fig. 2.5).

Highly dispersed platinum nanodots (HD-PtNDs) that are densely decorated on
gold nanorods (AuNR@PtNDs) with mimetic peroxidase activity were prepared
through the seed-mediated growth strategy, which was designed as an active
electrode modifier to fabricate the H2O2 electrochemical sensor. The synthetic route
is shown in Chap. 2 (Scheme 2.14) [301]. Figure 5.26 shows the comparative UV–
Vis spectra of PtNPs, AuNRs, and PtNDs-AuNRs. The as-prepared PtNPs had no
UV–Vis absorption (Fig. 5.26, curve 1), which was consistent with previous data
[302]. The purple AuNRs solution presented two surface plasmon resonance
(SPR) bands (curve 2), a strong longitudinal SPR (LSPR) band centered at 760 nm,
and a weak transverse SPR (TSPR) at around 512 nm. After PtNDs were decorated
on the surface of AuNRs, the LSPR band obviously redshifted, accompanied by a
dramatic reduction in intensity and an evident broadening in width (curve 3). The
deposition of the PtNDs on the surface of AuNRs was reported to enhance the

Scheme 5.13 Schematic description showing how silver seeds and gold seeds grow into
nanoparticles of different shapes: (1) plate-like structure and (2) silver UPD [291]

Fig. 5.25 Extinction spectra showing the growth process for Ag seed particles [curves 1 (1 min),
2 (3), and 3 (60)] and Au seed particles [curves 4 (1 min), 5 (10), and 6 (60)] (left panel). Plot of
time-dependent maximum extinction change for the two syntheses shown in (curve 1, Ag seed)
and (2, Au seed) (right panel) [291]
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damping to the AuNRs, which led to an obvious redshift of the LSPR band of the
AuNRs [70]. These results strongly proved the formation of core@shell nanos-
tructure of AuNR@HD-PtNDs via the above-mentioned as-synthetic route.

Two main peaks (Au and Pt) were observed in the EDX spectrum, indicating a
chemical composition of Au and Pt in the core@shell nanostructure. The other
peaks (C and Br) that appeared in the EDX spectrum indicated the existence of
CTAB on the surface of AuNR@PtNDs nanostructures. The quantitative analysis
indicated that the loading amount of PtNDs on AuNRs was 0.21, which was
slightly smaller than the theoretical feeding ratio of 0.25.

In a further report, the CTAB was confirmed to be as the most suitable reagent to
control the formation of AuNRs [303]. Thus, the CTAB was involved in the
synthesis of the AuNRs@HD-PtNDs nanocomposites. Furthermore, the CTAB
covered the special lattice plane of the AuNRs though a moderate combination of
bromide ion with metal; the long hydrocarbon chains of the absorbed CTAB
formed a very stable bilayer on the AuNRs, which acted as the directing agents for
growing PtNDs on AuNRs. The interaction between the CTAB and Pt surface was
significantly weaker, which offered a possibility to control the morphology and
preserve the catalytic activity of the PtNDs [304].

Figure 5.27 shows the corresponding cyclic voltammograms (CVs) of the
AuNRs/GCE (curves 1 and 2) and the AuNR@HD-PtNDs/GCE (curves 3 and 4).
For the AuNRs/GCE (Fig. 5.27, curves 1 and 2), a (single) oxidation peak at
+1.03 V and a reduction peak at +0.45 V were observed, corresponding to the Au
oxide formation and its reduction. After the decoration of the PtNDs, typical
characteristic hydrogen adsorption/desorption peaks appeared in the potential range
of +0.05 V to −0.20 V in the H2SO4 solution at the HD-PtNDs-AuNRs/GCE
(Fig. 5.27, curves 3 and 4). The difference of the surface information between the
AuNRs/GCE and AuNR@HD-PtNDs/GCE strongly proved the formation of the
core@shell nanostructures.

The redox probe Fe(CN)6
3−/4– was sensitive to the surface chemical of the

electrode, which was utilized to evaluate the electrochemical properties of the

Fig. 5.26 UV–Vis
absorption spectra of PtNPs
(curve 1), AuNRs (2), and
AuNRs@HD-PtNDs (3)
[301]
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AuNRs/GCE and AuNRs@HD-PtNDs/GCE. An enhanced current response of Fe
(CN)6

3–/4– was observed at the AuNR@HD-PtNDs/GCE than that of AuNRs/GCE,
indicating an effective increase in the electroactive surface area by modifying the
AuNR@HD-PtNDs on the GCE. The decoration of the PtNDs on the surface of the
AuNRs effectively enlarged the electroactive surface areas of the modified
electrode.

The situation for the assembly of heterodimer structures is a very different and
further synthetic route. While a plethora of methods for synthesis of NPs of dif-
ferent sizes, shapes, and materials exist [305], just a few methods for controlled
assembly of nanoparticles into well-defined heteroaggregates have been established
[306]. Specifically, the selective formation of heterodimers from NPs of different
materials remains a challenging goal. Chen et al. [307] synthesized bimetallic
nanostructures by using nanoscopic phase separation of different metals due to the
embedment of surface ligands. Pietryga et al. [308] described the synthesis of
quantum dot–dielectric–metal hybrids where a silicon shell on top of the gold
nanostructure was used to attach quantum dots.

Gschneidtner et al. [309] have developed a versatile synthetic strategy for
combining two different metal nanoparticles (of the same metal or two different
metals) via electrostatic interaction. By using oppositely charged particles, het-
erodimer combinations of individual nanoparticles of different sizes, shapes, and
compositions, as exemplified in Scheme 5.14, were obtained. The aggregation
process can be controlled to produce the highest possible yield of dimers by tuning
the ratio between the two kinds of NP components.

Starting from two classes of nanoparticles, here called NP-A (negatively
charged) and NP-B (positively charged), controlled aggregation can be achieved by
tuning the experimental conditions (Scheme 5.15).

Class NP-A constitutes negatively charged nanoparticles capped by MESNa in
trisodium citrate (90 nm). The second class, NP-B, is composed by NPs capped
with a cationic surfactant CTAB or chloride (CTAC). The controlled electrostatic
self-assembly of NP heterodimers can occur only under experimental conditions

Fig. 5.27 CVs of
AuNRs/GCE (curves 1 and 2)
and HD-PtND/AuNRs/GCE
(curves 3 and 4) in the N2-
saturated H2SO4 solution
[301]
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that guarantee the mutual stability of the two kinds of nanoparticles used. It was
observed that the presence of cationic surfactants destabilizes the negatively
charged NP-A. Similarly, positively charged NP-Bs are destabilized by citrate,
which is negatively charged. For this reason, in a wide range of capping agent
concentrations, each type of NP is incompatible with the capping agent of the other
type. In order to facilitate the differentiation between heterodimers and
self-aggregates, NP-A and NP-B were combined with distinctly different shapes
and sizes (Scheme 5.14, panels a–f). The average gap between the NPs in the
heterodimers was found to be between 0.8 and 1.9 nm, suggesting that these
structures can be used in sensing and plasmonic applications. The maximum yields
of heterodimers were ranging from 30 to 40% for the combinations of NPs
investigated. The self-assembly of Pd-NPs particles with Au spheres (NP-A) into
heterodimers was successful with yields of about 30%. In high-magnification SEM
images, the three-dimensional features of the Pd surfaces can clearly be observed.

The surface potential data suggest that the absolute value of the surface electric
potential of NP-A is reduced in the presence of cationic surfactant molecules,
leading to destabilization of the colloidal solution if the concentration of surfactant
is sufficiently high. Similarly, the zeta potential for NP-B is decreased by addition
of citrate ions. Combining these two results, we can infer that the appropriate ratio

Scheme 5.14 TEM images of different nanoparticle heterodimers prepared by electrostatic
self-assembly: a Ag (spherical90 nm) and Pd (cube25 nm); b Ag (spherical90 nm) and Pd (cube70 nm);
c Au (spherical90 nm) and Pd (cube25 nm); d Au (spherical90 nm) and Pd (cube70 nm); e Au
(spherical90 nm) and Au (cube35 nm); and f Ag (spherical90 nm) and Au (cube35 nm) [309]
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between the particle stabilizers, CTAB/CTAC and citrate, leads to conditions in
which both kinds of nanoparticles are stable. It is generally accepted that there is a
minimum residual concentration of surfactant needed to achieve stability of CTAB
or CTAC-capped nanoparticles [311]. At the same time, according to stability
experiments, there is also a maximum concentration threshold of cationic surfactant
above which negatively charged NP-A colloids undergo self-aggregation.
Considering the concentration of citrate, there is also a maximum concentration of
this salt above which the NPs stabilized by cationic surfactants become unstable.
Therefore, we can define a stability concentration zone in which NP-A and NP-B
are both stable. For the case of Au sphere90 nm with Pd cube25 nm, the stability zone
is very narrow and is delimited by the stability curve of AuNPs and Pd-NPs
(Fig. 5.28, curves 1 and 2) at different concentrations of citrate and CTAB,
respectively. Dimer formation area is the stability-phase diagram of the binary
system of NPs as a function of the concentrations of their respective stabilization
agents. Controlled self-aggregation occurs only within the stability zone, and
therefore, the determination of these experimental conditions is crucial to achieve
high yields of dimeric structures formed by electrostatic self-assembly.

The colloidal solution-phase diagrams presented in Fig. 5.28 can be rationalized
considering the interaction energy involved in self- and heteroaggregation pro-
cesses. Since van der Waals and London forces are short-range attractive

Scheme 5.15 Synthetic procedure used to prepare NPs heterodimers via electrostatic interactions.
Step 1 Functionalization of NP-A with sodium 2-mercaptoethanesulfonate (MESNa) through
ligand exchange. Step 2 Purification of functionalized NP-A from excess of coating agent by
centrifugation. Step 3 Controlled self-assembly of NP-A and NP-B through electrostatic
interactions [309, 310]
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interactions, the electrostatic potential energy constitutes the long-range driving
force for the formation of aggregates for NPs of different charge (heteroaggregates)
and generates the energy barrier for aggregation of NPs of the same charge (ho-
moaggregates). This is the situation it was observed within the stability zone
leading to controlled self-assembly. Conversely, if the electrostatic repulsion
potential is not enough to create an aggregation barrier higher than the thermal
energy, the system undergoes massive aggregation, as observed experimentally
outside the stability zone in Fig. 5.28.

The next analysis provides additional information regarding the specific condi-
tions that lead to controlled self-assembly. The homopair interaction profiles
describe predominantly repulsive interactions for large interparticle distance,
accounting for the dominant effect of the electrostatic contribution (Fig. 5.29,
curves 5 and 6). For short distances, the potential energy for homodimers reaches a
maximum and drops into the attraction regime due to the van der Waals forces
operating at short range. The energy barrier for homoaggregation is higher than the
thermal energy for both kinds of NPs, and for this reason, under present experi-
mental conditions, the formation of aggregates of the same kind of particles is
disfavored. Conversely, the heteropair interactions are predominantly attractive at
every distance (Fig. 5.29, curves 1 or/and 2); therefore, the formation of
heteroaggregates has no energy barrier and occurs spontaneously. Furthermore,
considering that the depth of the attractive potential at short distances is more than
10 kBT, the aggregation process can be considered irreversible. Hence, in this case,
the formation of aggregates can be understood as a kinetic process that is controlled
by the collision rate of the nanoparticles in the solution.

The electrostatic self-assembly of two kinds of oppositely charged nanoparticles
should predominantly lead to the formation of heteroaggregates. In principle, the
number and composition of these heteroassemblies of NPs depend on the entity of
the interactions involved and on the density number of each kind of particle in
solution. The analyzed TEM and SEM images of the samples produced by

Fig. 5.28 Stability-phase diagrams as a function of concentration of capping agents for (curve 1)
Au sphere90 nm, (2) Pd cube25 nm, and the combination of Au sphere90 nm and Pd cube25 nm.
Detailed view of the stability zone (the green square or pink area) [309]
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self-assembly experiments showed populations of aggregates containing different
numbers of NP-A and NP-B (Scheme 5.15). For all the combinations of
nanoparticles investigated here, the fraction of homoaggregates was very low,
reflecting the repulsive nature of the interactions among NPs of the same type.
Similarly, more than 95% of the NP heteroaggregates in the samples contained only
one NP-A. These results are supported by the analysis of the repulsion energy
barriers for Au spheres90 nm and Pd cubes25 nm, suggesting that homoaggregates and
heteroaggregates containing more than one NP-A are energetically disfavored.
Taking these facts into account, three statistical classes of clusters based on
aggregates containing one NP-A were defined (Scheme 5.16).

The first class is called “singles” and consists of isolated NP-As. The second
class is heterodimers, containing one NP-A and one NP-B. The third class accounts
for small aggregates containing one NP-A and more than one NP-B, here called
multimers.

Representative yields for the three classes of aggregates, in self-assembly
experiments using different ratios of NP-B and NP-A, are presented in Fig. 5.30.
Aggregates containing more than one NP-A were considered large aggregates and

Fig. 5.29 Interaction energy versus interparticle separation for representative NPs: (curves 4–5)
homodimer Pd cube25 nm with Pd cube25 nm; (6) homodimer Au sphere90 nm with Au sphere90 nm;
(1–2) heterodimer Au sphere90 nm with Pd cube25 nm; The curves 1–6 describe the composition of
the multimers considering one NP-A (Au sphere90 nm) and different numbers of NPs B (Pd cube25
nm) [309]

Scheme 5.16 TEM-like images of representative single, dimer, and multimers [309]
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counted separately. For the NP combinations investigated here, these large aggre-
gates accounted for less than 5% of the populations. Using this approach, a broad
range of concentrations of NPs was explored in order to determine the concentra-
tion ratio for NP-A and NP-B leading to the highest yield of heterodimers for each
combination of NPs. Considering, for example, the combination of spherical
AuNPs (sphere90 nm, NP-A) and Pd nanocubes25 nm, (NP-B), single AuNPs were
mostly observed for low concentrations of palladium cubes (Fig. 5.30). Increasing
the concentration of palladium cubes, a highest yield of 43% dimers was obtained.
Further increase of the concentration of NP-B leads to larger amounts of multimeric
structures in which several Pd-NPs surround the spherical AuNP.

5.3.5 TiO2-Based Nanostructures

TiO2 is the most promising material in the field of photocatalysis because of its
superior photocatalytic activity, chemical stability, low cost, and nontoxicity. As
such, its performances in photocatalytic degradation of chemical pollutants and
solar energy conversion have been widely studied in the past decades, and its
practical application has been seriously considered [312]. TiO2 assembled with
noble metal nanoparticles has received much attention because such a hybrid can
effectively separate the charges and redshift the absorption to visible light via
plasmonic resonance [313]. For example, Awazu et al. combined TiO2 and Ag
core/SiO2-shell nanoparticles in a heterostructure, and the photocatalytic activity
was enhanced by a factor of 7 under near-ultraviolet (NUV) irradiation [314]. TiO2

assisted by the localized surface plasmon resonance (LSPR) is promising in
applications such as photocatalysis [313], photovoltaic cells [315] reversible
imaging [316], LSPR sensors [317]. Since Haruta’ seminal discovery [261] in the

Fig. 5.30 Statistics of
aggregates populations for the
targeted dimer combination
Au sphere90 nm and Pd cube25
nm at different NP
concentrations. Curve 1
(single), 2 (dimer), 3
(multimer) [309]
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1980s of CO oxidation by O2 to CO2 at low temperature using TiO2-supported gold
nanoparticles that are smaller than 5 nm, these oxide-stabilized AuNPs are widely
studied in catalysis for aerobic oxidations of various substrates including alcohol
oxidation, CO oxidation, and hydrolytic dehydrogenation and for hydrogenation
reactions [262, 264].

Under UV light, electrons in the valence band of TiO2 are excited to the con-
duction band, resulting in generation of holes in the valence band. It is known that
Ag+ ions are reduced by the excited electrons of TiO2 to silver nanoparticles [318].
It is also known that silver nanoparticles absorb visible light of various wavelengths
due to surface plasmon resonance and that the wavelength depends on particle size,
particle shape, and local-refractive index. Thus, the brownish-gray color of the
Ag-TiO2 film should be ascribed to silver nanoparticles with various sizes and
shapes deposited in the nanopores of the TiO2 film. These nanoparticles can absorb
the light of different wavelengths, and the characteristic broad absorption band
appears in the visible range. When the brownish-gray film is irradiated with a
colored light, the absorption at around the excitation wavelength decreases. Thus,
an “absorption hole” is formed. This is probably because electrons of AgNPs are
excited only when they are irradiated with the light of their resonance wavelength.
The excited electrons transfer to oxygen in air, and thus the silver nanoparticles are
oxidized to colorless Ag+ ion. As a result, only the light of the excitation wave-
length is reflected or transmitted, while the remaining particles absorb the lights of
the other wavelengths. Thus, the color corresponding to the excitation wavelength
appears [316].

Naoi et al. have also reported that Ag-TiO2 material can display various colors
by irradiating the thick film with various excitation lights [319]. Thus, silver
nanoparticles of various sizes and shapes should be prerequisite to displaying
various colors. Furthermore, nanopores of various sizes and shapes present in the
TiO2 films act as molds for silver nanoparticles with various sizes and shapes. We
call this a “molding effect”. If this effect holds, the nanopores may determine sizes,
shapes, and thereby resonance wavelengths of AgNPs. A specific nanopore may
produce silver nanoparticles with the same specific resonance wavelength repeat-
edly, in repeated writing–erasing cycles. Various nanoparticles are generated under
UV light. Assume that this sample is irradiated with green light. Only the Ag
nanoparticles that absorb the green light are excited. The excited electrons are
transferred to oxygen, and the nanoparticles are oxidized to Ag+ ion. As a result, the
Ag-TiO2 film turns green, since the green light is not absorbed but reflected (or
transmitted). In this case, if the Ag+ ions generated during the green light irradiation
are removed, the film should stay green even if it is irradiated with UV light. If this
sample is irradiated with white light, all the Ag nanoparticles left are also pho-
tooxidized to Ag+ ions, and the film becomes colorless. In this stage, the nanopores
that produce silver nanoparticles absorbing green light contain no Ag+ ions.
Therefore, even when the film is irradiated with UV light again, silver particles that
absorb green light may not be formed, while the other particles, which absorb blue
and red lights, are generated. Thus, the film turns green again. The color infor-
mation is kept as a “latent image,” although the film is colorless. However, if the
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molding effect does not hold, regenerated particles are not specific, and the film
should turn brownish-gray under UV light.

It is assumed that the silver nanoparticles are formed at the gas–solid interface
between TiO2 and air. Herein, the Ag nanoparticles are probably in contact with not
only TiO2 but also air. The absorption wavelength is redshifted as the refractive
index increases [320]. Therefore, the absorption wavelength of the Ag nanoparticles
would depend on the local composition of the matrix, namely, the TiO2/air ratio.
This might be one of the origins of the diversity in the absorption wavelengths of
the Ag particles. If so, the absorption wavelength should be redshifted, when the air
filling the vacant nanospaces is replaced with a solvent whose refractive index is
higher than that of air. An absorption hole generated by a colored light should also
be redshifted. However, if no shift is observed, we should conclude that the Ag
nanoparticles are surrounded only by TiO2. To examine this, the thin Ag-TiO2 film
in brownish-gray was irradiated with a blue light, and the film was impregnated
with ethanol (refractive index = 1.36). This redshifted the absorption hole by about
30 nm. As the ethanol was evaporated, the absorption hole reverted to the original
wavelength again. A larger peak shift (by about 50 nm) was observed when
quinoline (refractive index = 1.63) was used instead of ethanol. Such solva-
tochromic characteristics indicate that the absorption wavelength of the silver
nanoparticles before the impregnation depends not only on the refractive index of
TiO2 but also on that of air. The particles must be in contact with TiO2 and air at
various ratios. The diversity in the ratio should contribute to the diversity in the
resonance wavelength of the AgNPs to some extent. These results suggest that
chromogenic properties of this material can be controlled by tuning the refractive
index of the matrix. Also, the present solvatochromic property might be exploited
for new functions, such as optical sensing of chemical species.

A controlled growth of silver nanoparticles on TiO2 templates is expected in
tuning the optical response of the Ag–TiO2 hybrids. The photocatalytic growth of
anisotropic AgNPs on the nanoparticulate TiO2 films in the AgNO3 ethanol solution
was reported, and the vertical growth of silver nanoplates was attributed to the
surface roughness and random features of the substrate [321]. Using an annealed
single-crystalline TiO2 substrate, Kazuma et al. [322] reported the bi- and uniaxially

Fig. 5.31 The size
distribution of AgNPs grown
on fresh TiO2 films in the
AgNO3 solution
(3200 mg/dm3) varies with
time (min) as follows : 1 (10),
2 (16), 3 (30), and 4
(60) [324]
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oriented growth of AgNPs. They found that the preferential orientation and mor-
phology of these AgNPs depend on the presence of ethanol, acetaldehyde, and UV
exposure conditions. Similar to the previous report [323], the AgNPs on the fresh
films show the irregular spherical shapes of isotropic growth, irrespective of the
AgNO3 concentration (Fig. 5.31) [324].

The growth behavior of silver nanoparticles on the oil-decorated TiO2 films was
varied. In the initial growth stage, AgNPs show sphere-like shapes that are similar
to those grown on the fresh films, but their sizes are smaller. By increasing the
growth time to 2 and 4 min, the anisotropic AgNPs, or the small Ag nanoplates,
appear in the products. At 8-min growth time, the well-defined Ag nanoplates,
upright standing or tiled, were popularly observed in the product. The formation of
Ag nanoplates is likely due to the aggregation of the primary particles (nuclei) in
the nucleation stage. As indicated by the circles in the figure, the spherical AgNPs
in some regions aggregate together or form Ag nanochains, and then the small
silver nanoplates are gradually developed to be the perfect regular triangles or
hexagons. Such nanoplates have three major LSPR modes, namely, out-of-plane
mode and in-plane longitudinal and transverse modes, and respond selectively to
light polarized in a specific angle. Thereby, the silver nanoplates can be applied to
the fields such as stereoscopic visions, storing multiple information, certification,
and anticounterfeit technologies and polarizers [325]. Using the upright standing
and the tiled Ag nanoplates, the thickness of the Ag nanoplates was estimated to be
30–40 nm, whereas the lengths of their edges ranged from 0.1 to 1 µm. TEM
analysis reveals that the silver nanoplates are faced with (111) planes. The above
results indicate that the oil-decorated TiO2 films successfully induce the anisotropic
growth of AgNPs.

With an increase in the growth time, the feature size of the distribution does not
obviously increase, but the percentage of large AgNPs increases considerably,
forming a distribution tail, as shown in Fig. 5.32 (left panel, curve 3–5). This type
of evolution is much different from that of AgNPs on the fresh films. When
compared with the SEM images, the feature sizes were found to be determined by
the distributions of irregularly spherical AgNPs in the products, and the appearance
of the silver nanoplates results in the formation of distribution tails. Because the
feature size was not increased by increasing the growth time, it was concluded that
the isotropic growth of AgNPs on the oil-decorated films is restrained. The change
in growth behavior was also observed in the in situ extinction spectra, as shown in
Fig. 5.32 (right panel). The extinction intensities in the visible region slowly
increase by increasing the growth time, whereas the extinction in the NIR region is
quickly enhanced. The small peak at *340 nm, which was first observed at 8 min,
is due to the out-of-plane quadrupole resonance of the Ag nanoplates in AgNO3

solution, and the peak position is associated with the thickness of the Ag nanoplates
[326]. According to the effective medium theory [327], isotropic AgNPs contribute
to the extinction in the visible region, and Ag nanoplates give rise to an
enhancement of the extinction in the NIR region. Thus, it is concluded that the
oil-decorated films play a role in restraining the isotropic growth of the AgNPs.
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The silver nanoplates in the product were found to be dependent on the
oil-decoration time of the TiO2 film. The number of silver nanoplates increases with
an increase in the oil-decoration time until 4 min, and then no obvious difference is
observed. In addition, it was reported that a shorter time of oil decoration leads to
the production of smaller Ag nanoplates. Besides the oil-decoration time, the
AgNO3 concentration is found to be important in determining the formation of Ag
nanoplates on the oil-decorated films. Ag nanoplates cannot be synthesized in the
AgNO3 solution below 200 mg/dm3. In AgNO3 solutions with concentration
>400 mg/dm3, the density of the Ag nanoplates increases with an increase in the
AgNO3 concentration, indicating that a critical AgNO3 concentration is required for
the formation of Ag nanoplates on the oil-decorated films. The critical concentra-
tion is necessary to induce the formation of Ag nanoplates on the oil-decorated
films, irrespective of the decoration time.

First, two kinds of AgNPs, isotropic nanoparticles (* 60 nm size) and aniso-
tropic nanoplates (30–40 nm thickness), were obtained using the oil-decorated
films. However, the initial nucleation of AgNPs on the oil-decorated films is similar
to that on the fresh film except that the size of the primary particle is smaller.
According to the nucleation theory of crystal growth [328], high supersaturation of
the neutral atom leads to the small size and high density of the primary particles
(nuclei). Thereby, the formation of Ag nanoplates is related to the increase in the
density of Ag atoms. In other words, the reduction rate of Ag atoms on the
oil-decorated films is likely higher than that on the fresh film. The critical AgNO3

concentration for the formation of Ag nanoplates also suggests that the anisotropic
growth needs a high Ag reduction rate, which is proportional to the concentration of
Ag ions in solution. The increase in the Ag reduction rate can be attributed to the
efficient charge separation of photocatalysis due to the introduction of the oil layer
on TiO2 films. As is well known, two kinds of photo-induced carriers, electron and
hole, are generated in the TiO2 film and are transferred to its surface. The electron
reduces the ions in solution, and the hole oxidates the neutral particles into ions.

Fig. 5.32 Size distribution of AgNPs grown on the oil-decorated TiO2 films in the AgNO3

solution (3200 mg/dm3) curve 1 (1 min, 58 nm), 2 (2, 58), 3 (4, 63), 4 (8, 60), and 5 (16, 59) (left
panel) and the corresponding extinction spectra (right panel) [324]
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Thus, the reoxidation of the reduced Ag atoms decreases the Ag reduction rate. The
oil layer on the TiO2 film is the substitute for the reduced Ag atoms. Because the Ag
atoms avoid reoxidation with the oil layer, the net reduction rate of the Ag atoms is
increased.

Second, it was reported that most of the Ag nanoplates pile up over each other or
lay over the irregularly shaped AgNPs. In addition, these Ag nanoplates are mobile
and easily stripped from the substrates. These observations suggest that the for-
mation of Ag nanoplates likely took place in the area adjacent to the film surface,
and they adhered to the surface when they were taken out from the solution. On the
basis of the given observation, the authors suggest a scenario for the growth of
AgNPs via photocatalytic reduction with TiO2 film, as shown in Scheme 5.17.
Considering Ag atom mobility and reoxidation, a specific Ag atom distribution is
suggested. Depending on the nucleation free energy and the supersaturation,
self-nucleation (homogeneous nucleation) in the solution and heterogeneous
nucleation on the film surface are both possible. After nucleation, the AgNPs grow
through two mechanisms, Ostwald ripening (OR, Scheme 5.18) and oriented at-
tachment (OA). The OR mechanism often leads to an isotropic growth, whereas the
OA mechanism results in the formation of nanoplates, nanorods, and nanosheets,
etc. Thus, the formation of the Ag nanoplates is likely related to the OA growth.

The oriented attachment (OA) mechanism is a particle-mediated mesoscopic
transformation process [329] and has been demonstrated to be one of the important
mechanisms leading to the anisotropic growth of AgNPs in solution-phase syn-
thesis. Yin et al. [330] found that both OA and OR mechanisms coexist in the
growth of nanoparticles. At the initial stage, increasing the concentration of the
primary particles facilitates the OA-based growth, and the OR growth is restrained.
The HRTEM observation also implies that the OA growth is likely responsible for
the formation of Ag nanoplates on the oil-decorated films. The contacted AgNPs

Scheme 5.17 Photocatalytic growth model of Ag NPs in AgNO3 solution with TiO2 films
a reduction of Ag atoms, b nucleation of Ag primary particles, and c formation of AgNPs or
nanoplates [324]
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exhibit the lattice spacings of 0.24–0.25 nm, which are closed to the spacing of Ag
(111) plane (0.2361 nm). Similar AgNPs in contact were never observed on the
fresh films. In the in situ HRTEM study of crystal growth controlled by the OA
mechanism in solution-phase synthesis [331], Li et al. [324] took a series of TEM
images of the NPs in contact, which are interpreted as the particles undergoing
continuous rotation and interaction before they find a perfect match.

Using TiO2 films as the photocatalytic reduction media, the Ag+ ions in the
AgNO3 solution are reduced on TiO2 films under UV irradiation, forming TiO2-
catalyzed AgNP films, which have been used as the substrates for surface-enhanced
Raman scattering [323]. AgNPs synthesized by photocatalytic reduction generally
exhibit irregular sphere-like shapes. The photocatalytic growth of anisotropic
AgNPs on the TiO2 films in the AgNO3 ethanol solution was reported, and the
vertical growth of Ag nanoplates was attributed to the surface roughness and
random features of substrate [321]. Using an annealed single-crystalline TiO2

substrate, Kazuma et al. reported the bi- and uniaxially oriented growth of AgNPs
[322]. The preferential orientation and morphology of these AgNPs were found
depending on the presence of ethanol, acetaldehyde, and UV exposure conditions.

Figure 5.33 and Scheme 5.19 show the typical morphology of isotropic AgNPs,
which were grown in the AgNO3 solution. The SEM images show that the AgNPs at
the growth time of 2, 4, 8, 16, and 120 min exhibited irregularly spherical shapes. At
a 2-min growth time, the AgNPs are*27 nm of average size and*4 � 109/cm2 of
density (Fig. 5.33, left panel, curve 1). When increasing the growth time to 4 min,
the AgNP density dramatically reduced to *2.3 � 106/cm2, and the size increased
to *97 nm (curve 2), indicating that the coalescence process took place between
silver primary particles at a growth time in between 2 and 4 min. By fitting the time
dependence of average size (d) after the coalescence phenomenon, the dependence

Scheme 5.18 Ostwald-ripening mechanism [324]
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d31 t ð5:6Þ

was observed. Such a relationship is an indication of diffusion-limited growth. In
other words, Ostwald ripening [332] dominates the coarsening process of AgNPs.

As shown in Fig. 5.34 (left panel), extinction peak, which is associated with Ag
primary particle density and size, appeared at *400 nm. By plotting the extinction
intensity at *400 nm as a function of growth time, as shown in Fig. 5.34 (right
panel), the formation of silver primary particles was extrapolated to a time as early
as <1 s after the photocatalytic beginning (the extinction was defined by ln(I0/I),
where I0 is the transmitted intensity before photocatalytic reduction and I is the
intensity during photocatalytic reduction). The extinction spectra show that the
number of AgNPs is increasing with the irradiation time, whereas the change in
sizes is not obvious. The formation of silver primary particles originates from
supersaturated silver atoms, which are related to the photocatalytic reduction ability
of TiO2 films.

Fig. 5.33 The size distributions of AgNPs, curve 1 (2 min) and 2 (4) (left panel), and growth-time
dependence of AgNP size (right panel) [333]

Scheme 5.19 SEM images of Ag–TiO2 films grown in 180 mg/L AgNO3 solution at the growth
time of 2–120 min [321, 322]
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By increasing the AgNO3 concentration, it was found that the increased Ag
reduction rate gave rise to a change in AgNP growth, resulting in the formation of
Ag nanoplates in the product. A large amount of thin Ag nanoplates were produced
at the growth time as early as 2 min. The silver nanoplates were *10 nm thick and
0.1–1 µl of edge length. With an increase in the growth time, the sizes of Ag
nanoplates were not varied obviously, but the thickness increased. TEM analysis
shows that the nanoplates are faced with Ag (111) planes. At a 120-min growth
time, the Ag nanoplates were rarely observed, instead evolved into
three-dimensional AgNPs with the well-defined shapes, which are a little different
from the irregular AgNPs grown in the 180 mg/L AgNO3 solution. The SEM
images reveal that the increased AgNO3 concentration promoted an early coales-
cence resulting in the formation of Ag nanoplates. SEM images show that Ag
nanoplates and irregularly spherical AgNPs were co-existed in the photocatalytic
growth using 2800 mg/L AgNO3 solution, whereas the isotropic growth of AgNPs
was restrained. The Ag reduction rate in 2800 mg/L AgNO3 solution was estimated
to be *2 � 1014 cm–2 s–1, which is *10 times of that in 180 mg/L AgNO3

solution. Therefore, it was concluded that the increased reduction rate promotes the
formation of Ag nanoplates and their applications [334].

To understand the formation mechanism of AgNPs and Ag nanoplates, a growth
model was proposed by taking Ag atom and Ag+ ion diffusion into consideration
[328]. The growth model can explain the phenomenon of Ag nanoplates lying on
the small AgNPs [333]. On the other hand, the growth model is consistent with the
conclusion of Yin et al. that the OA growth is facilitated in high-density primary
particles [330]. Similarly, the formation of Ag nanoplates using AgNO3 ethanol
solution [335] or using oil-decorated TiO2 films [324] can also be attributed to the
increase in the silver reduction rate due to the photodegradation of organic mole-
cules. It should be emphasized that the growth model suggested the importance of
surface roughness in the formation of Ag nanoplates, which is consistent with the
observation of Tanabe et al. that the growth of Ag nanoplates was related to the

Fig. 5.34 In situ extinction spectra of AgNPs grown in 180 mg/dm3 AgNO3 solution from the
photocatalytic beginning to 80 s (left panel). Growth-time dependence of extinction intensity
(EI) at * 380 nm (right panel) [333]
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surface roughness and random features of substrate [335]. According to the growth
model [333], a smooth TiO2 film facilitates the formation of large-scale Ag
nanoplates.

With an increase in the growth time, the UV peak was blueshifted and the blue–
green peak was redshifted (Fig. 5.35 exhibits a UV extinction peak at *380 nm
and a blue–green extinction peak at *450 nm). The two extinction peaks are very
like the quadrupole and dipole resonances of Ag spheroids [280]; however, they are
more likely due to a combination of factors because visible quadrupoles require
extreme size, shape, and external medium regularity in a typical macrogeometry
which averages over thousands of particles. In other words, the extinction spectra
are the hybridized plasmon response of the complex nanostructures [336] or due to
an asymmetric dielectric environment [337]. When increasing the growth time, the
extinction peak at *380 nm was rapidly enhanced, and the extinction peak at
*450 nm was weakened. The extinction peak at *450 nm was no more observed
for the Ag–TiO2 film at a 120-min growth time.

For the Ag–TiO2 film grown in the 2800 mg/L AgNO3 solution at 2-min growth
time, the extinction spectrum is something like that of a smooth and compact Ag
film, and no particle-like extinction peak was observed, as shown in Fig. 5.35,
indicating that the Ag nanoplates with various sizes dominate the extinction of the
Ag–TiO2 film. With the increase in the growth time, the particle-like extinction
emerges and gradually changes to be visible. By observing the SEM images,
authors suggested that the particle-like extinction results from the transition of Ag
nanoplates to the AgNPs with well-defined shapes. At 120-min growth time, the
extinction spectrum changed to be similar to that of the Ag–TiO2 film grown in
180 mg/L AgNO3 solution, which is in accordance with SEM observation.

Using Rhodamine 6G (Rh6G) as the probe molecule, the SERS activity of the
Ag–TiO2 conjugates was evaluated. Two kinds of electromagnetic “hot spots”, the
sub-10-nm “feed-gaps” between metal NPs and the “lightning rods” [338–341],

Fig. 5.35 Extinction spectra of Ag–TiO2 films at the given growth times: curves 1 (2 min), 2 (4),
3 (8), 4 (16), and 5 (12), Ag–TiO2 films grown in 180 mg/dm3 AgNO3 solution (left panel) and
Ag–TiO2 films grown in 2800 mg/dm3 AgNO3 solution (right panel) [333]
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have been known making the important contributions to SERS. Based on the SEM
observation, the “feed-gaps” were excluded because the adjacent AgNPs are gen-
erally separated by a distance larger than 10 nm. Thus, “lightning rods” are pro-
posed to be the SERS mechanism of Ag–TiO2 films. To demonstrate this proposal,
AFM was used to quantitatively measure the roughness of Ag–TiO2 films, and the
roughness dependence of EFSERS is plotted in Fig. 5.36 (left panel). EFSERS
increased with the roughness of Ag–TiO2 films, indicating that the enhanced
Raman signals can be attributed to the “lightning rods” effect at the sharp edges of
AgNPs, similar to the SERS mechanism on a rough Ag metal surface.

Figure 5.36 (right panel) shows the growth-time dependence of SERS
enhancement factor, and the EFSERS (Raman enhancement factor) values of the
Ag–TiO2 films grown in 180 mg/L AgNO3 solution are also plotted for compari-
son. The Ag–TiO2 films dominated by Ag nanoplates, which are the two samples
grown in 2800 mg/L AgNO3 solution for 2 and 4 min, produced a *1 � 105

Raman enhancement, which is larger than that of Ag–TiO2 films with small AgNPs,
but smaller than that of Ag–TiO2 films with large AgNPs. With the increase in the
growth time, the EFSERS values increased. The increase of EFSERS values can be
ascribed to the transition of Ag nanoplates to AgNPs with well-defined shapes,
increasing the density of large AgNPs. However, the production of large AgNPs in
2800 mg/L AgNO3 solution is lower than that in 180 mg/L AgNO3 solution.
Therefore, the increase in Raman enhancement is limited when the growth time was
extended to 120 min. The results suggest that using a high concentration solution
cannot bring large SERS values due to the formation of Ag nanoplates.

The fluorophore of RhB (Rhodamine B) in TiO2 sol-gel was coated on the
surface of Ag–TiO2 films to avoid the fluorescence quenching. As shown in
Fig. 5.37 (left panel), the photoluminescence (PL) excitation (PLE) spectrum was
found essentially superposed with the absorption, and the maximum PLE at 554 nm

Fig. 5.36 SERS enhancement factor as a function of the film surface roughness (Raman spectra of
R6G molecules on Ag–TiO2 films that were grown in 180 mg/dm3 AgNO3 solution at the given
growth time) (left panel) and SERS enhancement factor as a function of the growth time (Raman
spectra of Rh6G molecules on Ag–TiO2 films that were grown in 180 (curve 1) and 2800 mg/dm3

(curve 2) AgNO3 solution at the given growth time) [333]
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partially overlapped with PL emission, thus the excitation light for PL measurement
was set at the wavelength of 500 nm. Similar RhB PL spectra on the pure TiO2

films were obtained, and the PL intensity did not obviously depend on the thickness
of fluorophore layer. Compared to the RhB fluorescence on the pure TiO2 films, the
PL intensity of RhB on the Ag–TiO2 films was enhanced, and the enhancement
strongly depends on the growth time of AgNPs, as shown in Fig. 5.37 (right panel).
Using the RhB PL spectra on the pure TiO2 as the reference, the enhancement
factor (EFPL) was determined to be 1.5–6.9. The enhancement is consistent with
the measurement for the other fluorophore on the silver island films [342].

Fluorescence enhancement results primarily from two processes, an increase of
the localized electromagnetic fields near the metal NPs and an increase of radiative
decay rate [343]. Thus,

EFPL ¼ Gexc � GQY; ð5:7Þ

where Gexc is the enhancement of the localized electromagnetic field, and GQY is
the increase in quantum yield of the fluorophore, which can be estimated with the
PL lifetime. For the RhB molecules on the pure TiO2 films, the determined average
lifetime was*0.63 ns. The RhB PL lifetime on the Ag–TiO2 films was found to be
*0.35–0.58 ns and did not obviously depend on the growth time of AgNPs.
Considering that the quantum yield of a fluorophore in solid cannot exceed a few
percents, GQY was estimated smaller than 2. Thus, the localized electromagnetic
field and/or the increased scattering of the Ag–TiO2 films play an important role in
the PL enhancement of RhB besides the increase in quantum yield. In addition, the
increased roughness of the Ag–TiO2 film by deposition time might result in larger
surface area allowing more dye molecules located in the near field of the Ag
nanostructures, thus leading to more enhancement of PL intensity.

Fig. 5.37 Photoluminescence (curve 1), PLE (2), and absorption (3) spectra of RhB solution.
The PL spectrum was excited by 330 nm light, and the PLE spectrum was detected at 578 nm (left
panel). RhB PL spectra on Ag–TiO2 films that were grown in 180 mg/dm3 AgNO3 solution at the
given growth time [1 (2 min), 2 (4), 3 (8), and 4 (32)] (right panel) [333]
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5.4 Bioconjugates

An interesting approach to introduce theranostic functionalities into a nanosystem is
to covalently attach a palladium (Pd)-porphyrin chelate to mesoporous silica
nanoparticles (MSNs) which are readily taken up by cells. Some of the important
properties of MSNs are large surface area (� 1000 m2/g), uniform pore size
(� 3 nm), particle size (in the range � 70–100 nm), ease of functionalization, large
payload capacity, high cellular uptake, and low cytotoxicity. Because of these
properties, MSNs have several advantages over normal silica nanoparticles and,
thus, are used in a wide array of applications, including chemical catalysis, drug
delivery, controlled release of therapeutics, and cell labeling. Pd-porphyrin has a
long phosphorescence lifetime and has been used for in vivo oxygen sensing and
imaging [344, 345]. Cheng et al. [346] synthesized (Scheme 5.20) phosphorescent
Pd-meso-tetra (4-carboxyphenyl) porphyrin (PdTPP) covalently embedded in
MSNs (MSN-PdTPP) as theranostic agents for the imaging and treatment of breast
cancer. The energy required for phosphorescence imaging is only 10–4–10–5 times
that required for conventional PDT. Also, the concentration of singlet oxygen
species generated during oxygen sensing/imaging is much lower compared to that
during conventional photodynamic therapy (PDT) and, thus, by changing the
energy of photoirradiation, the functionalities of MSN-PdTPP can be “switched”
between a phosphorescence probe for oxygen sensing/imaging (diagnostics) and a
photosensitizer for PDT (therapy). Breast cancer cells (MDA-MB-231) transfected
with MSN-PdTPP, followed by photoirradiation (532 nm wavelength), showed a
significant change in cell morphology and large extent of cell death indicated by
high propidium iodide fluorescence.

In a further example of metal-containing theranostic nanoparticles, Kim et al.
[348] have developed a facile synthetic route (Scheme 5.21) with good control over
size to synthesize monodisperse, discrete mesoporous silica materials (smaller than
100 nm) containing a single Fe3O4 nanocrystal as a core (Fe3O4@mSiO2).

Scheme 5.20 Schematic of the mechanism of PDT with MSN-PdTPP (left panel). Chemical
structure of PdTPP covalently attached to MSN (right panel) [347]
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Fluorescent dyes, rhodamine (Rh) or fluorescein (F) isothiocyanate, were covalently
attached to the silica surface, and doxorubicin (DOX) was encapsulated within the
silica matrix. Next, the surface of the rhodamine-containing nanoparticles was
functionalized with PEG groups (Fe3O4@mSiO2 (Rh)-PEG) to minimize non-
specific interactions and lengthen the blood circulation half-life. DOX-induced
cytotoxicity was studied by transfecting SK-BR-3 cells with DOX-loaded
Fe3O4@mSiO2 (Rh)-PEG nanoparticles. In vivo studies were performed by sub-
cutaneously injecting MCF-7 cells pretreated with Fe3O4@mSiO2 (Rh)-PEG par-
ticles into the dorsal shoulder of nude mice. The MCF-7 cells containing
Fe3O4@mSiO2 (Rh)-PEG particles were easily detectable as dark spots on
T2-weighted MR images and elicited significant rhodamine fluorescence when
examined by fluorescence imaging.

It is well established that UV-photoexcitation of bare TiO2 particles in aqueous
solution results in the formation of various reactive oxygen species (ROS), mainly
hydroxyl (OH), peroxy (HO2) radicals, and singlet oxygen (1O2) [349]. Under UV
radiation, the photogenerated holes on the TiO2 nanoparticles can react with
absorbed H2O or OH in aqueous environment to form highly reactive hydroxyl
radicals, and electrons can react with oxygen to produce superoxide ions [350].
TiO2 is well known as a ultraviolet light (UV)-inducible catalyst in the photooxi-
dation of organic substrates and the deactivation of bacteria, algae, and viruses
[351, 352]. Under UV excitation, TiO2 nanoparticles of various sizes and mor-
phologies have been reported to exhibit cytotoxicity toward some tumors [353].

This approach can be used to treat tumor cells due to cell membrane peroxi-
dation [354]. It has been known that the photocatalytic activity of TiO2

Scheme 5.21 Schematic for synthesis of Fe3O4@mSiO2-PEG [347, 348]
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nanoparticles depends not only on the properties of the TiO2 material itself, but also
on the modifications of the TiO2 material [355]. Therefore, the TiO2 nanoparticles
modified with noble metal Pt was chosen as the composite [356] for cancer-cell
treatment. Furthermore, Pt nanoparticles on the surface of TiO2 nanoparticles may
significantly enhance the photocatalytic activity of the semiconductor nanoparticles
because of better charge separation between the electrons which accumulate on the
metal and holes remaining on the photocatalyst surface [357]. Furthermore, Pt
nanoparticles are more stable than the commonly used Au nanoparticles, and they
can be stored more easily and longer [358].

The TEM image that the TiO2 nanoparticles are single-crystalline with the
average size of 10 nm, and the surfaces of the TiO2 crystals are smooth, while most
of the surfaces of Pt/TiO2 and Au/TiO2 nanocomposites are rough. Meanwhile,
with careful observation, there are some fuscous points on the TiO2 nanoparticle
surfaces. So, Pt and Au nanoparticles have been deposited on the surfaces of the
TiO2 nanoparticles. The metal/TiO2 nanocomposites have been also identified with
UV–Vis adsorption spectra. As is shown in Fig. 5.38, the TiO2 nanoparticles show
an absorption edge near 400 nm due to the band gap absorption of TiO2. As Pt
nanoparticles are modified on the surfaces of the nano-TiO2 particles, there is a
large increase in the absorption wavelength of Pt/TiO2. On the other hand, if Au
metal is employed, a broad spectral band at approximately 550 nm can be observed
in the UV–Vis absorption spectra, which is attributed to the Au nanoparticles. It
was further demonstrated that the Pt/TiO2 nanocomposite can show significant
stableness for several months at room temperature, while Au/TiO2 nanoparticles
congregate within several hours. So Pt/TiO2 nanomaterial might be more useful in
reality.

The morphological changes of HeLa cells obtained by optical microscopy may
give us direct images about the photodynamic killing effect of the Pt/TiO2

Fig. 5.38 The UV absorption spectra of TiO2 (curve 1), Pt/TiO2 (3), and Au/TiO2 (2)
nanocomposites (left panel) and relationship between the surviving fraction (Sf) of the HeLa
cells and the TiO2-based nanomaterials [TiO2–non-UV, Au/TiO2–non-UV, Pt/TiO2–non-UV
(curves 1–3), TiO2–UV (4), Au/TiO2–UV (5), Pt/TiO2–UV (6) (right panel)]
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nanocomposite on the cancer cells. The live HeLa cells treated in the absence of
Pt/TiO2 nanocomposite may remain attached to the substrate with elongated shapes,
so UV irradiation on the cells with no Pt/TiO2 nanocomposite involved is harmless
to the cancer cells. However, treated by UV irradiation in the presence of the
nanomaterial, some of the cells will detach from the substrate and present a death
morphology. The higher the concentration of the Pt/TiO2 nanocomposite, the more
the abnormal or dead cells. At the concentration of 200 lg ml−1 Pt/TiO2, most of
the cancer cells have been detached from the substrate and have been dead. Since
the UV intensity is rather weak, the Pt/TiO2 nanocomposite should have shown a
very high photodynamic effect to kill cancer cells. Figure 5.38 (right panel) shows
the comparison of the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay. Without UV irradiation, the Pt/TiO2 nanocomposite with different
concentrations is found to have no cytotoxicity, and a nearly 100% surviving
fraction shows that the Pt/TiO2 nanoparticles are relatively biocompatible
(Fig. 5.38, curve 2). In contrast, with the treatment of 2 h UV irradiation, as the
concentration of the Pt/TiO2 nanocomposite is increased, the surviving fraction of
the cells displays a significant decline (Fig. 5.38, 6). At the concentration of 25, 50,
100, and 200 lg ml−1, the surviving fractions of the cancer cells are 70, 36, 20, and
15%, respectively. For the cases of TiO2 and Au/TiO2 nanoparticles, without UV
irradiation, TiO2 and Au/TiO2 nanoparticles with different concentrations have
nearly no cytotoxicity as well. After a 2-h treatment of UV irradiation in the
presence of TiO2 or Au/TiO2 nanoparticles, the surviving fractions of cancer cells
are also decreased for the both cases. Nevertheless, there are more cells that can
survive. For the case of TiO2 alone nanoparticles, at the concentration of 25, 50,
100, and 200 lg ml−1, the surviving fractions of the cancer cells are separately
decreased to be 94, 88, 85, and 65% (Fig. 5.38, 4). For the case of Au/TiO2

nanocomposite, they are 83, 60, 50, and 33%, respectively (Fig. 5.38, 5).
Obviously, at the same concentration, metal/TiO2 nanocomposite particles can kill
more cancer cells than TiO2 nanoparticles alone, and the Pt/TiO2 nanocomposite
can show a stronger power to kill cancer cells.

The electrical characteristics of Au and Pt nanoparticles have tiny differences
[359], while Au nanoparticles show a strong tendency to form large clusters on
nano-TiO2 surfaces than Pt nanoparticles [360]. So, we propose that the reason why
Pt/TiO2 nanocomposite may have a better photodynamic efficiency to kill cancer
cells than Au/TiO2 nanocomposite is that Pt/TiO2 nanocomposite is much more
stable. Furthermore, TiO2-based colloid particles, and their composites, have been
successfully applied for destruction of brain cancer cells [361]. One recent example
[353] describes 50-nm rhodamine-labeled TiO2/PEG constructs able to be inter-
nalized into rat glioma C6 cells. Although the essential question regarding accu-
mulation selectivity of the photocatalyst in cancerous cells over healthy astrocytes
remains to be answered, the antiglioma activity of these hydrophilic nanoconstructs
was found to be remarkable. The antitumor performance was evaluated in glioma
cell spheroids representing a provisional three-dimensional model valuable for
translation to animal xenografted models. The cytotoxic effect of the UV-irradiated
photocatalyst depended on the concentration of TiO2/PEG and the light exposure
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time, as shown in Fig. 5.39. More than 90% of cells were killed by a UV dose of
13.5 J cm−2 in the presence of the nanocatalyst at a concentration of 0.5 mg/mL.
The irradiated spheroids in the presence of TiO2/PEG showed growth suppression
compared with control groups. Moreover, fluorescent images of the
photocatalyst-treated spheroids costained with apoptosis and necrosis markers,
Annexin V-FITC and propidium iodide (PI) reveal the prevalence of induced
apoptotic cell death within first 6 h.

Another work [361] suggests approaches to resolve the two main concerns
regarding the use of small TiO2 nanocrystals in biological systems–nonspecific
distribution within cancer and healthy cells, and UV light photoreactivity. Although
nanoscale materials tend to passively accumulate in tumors due to enhanced per-
meability and retention effects, and often serve as “nanocarriers” for chemothera-
peutics, this passive strategy has limitations because of the risk of random delivery.
The problem of passive transport can be improved by integrating hard inorganic
nanomaterials with biological targeting vehicles—for example, an antibody.
Functionalization of 5-nm high-crystalline TiO2 nanoparticles with a monoclonal
antibody recognizing IL13R fostered nanoparticle delivery specifically to
glioblastoma cells in a manner dependent upon cellular membrane IL13R expres-
sion. Since visualization of 5-nm TiO2 nanocrystals within cells without additional
labeling represents a challenge for conventional microscopies, direct visualization
of the TiO2-antibody/receptor interaction and mapping of the IL13R location and
distribution throughout a single A172 brain cancer cell were demonstrated using
synchrotron-based X-ray fluorescence microscopy [361]. PDT using the nanobio
hybrid photocatalyst resulted in the destruction of over 80% of A172 glioma cells
with high levels of IL13R expression, whereas in the case of U87 cells charac-
terized by lower antigen presentation, cytotoxicity at the same conditions reached a
plateau of *50% and did not increase at higher photocatalyst concentrations.
Moreover, no cytotoxicity was observed for normal human astrocytes (NHA)
known to be not IL13R-expressing. It must be noted that 5-nm TiO2 nanocrystals

Fig. 5.39 Surviving fraction
(Sf) of C6 cells as a function
of UV irradiation in the
presence of different
concentrations of TiO2/PEG
(curve 1 (0), 2 (100), 3 (250),
4 (500 µg/mM) [362]
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not functionalized with an antibody demonstrated slight (<20%) nonspecific
light-driven toxicity for all types of cells; this fact must be considered when any
small nanoparticles are applied to biological systems [361].

Another challenge for bioapplication of TiO2 semiconductor nanocrystals is in
tailoring of the photochemical properties and extending reactivity toward the visible
light region. While common approaches for shifting TiO2 reactivity include doping
inorganic elements—for example, rare earth ions—another method developed by
Rajh et al. [363] is based upon chemisorption of organic molecules, such as
dihydroxybenzenes (e.g., dopamine, DA), upon the surface of the semiconductor
particles. As a result of the presence of two OH groups in the ortho position, the
catecholate group forms a strong bidentate complex with coordinatively unsaturated
Ti atoms at the nanoparticle surface. It has furthermore been shown that DA creates
electronic coupling between TiO2 and DNA, allowing transport of photogenerated
holes to biomolecules [364]. Modification of TiO2 particles with electron-donating
enediol ligands results in significant improvements to the outer crystal structure and
photoreactivity of the particles, narrowing the band gap to 1.6 eV and redshifting
the absorption edge to the visible part of the solar spectrum below *750 nm [365].
As was reported, the application of polychromatic visible light, with an incident
intensity of 60 mW/cm2, with UV and IR cutoff wavelengths filters, led to instant
morphological changes in A172 cells. However, in the case of DA- and
DA-antibody-modified TiO2 particles, ROS arise from multiple, mechanically
distinct redox chemistries, and the principal ROS produced is the superoxide anion,
formed by reaction of photogenerated electrons with molecular oxygen [363].
Further studies of photo-induced cytotoxicity toward A172 glioma cells in the
presence of selective ROS quenchers were consistent with these results, as shown in
Fig. 5.40 [361]. ROS cause cell membrane damage, permeability changes, and cell
death. Induced apoptosis was proposed as a foremost pathway in TiO2-DOPAC
(3,4-dihydroxyphenylacetic acid)-antibody-catalyzed cell phototoxicity [361]
(Scheme 5.22). Nanostructured porous TiO2 has been developed as a biocompatible
nanodevice for constant chemotherapy drug release into the central nervous system
(CNS) [366]. A porous titania carrier uploaded with low concentrations of a
cytostatic platinum complex was capable of inducing DNA fragmentation, possibly
via a strong interaction between nitrogen atoms in nucleotides, and Lewis acid sites
on both the titania surface, and the platinum complex coordination sphere.
Application of this material directly on to C6 glioma xenografted into Wistar rats
resulted in a significant decrease in tumor size and growth rate. Although no light
stimulus was employed in these trials [349], this photoreactive material served as
the scaffold for release of a cytostatic agent. The overall potential of this porous
material remains to be explored in combined brain cancer chemo- and
phototherapies.

Devices based on nanowires are emerging as a powerful and general platform for
ultrasensitive, direct electrical detection of biological and chemical species.
Lieber’s group developed the silicon (Si) nanowire field-effect devices in which
distinct nanowires and surface receptors are incorporated into arrays. The surface
chemistry of nanowire devices can affect the electric changes, which is the basic
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mechanism of this approach for the development of a viable multiplexed detection
technology. The Si-nanowire probes have been used for detection of various bio-
logical species and their interactions, including small molecules, proteins, DNAs,
viruses, and even neuronal signals [367, 368]. There are three key steps for the
fabrication of a nanowire device array: first, the couple of aldehyde propy-
ltrimethoxysilane (APTMS) and Si-nanowires to present terminal aldehyde groups
at the nanowire surface; second, the conjugation of aldehyde groups with mono-
clonal antibodies (mAbs) to endow with the specificity; third, the block of unre-
acted free aldehyde groups by reaction with ethanolamine [369]. Selective
interaction of cancer biomarkers with surface-linked mAbs will produce a con-
ductance change in the corresponding receptor-modified Si-nanowire devices but
not in devices lacking of the specific antibodies. For example, the results showed
that the conductance change was directly proportional to the solution of
prostate-specific antigen (PSA) concentration from *5 ng/mL down to 90 fg/mL
(Fig. 5.41). Using Si-nanowire devices functionalized with mAbs for PSA, carci-
noembryonic antigen (CEA), and mucin-1, respectively, one can achieve the
multiplexed, real-time, label-free biomarker detection with sensitivity to the fem-
tomolar level (conductance vs. time data can be used for the simultaneous multi-
plexed detection of proteins on p-type Si-nanowire arrays). The nanodevices were
also successful for the detection of PSA in donkey and human serum samples with
high sensitivity and selectivity (the detection of PSA-containing donkey serum
samples on an array in which NW1 was functionalized with Ab1 and NW2 was
passivated with ethanolamine) [369]. The capability of Si-nanowire probes for
multiplexed real-time monitoring of protein markers with high sensitivity and
selectivity in clinically relevant samples opens up substantial possibilities for
diagnosis and treatment of cancer and other complex diseases. For example, the
combination of Si nanoprobes and microfluidic purification chips may provide

Fig. 5.40 Photoexcitation of the nanobio hybrid in an aqueous solution results in the formation of
various ROS. Cytotoxicity of the TiO2–antibody hybrid is reduced in the presence of ROS
quenchers, mainly superoxide anion. Mannitol (1), histidine (2), NaN3 (3), catalase (4), SOD (5),
TiO2-mAb/light (6), and lysis solution (7) [362]
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Scheme 5.22 Modification of 5 nm TiO2 semiconductor particles with electron-donating endiol
ligands results in narrowing the band gap to 1.6 eV and redshifting the absorption edge to the
visible part of the solar spectrum [361]
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point-of-care diagnostics for the specific and quantitative detection of disease
biomarkers in physiological fluid samples, positioning this technology for rapid
translation to clinical settings [370].

5.5 Conclusion

Some templates can be employed for the shape-controlled synthesis of metal
nanocrystals. These spatially and dimensionally constrained structures can serve as
reaction cages to control the nucleation and growth of the particles (and impart
stability), leading to the formation of nanoparticles with a morphology comple-
mentary to that of the template. Liquid-crystalline media have also been used as
templates in the synthesis of anisotropic nanoparticles. Porous membranes con-
taining uniform cylindrical pores can be used as hard templates. Examples of other
hard templates include porous nanoparticles membranes. In addition to the soft and
hard templates, there is another kind of nanoparticle template, called sacrificial
template, that has been used, where the template particle sacrifices itself in the
process of templated particle formation. By varying the shape of the sacrificial
template nanoparticle and its ratio to the more-noble metal precursor added, one can
obtain a variety of morphologies, such as triangular rings, wires, tubes, boxes, or
cages. Nontraditional nanostructures consisting of noble metals are often fabricated
by depositing thin layers of metals (or their precursors) on some silica beads
existing templates, followed by calcination or wet chemical etching to remove the
solid cores. Small gold nanoparticles could be adsorbed onto the surfaces of silica
spheres that had been premodified with self-assembled monolayers of
(3-aminopropyl)triethoxysilane. Another method was based on the layer-by-layer
adsorption of polyelectrolytes and charged gold nanoparticles to build shell-like
structures around colloidal templates whose surfaces had been derivatized with

Fig. 5.41 Si-nanowire
field-effect devices. Change in
conductance versus
concentration of PSA for a
p-type Si-nanowire modified
with PSA-Ab1 receptor [371]
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appropriately charged groups. Noble metal nanoparticles can be synthesized in
mesoporous silica films and in ultrathin nanoporous films. Surface area, average
pore size, and pore volume were determined for silica aerogels and gold-doped
silica aerogels. On comparison with the results obtained without SiO2, it can be
noted that in the presence of silica, the rate of formation of silver particles decreases
drastically. The use of task-specific ligands with calcining as post-treatment pro-
vides AuNPs that are encapsulated into the mesoporous channels or loaded on the
surface of silica spheres. Task-specific ligands containing a cetylammonium moiety
act as structure-directing agent with AuNPs containing a trialkoxysilyl group. The
latter cocondenses with tetraethoxysilane (TEOS) to form mesoporous silica. Poly
(L-lysine) (PLL) and poly(L-glutamic acid) (PLGA) multilayer-coated membranes
could be immersed in a HAuCl4 solution to form AuNP/PLL/PLGA multilayers.
The silica nanoparticles were used as the templates of interior cores of metal
nanoshells and as the interior templates for the deposition of the external noble
metal shell layer by layer. A straightforward sol-gel method can be utilized for the
preparation of gold nanoparticles via in situ-doped silica aerogels using a reducing
agent. Metal nanoparticles were used as sacrificial templates to react with an
aqueous gold salt solution, resulting in the formation of gold nanoshells with
hollow interiors and smooth and pinhole-free surfaces, as well as homogeneous and
highly crystalline walls. Similar changes in morphology, composition, and structure
were observed no matter whether silver nanocubes, nanowires, or nanospheres were
used as the templates. The discovery of surface-enhanced Raman scattering (SERS)
on colloidal silver particles started the extensive development of a new and very
sensitive analytical method enabling to detect molecules in the concentration range
from pico- to femtomoles. Some studies have shown that the highest value of
enhancement is achieved only on the silver particles of a certain size which are
referred to as “hot particles.” The most frequently used activation agents of the
silver nanoparticles prepared by the common reduction procedures include halide
ions, particularly chlorides. A simple and reproducible method for the activation of
monodispersed AgNPs was insertion of the concentrated NaCl solution into the
AgNP dispersion. The halide ions can react with the silver atoms and dissociate
them from the surface of Ag particles. This phenomenon is known as the oxidative
etching process. The most widely used procedure for the preparation of AuNPs
supported on these insoluble oxides solids is the precipitation–deposition method.
A controlled growth of AgNPs on TiO2 templates is expected in tuning the optical
response of the Ag–TiO2 hybrids. In addition, these Ag nanoplates are mobile and
easily stripped from the substrates. After nucleation, the AgNPs grow through two
mechanisms, Ostwald ripening (OR) and oriented attachment (OA). It was also
reported that both OA and OR mechanisms coexist in the growth of nanoparticles.
At the initial stage, increasing the concentration of the primary particles facilitates
the OA-based growth, and the OR growth is restrained. TiO2 assembled with Ag
nanoparticles has received much attention because such a hybrid can effectively
separate the charges and redshift the absorption to visible light via plasmonic
resonance. The Ag reduction rate is determined by the parameters related to UV
irradiation, reduction activity of TiO2 film, AgNO3 concentration of solution, etc.
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The growth model can explain the phenomenon of Ag nanoplates lying on the small
AgNPs. According to this growth model, a smooth TiO2 film facilitates the for-
mation of large-scale Ag nanoplates.

The morphological and structural data have thus shown that gold deposited by
sputtering on clean Si shows two phases: gold agglomerated as nanodots of a few
nanometers in size and amorphous Au/Si agglomerates. The latter evolves at room
temperature and tends to form smaller and fewer crystalline regions of pure gold
aligned with some crystallographic orientations of the silicon substrate. The
preparation of gold (0) nanoparticles within channels of mesoporous materials
functionalized with mercaptopropyl groups is also reported. These materials pre-
pared using the so-called direct method contain various and controlled numbers of
thiol functions, which are homogeneously distributed exclusively within the pore
channels. The regular distribution of organic groups allows the exclusive growth of
nanoparticles with a narrow size distribution within the pores of the materials with a
high gold content. The good control of size distribution of the nanoparticles
obtained, due to their exclusive location within the channels of the materials,
demonstrates the crucial role of the thiol functions both for (i) the complexation of
the organogold precursor prior to the reduction step and for (ii) their strong inter-
action with the gold nanoparticle surface during and after the nanoparticle growth
process. We have also presented a facile synthesis of mesoporous gold–silica
nanocomposites through a one-step sol-gel reaction. With use of a nonsurfactant
compound DBTA as the pore structure-directing template, the synthesis process is
environment friendly and convenient. The pore size and pore structure of the
nanocomposite are able to be fine-tuned by varying the amount of template or using
different template compounds. Combining both high porosity of the silica frame-
work and the unique physical/chemical properties (such as conductivity and optical
behavior) of the second material phase, nanosized gold particles, the mesoporous
gold–silica nanocomposite materials are potentially useful for sensors and catalysts.
On the basis of STM studies, silver nanoclusters can be used to highlight defects on
SiO2 thin films with cluster growth related to a specific defect feature. On a
well-prepared SiO2 thin film, gold nanoclusters preferentially decorate line defects.
However, higher densities of Au nanoclusters are observed on the terrace sites of a
SiO2 thin film prepared at a lower annealing temperature. We have used a simplified
method to prepare SiO2@Au composite nanoparticles and compared it with the
general three-step method. The results indicated that the simplified method
achieved a denser Au layer on silica microspheres. Silver nanoparticles were suc-
cessfully immobilized onto the surface of silica particles by novel method involving
polyol process. Thiol groups at the surface of the silica particles were used as a
chemical protocol to immobilize the silver nanoparticles onto the surface of silica
particles. On the basis of experimental results, it has been concluded that when
polyol process is applied for the immobilization of silver nanoparticles onto the
large supports, it is possible to obtain extremely small silver particles and to control
the size of silver particles and the thickness of silver layer by control of reaction
temperature and time. This size-controlled immobilization route is explained by
following two steps; (1) small silver nanoparticles are firstly formed on the silica
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surface, and (2) these small silver nanoparticles homogeneously grow to larger
ones. These two steps are completely conducted in one-pot by polyol process,
which is attributed to the slower and more easily controllable reaction rate of the
polyol reduction method than that of general chemical reduction method using
reducing agent such as hydrazine or sodium borohydride. Silica–silver heteroge-
neous nanocomposite particles were prepared by facile route involving alcohol
reduction method. On the basis of the experimental results, the role of thiol groups
was investigated; in this system, thiol groups acted as a chemical protocol and a
nucleation-promoting agent. The reaction mechanism was briefly suggested as:
(1) the formation of nuclei and (2) the growth of nuclei. Mega-electron-volt ion
irradiation of colloidal silica particles containing an Au core leads to a deformation
of the shell into an oblate ellipsoid and of the Au core into a nanorod. The Au
deformation is attributed to the in-plane mechanical stress in the silica shell acting
on the radiation-softened Au core. The Au nanorods have size aspect ratios as large
as nine for intermediate fluences; they break up for higher fluences. Preliminary
optical extinction data show surface plasmon resonance shifts characteristic for
anisotropic Au nanorods. As anisotropic deformation is known to occur in a variety
of (amorphous) hosts, several other combinations of core and shell materials may be
ion-beam-shaped as well. Bimetallic core−shell nanoparticles allow for the
exploitation of properties characteristic for monometallic (Au and Ag) nanoparti-
cles. We suggest that thanks to the core−shell nanoparticles’ synergistic properties,
the material proposed represents an attractive photothermal properties. Aspartame
stabilization provides a good shelf life for particles with a material that is nontoxic,
inexpensive, and water-soluble. The stable AgNP@MMT nanocomposites were
synthesized by microwave method. XRD analyses and TEM observations con-
firmed the formation of nanoparticles on the clay surfaces. The FTIR analysis
suggested that the interaction between AgNPs and the MMT surfaces was weak due
to the presence of van der Waals interactions. The synthesized MMT@AgNPs
suspensions were found to be stable over a long time without any sign of precip-
itation (or detachment). Therefore, the silver ions released explain the antimicrobial
properties found in the investigated MMT@AgNPs nanocomposites. We have
reported that ultrathin gold/silver nanowires and sub-50-nm gold triangular
nanoprisms can be readily synthesized by adopting small silver seeds and BDAC in
the seed-growth method. Here, we demonstrated that small silver seeds are a ver-
satile choice for generating anisotropic gold nanostructures because they can
undergo structure evolution through various mechanisms including galvanic
replacement reaction. The seed shape repopulation along with the structure-
directing ability of silver UPD and BDAC is responsible for the formation of
uniform triangular nanoprisms. These results underscore the importance of the
chemical nature of seeds in controlling the shape of metal nanoparticles in
the seed-growth method. We also show that silver seeds can significantly speed up
the growth rate of ultrathin nanowires. A majority of existing synthetic procedures
for ultrathin nanowires take much longer times ranging from hours to days because
they rely on slow processes to ensure the formation of highly anisotropic wires. The
introduction of silver seeds and BDAC (benzylhexadecylammonium chloride) in
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the seed-growth method reported here opens a new pathway to high-yield syntheses
of anisotropic metal nanoparticles. We have developed a versatile colloidal syn-
thesis method to assemble noble metal NP heterodimers based on electrostatic
interactions. The phase diagrams of the relevant individual dimer components were
investigated to derive a stability zone where both components were stable in
solution despite opposite surface charge, in order to find the optimal conditions for
selective self-assembly of the targeted heterodimers. Using this approach, we have
successfully assembled plasmonic heterodimers of Au and Ag spheres90 nm paired
with Au30 nm cubes and Au50 nm rhombic dodecahedron. Furthermore, we have also
combined catalytic Pd-NPs of different sizes and shapes (cubes25 nm/70 nm; rhombic
dodecahedron110 nm, truncated cubes120 nm, octahedron130 nm) with plasmonic
spherical AuNPs (90 nm).

The SiO2@Au composite microspheres were prepared by the reduction of
HAuCl4 in the presence of the functionalized silica microspheres. SEM images of
the SiO2@AuNPs spheres illustrated the differences in the morphologies of the
composite particles obtained at different pH values. There was an overall trend to
the reduction of the Au coverage when the pH values of the treatment solutions
were increased gradually. As the pH value was lowered to around 4, almost each
functionalized silica sphere was overlaid with a large amount of AuNPs, forming a
dense and uniform gold monolayer.

If the brownish-gray Ag-TiO2 film is irradiated with colored (e.g., red) light in
air, the photooxidatively generated Ag+ is retained in the nanopores, so that the
colored (e.g., red) film turns original brownish-gray under UV light. This should be
because the Ag nanoparticles absorbing the colored (e.g., red) light form again in
the nanopores. In contrast, if the Ag-TiO2 film is irradiated with colored (e.g., red)
light in water, the generated Ag+ is removed from the pores, so that the film retains
its color (e.g., red) even under UV light. We have achieved the improvement of the
chromogenic properties of the Ag-TiO2 film and the introduction of new functions,
namely, nonvolatilization and solvatochromism. In addition, an evidence for the
molding effect of the nanopores in the TiO2 film was described.

An interesting approach to introduce theranostic functionalities into a nanosys-
tem is to covalently attach a palladium (Pd)-porphyrin chelate to mesoporous silica
nanoparticles (MSNs) which are readily taken up by cells. Pd-meso-tetra
(4-carboxyphenyl) porphyrin (PdTPP) covalently embedded in MSNs
(MSN-PdTPP) was used as theranostic agents for the imaging and treatment of
breast cancer. Also, the concentration of singlet oxygen species generated during
oxygen sensing/imaging is much lower compared to that during conventional
photodynamic therapy (PDT) and, thus, by changing the energy of photoirradiation,
the functionalities of MSN-PdTPP can be “switched” between a phosphorescence
probe for oxygen sensing/imaging (diagnostics) and a photosensitizer for PDT
(therapy). UV-photoexcitated TiO2 nanoparticles in aqueous solution form various
reactive oxygen species, mainly highly reactive hydroxyl (OH), peroxy (HO2)
radicals, and singlet oxygen, highly reactive hydroxyl radicals, electrons and
superoxide ions able to deactivate bacteria, algae, viruses and kill cancer cells.
Pt/TiO2 nanocomposites were found to have a better photodynamic efficiency to kill
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cancer cells than TiO2NPs or Au/TiO2 nanocomposites. Nanostructured porous
TiO2 has been developed as a biocompatible nanodevice for constant chemotherapy
drug release. A porous titania carrier uploaded with a cytostatic platinum complex
was capable of inducing DNA fragmentation, possibly via a strong interaction
between nitrogen atoms in nucleotides, and Lewis acid sites on both the titania
surface and the platinum complex coordination sphere.

Glossary

Antibody (Ab) is a large, Y-shaped protein produced mainly
by plasma cells that is used by the immune
system to identify and neutralize pathogens
such as bacteria and viruses. The antibody
recognizes a unique molecule of the harmful
agent, called an antigen, via the Fab’s variable
region. Each tip of the “Y” of an antibody
contains a paratope (analogous to a lock) that is
specific for one particular epitope (similarly
analogous to a key) on an antigen, allowing
these two structures to bind together with pre-
cision. Using this binding mechanism, an
antibody can tag a microbe or an infected cell
for attack by other parts of the immune system,
or can neutralize its target directly (e.g., by
blocking a part of a microbe that is essential for
its invasion and survival). Depending on the
antigen, the binding may impede the biological
process causing the disease or may activate
macrophages to destroy the foreign substance.
The ability of an antibody to communicate with
the other components of the immune system is
mediated via its Fc region (located at the base
of the “Y”), which contains a conserved gly-
cosylation site involved in these interactions.
The production of antibodies is the main
function of the humoral immune system.

Antigen is a molecule capable of inducing an immune
response on the part of the host organism,
though sometimes antigens can be part of the
host itself. Each antibody is specifically pro-
duced by the immune system to match an
antigen after cells in the immune system come
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into contact with it; this allows a precise
identification of the antigen and the initiation of
a tailored response. The antibody is said to
“match” the antigen in the sense that it can bind
to it thanks to adaptations performed to a
region of the antibody; because of this, many
different antibodies can be produced, with
specificity to bind many different antigens
while sharing the same basic structure.

Apoptosis is a process of programmed cell death that
occurs in multicellular organisms. Biochemical
events lead to characteristic cell changes
(morphology) and death. These changes
include blebbing, cell shrinkage, nuclear frag-
mentation, chromatin condensation, chromo-
somal DNA fragmentation, and global mRNA
decay. Between 50 and 70 billion cells die each
day due to apoptosis in the average human
adult. Apoptosis is a highly regulated and
controlled process that confers advantages
during an organism’s lifecycle. Apoptosis
produces cell fragments called apoptotic bodies
that phagocytic cells are able to engulf and
quickly remove before the contents of the cell
can spill out onto surrounding cells and cause
damage to the neighboring cells.

Astrocytes are characteristic star-shaped glial cells in the
brain and spinal cord. They perform many
functions, including biochemical support of
endothelial cells that form the blood–brain
barrier, provision of nutrients to the nervous
tissue, maintenance of extracellular ion bal-
ance, and a role in the repair and scarring
process of the brain and spinal cord following
traumatic injuries.

Cancer cells are cells that divide relentlessly, forming solid
tumors or flooding the blood with abnormal
cells. Cell division is a normal process used by
the body for growth and repair. A parent cell
divides to form two daughter cells, and these
daughter cells are used to build new tissue, or
to replace cells that have died as a result of
aging or damage. Healthy cells stop dividing
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when there is no longer a need for more
daughter cells, but cancer cells continue to
produce copies. They are also able to spread
from one part of the body to another in a pro-
cess known as metastasis.

Carcinoembryonic antigen
(CEA)

describe a set of highly related glycoproteins
involved in cell adhesion. CEA is usually pre-
sent only at very low levels in the blood of
healthy adults. However, the serum levels are
raised in some types of cancer, which means
that it can be used as a tumor marker in clinical
tests. Serum levels can also be elevated in
heavy smokers. CEA are glycosyl phosphatidyl
inositol (GPI) cell-surface-anchored glycopro-
teins whose specialized sialofucosylated gly-
coforms serve as functional colon carcinoma
L-selectin and E-selectin ligands, which may
be critical to the metastatic dissemination of
colon carcinoma cells.

Central nervous system (CNS) is the part of the nervous system consisting of
the brain and spinal cord. The central nervous
system is so named because it integrates
information it receives from and coordinates
and influences the activity of all parts of the
bodies of bilaterally symmetric animals—that
is, all multicellular animals except sponges and
radially symmetric animals such as jellyfish—
and it contains the majority of the nervous
system.

Chemotherapy as a treatment of cancer often relies on the
ability of cytotoxic agents to kill or damage
cells which are reproducing; this preferentially
targets rapidly dividing cancer cells. This can-
cer treatment uses one or more anticancer drugs
(chemotherapeutic agents) as part of a stan-
dardized chemotherapy regimen. It may be
given with a curative intent (which almost
always involves combinations of drugs), or it
may aim to prolong life or to reduce symptoms
(palliative chemotherapy). Chemotherapy is
one of the major categories of medical oncol-
ogy (the medical discipline specifically devoted
to pharmacotherapy for cancer).
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Cytotoxicity is the quality of being toxic to cells. Examples
of toxic agents are an immune cell or some
types of venom, e.g., from the puff adder (Bitis
arietans) or brown recluse spider (Loxosceles
reclusa).

Dopamine
(3,4-dihydroxyphenethylamine)

is an organic chemical of the catecholamine
and phenethylamine families that plays several
important roles in the brain and body. It is an
amine synthesized by removing a carboxyl
group from a molecule of its precursor chemi-
cal L-DOPA, which is synthesized in the brain
and kidneys. Dopamine is also synthesized in
plants and most multicellular animals. In the
brain, dopamine functions as a neurotransmitter
—a chemical released by neurons (nerve cells)
to send signals to other nerve cells. The brain
includes several distinct dopamine pathways,
one of which plays a major role in
reward-motivated behavior. Most types of
reward increase the level of dopamine in the
brain, and many addictive drugs increase
dopamine neuronal activity. Other brain dopa-
mine pathways are involved in motor control
and in controlling the release of various hor-
mones. These pathways and cell groups form a
dopamine system which is neuromodulatory.

Doxorubicin is a medication used in cancer chemotherapy. It
is commonly used in the treatment of a wide
range of cancers, including hematological
malignancies (blood cancers, like leukemia and
lymphoma), many types of carcinoma (solid
tumors), and soft tissue sarcomas. It is often
used in combination chemotherapy as a com-
ponent of various chemotherapy regimens.

Imaging agents are chemicals designed to allow clinicians to
improve the imaging of specific organs, tissues,
diseases, and physiological functions.

Interleukin (IL), any of a group of naturally occurring proteins
that mediate communication between cells.
Interleukins regulate cell growth, differentia-
tion, and motility. They are particularly
important in stimulating immune responses,
such as inflammation. Interleukins are a group
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of cytokines (secreted proteins and signal
molecules) that were first seen to be expressed
by white blood cells (leukocytes). The
interleukin-13 receptor (IL13R) is a type I
cytokine receptor, binding Interleukin-13. It
consists of two subunits, encoded by IL13RA1
and IL4R, respectively. These two genes
encode the proteins IL-13Ra1 and IL-4Ra.
These form a dimer with IL-13 binding to the
IL-13Ra1 chain, and IL-4Ra stabilizes this
interaction. This IL-13 receptor can also insti-
gate IL-4 signaling. In both cases, this occurs
via activation of the Janus kinase (JAK)/Signal
Transducer and Activator of Transcription
(STAT) pathway, resulting in phosphorylation
of STAT6. Phosphorylated STAT6 dimerises
and acts as a transcription factor activating
many genes.

Monoclonal antibodies (mAb or
moAb)

are antibodies that are made by identical
immune cells that are all clones of a unique
parent cell. Monoclonal antibodies can have
monovalent affinity, in that they bind to the
same epitope (the part of an antigen that is
recognized by the antibody). In contrast,
polyclonal antibodies bind to multiple epitopes
and are usually made by several different
plasma cell (antibody secreting immune cell)
lineages. Bispecific monoclonal antibodies can
also be engineered, by increasing the thera-
peutic targets of one single monoclonal anti-
body to two epitopes. Given almost any
substance, it is possible to produce monoclonal
antibodies that specifically bind to that sub-
stance; they can then serve to detect or purify
that substance. This has become an important
tool in biochemistry, molecular biology, and
medicine. Monoclonal antibodies (mAbs) have
become a successful therapeutic drug class due
to their specificity, efficacy, and the low level
of adverse effects they induce. They are
single-targeting molecules meaning that all
antibodies in a drug product are identical and
therefore bind specifically to only one binding
site on one target. Such single-targeting
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molecules offer specificity but not diversity,
which may help explain why a recombinant
mAb drug is less likely to completely neutralize
or eliminate targets involved in disease, and
consequently why mAbs may provide limited
clinical benefit.

Photodynamic therapy (PDT) is a clinically approved and minimally invasive
therapy that uses a nontoxic light-sensitive
compound (photosynthesizer) that is readily
absorbed by abnormal cells. When exposed to a
specific wavelength of light, the photosynthe-
sizer is activated to produce changes in en-
dothelial cell integrity that ultimately produce
vascular disruption.

Prostate-specific antigen (PSA), also known as gamma-seminoprotein or
kallikrein-3 (KLK3), is a glycoprotein enzyme
encoded in humans by the KLK3 gene. PSA is
a member of the kallikrein-related peptidase
family and is secreted by the epithelial cells of
the prostate gland. PSA is present in small
quantities in the serum of men with healthy
prostates, but is often elevated in the presence
of prostate cancer or other prostate disorders.

Therapeutic agent is a structure of natural or synthetic origin used
for its specific action against disease, usually
against infection. A therapeutic effect is a
consequence of a medical treatment of any
kind, the results of which are judged to be
desirable and beneficial.

Therapy agents are used to modify the relationship between
tumor and host, altering the host’s biological
response to tumor cells, with a resultant thera-
peutic effect. Most therapy agents are designed
to activate the patient’s immune system and
induce it to attack cancer cells. Common bio-
logical agents that have been approved for use
in treating specific types of cancer are inter-
ferons, monoclonal antibodies, interleukins,
tumor vaccines, etc.
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Amine-terminated PAMAM, 370
Aminoboranes, 136
Amino Polymers (PA), 39
(aminopropyl)triethoxysilane (APTES), 456,

458
Aminopropyltrimethoxysilane (APS), 423,

441, 442
Amorphous nature, 344
Amorphous silica glass matrix, 458
Amorphous sol-gel silica, 450
Amphiphile, 167
Amphiphilic, 214
Amphiphilic Block Copolymers (ABCs), 394
Amphiphilic copolymers, 243, 348
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Analytical Ultracentrifugation (AU), 53
Animal xenografted models, 503
Anion-stabilization of metal nanoparticles, 256
Anisotropic, 136
Anisotropic gold nanoparticle, 229
Anisotropic growth, 224, 491
Anisotropic metal nanoparticles, 476
Anisotropic nanoplates, 492
Anisotropic particles, 480
Anisotropic prism, 471
Annealing temperatures, 460
Anodized Aluminum Oxide (AAO), 11, 84
Antibacterial agent, 48
Antibody (Ab), 91, 96, 100, 513
Anticancer agents, 94
Anticancer drug delivery, 93
Anti-cancer drugs, 515
Antigen, 513
Antiglioma activity, 503
Antitumor effect, 183
AOT microemulsion, 223
AOT reverse micelles, 227
Apoptosis, 514
Aptamers, 294
APTMS, 506
Archimedian-related shapes, 464
A reverse micelle, 37, 214
A reverse microemulsion, 215
Ascorbic Acid (AA), 140
A soft template, 215
Aspartame, 473
Aspartame stabilized Au@Ag nanostructures

((Au@Ag)@Asm), 473
Aspect ratio, 458
Assembling agent, 378
Astrocytes, 514
Asymmetric Si–O stretching modes, 439
Atomic Absorption Spectrometry (AAS), 444
Atomic force microscope images, 471
Atomic Force Microscopy (AFM), 9, 50, 51,

356, 422
Atomic rearrangement, 479
Atom Transfer Radical Polymerization

(ATRP), 329
ATRP initiator, 329
Au/SiO2 templates, 455
Au/TiO2 nanocomposites, 502
{Au@DMAP}NPs, 335
{Au@MUA}NPs, 335
Au@citrate}NPs, 335
Au@DMAP, 335
Au@Pt nanostructure, 425
AuAg alloy, 374, 475
Au-Ag walls, 475

Au coverage, 180
Au - H bonds, 267
Au nanoclusters, 443
AuNP/PLL/PLGA multilayers, 456
AuNP@CDs nanostructures, 380
AuNP@triblock, 246
AuNPs, 7
AuNP seeds, 232
AuNR@HD-PtNDs, 482
AuNRs, 133, 458
Au–S binding sites, 349
Au-S bonds, 267
Au-Si covalent bonds, 463
Average pore size, 451

B
Bacteria, 513
Band, 339
Bandwidth, 440
BBN, 277, 278
Belts, 42
Benzyldimethylhexadecylammonium Chloride

(BDAC), 476
Benzyldimethyltetradecylammonium Chloride

(BAC), 256
BET, 450
Bicontinue structure, 215
Bifunctional alkanethiolate, 272
Bilayer, 216
Bimetallic nanocrystals, 466
Bimetallic nanostructures, 483
Bimodal distribution, 279
Binding Energy (BE), 253
Biocompatibility, 41, 48, 243
Biocompatible nonsurfactant pathway, 421
Biodegradable PCL, 245
Biodistribution, 286
Biodistribution studies, 388
Biological methods, 134
Biological thiols, 324
Biomarker, 100, 300
Biomolecules, 91
Bionanocomposites, 40
Biophotonic nanomedicine, 94
Biosensing, 419
Biosensing assays, 91
Biosensor, 91, 351
Bipyridyl ligands, 281
Bipyridyl-stabilized AuNPs, 280
Block copolymer, 151, 345, 346
Block copolymer surfactant micelles, 322
Blood–brain barrier, 514
Blue shift, 231, 459
Blue-shift of the absorption peak, 230
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Bolaamphiphiles, 136
Boltorn dendrimers, 384
Boltorn polyols, 396
Bond energy, 479
9-borabicyclo [3.3.1] nonane (9-BBN), 272
Borohydride, 139
Borohydrides, 136
Bottom-up, 33, 47, 129
Bottom-up approach, 460
Bovine Serum Albumin (BSA), 135, 155, 353
Bragg’s law, 80
Bragg’s reflections, 342
Branched macromolecules, 361
Branched nanoparticles, 49
Branched polyethylenimine (B-PEI), 324
Branching units, 362
Branch points, 362
Branch units, 361
Breast cancer cells, 500
Bridging flocculation, 334
Broadening of size distribution, 182
Broadening of the absorption spectrum, 278
Brownian motion, 175
Brunauer-Emmett-Teller (BET), 450
Brust method, 258, 262, 266
Brust-Schiffrin biphasic method, 7
Brust–Schiffrin method, 141, 266
Brust-Schiffrin two-phase method, 256
Buffers, 156
Building blocks, 265
Bulklike structures, 464

C
C−N stretching, 339
C12E5surfactant, 223
C=O stretching, 339
Cables, 326
Cancer biomarkers, 92
Cancer cells, 346, 514
Cancer-cell treatment, 502
Cancer therapy, 94
Cancer treatment, 191
Capillary electrophoresis, 51
Capillary interaction, 423
Capping agent, 36, 130, 159, 277, 484
Capping ligand, 8, 226, 255
Carbon monoxide, 136
Carbon nanorods, 455
Carbon nanotubes, 65
Carbon-supported gold nanoparticles, 453
Carboxylic acids, 321
Carcinoembryonic Antigen (CEA), 92, 351,

506, 515
Carcinogenesis, 89

Carcinoma, 516
Cardiorespiratory arrest, 183
Catanionic surfactants, 217
Catecholate group, 505
Cationic dendrimers, 387
Cationic surfactants, 484
CD-adamantyl interaction, 380
CD SAMs, 380
Cell death, 500
Central Nervous System (CNS), 505, 515
Centrifugation, 53
Cetyltrimethylammonium Bromide (CTAB),

133, 136, 228, 322, 323
Cetyltrimethylammonium chloride (CTAC),

480
CF3(CF2)7–SO2NH–(CH2)3N+(CH3)3 I-

(HFOTAI), 378
CF3Nip, 360
Chains collapse, 383
Characterization, 49, 71
Charged nanoparticles, 486
Chemical extraction, 76
Chemical processes, 215
Chemical reducing agent, 424
Chemical reductant, 137
Chemical reduction, 130, 134, 171, 321
Chemical reduction method, 130, 430
Chemical resistance, 426
Chemical stability, 424, 488
Chemical Vapor Deposition (CVD), 426
Chemiluminescence, 465
Chemisorption, 175
Chemotherapeutic agents, 191, 292, 515
Chemotherapeutics, 191
Chemotherapy, 93, 191, 299, 515
Chitosan (CHI), 158
Chitosan, 135
Chromatographic methods, 132
Chromatography techniques, 52
Chromogenic properties, 490
Chronic hepatitis C virus (HCV), 396
C–H stretching vibrations, 439
Circular nanodisks, 464
Cisplatin, 184
Citrate-capped gold nanoparticles, 233
Citrate-mediate nanoparticle formation, 276
Citrate reduction method, 130, 176
Citrate-stabilized AuNPs, 133, 284
Citrate-stabilized gold nanoparticles, 421
Citrate stabilizer, 473
Citric acid reduction, 141
Citric and oxalic acids, 142, 136
Clinical tests, 515
Closed packing, 225
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Cluster growth, 443
Coalescence, 246
Coarsening process, 495
Coating/stabilisation, 333
Collective properties, 242, 265
Collision, 223
Collision process, 222
Colloidal dispersion, 424
Colloidal SiO2, 436
Colloidal stability, 348
Colloidal templates, 426
Color information, 489
Complexing agent, 468
Complex nucleic acids, 289
Composite nanoparticles, 222
Computed Tomography (CT), 91
Concanavalin A (Con A), 386
Conductance change, 506
Conduction band, 44, 489
Continuous growth conditions, 175
COOH-groups, 345, 351
Coordination chemistry, 154
Copolymers, 136, 147, 184
Copolymer surfactant-formed micelles, 243
Coprecipitation, 130
Co-precipitation reactions, 130
Core@shell, 40, 72, 151, 429
Core@shell colloids, 459
Core@shell nanostructures, 335
Core-shell nanomaterials, 424
Coronal blocks, 243
Costabilizers, 172
Co-template effect, 451
Co-templates, 450
Coulomb explosion, 178
Counterbalance, 220
Covalent bonding, 423
Critical Micellar Temperature (CMT), 146
Critical Micelle Concentration (CMC), 137,

285
Cross-link, 191
Cross-linkable nanostructures, 245
Crosslinked block copolymer micelles, 345
Crosslinked PVA, 326
Crosslinker, 327, 346
Crosslinking, 151, 345
Cross-Section Perimeter Integration (CSPI), 78
Cryo-electron-tomography, 83
Cryogenic matrix-isolation, 465
Crystallization temperature (Tc), 287
Crystallography, 174
CTAB micelles, 230
Cubes, 42, 49, 131, 344
Curled nanobelts, 471

Cyclic Voltammograms (CVs), 482
Cyclodextrin (CD), 344, 380
Cylinders, 137
Cysteamine-monochlorhydrat (CS), 235
Cysteine (Cys), 77
Cytokines, 516
Cytostatic agent, 505
Cytotoxic agents, 191, 515
Cytotoxic effect, 288
Cytotoxicity, 516
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1D, 351
1D nanoparticles, 49
2D nanoparticles, 49
3D nanoparticles, 49
Dansylated Arginine (DanArg), 77
Dark-Field Microscopy (DFM), 10, 74
DDT, 270
Dealloying, 464, 475
Debye screening length, 436
Decahedra, 49
Decoration, 443, 482
Defect density, 442
Defects, 442
Defect structures, 464
Deformation, 458
Deformation scenario, 459
DEM exterior, 387
Dendrimer-assembled nanoparticles (DANPs),

363
Dendrimer chemistry, 390
Dendrimer-encapsulated gold nanoparticles

(AuDENPs), 365
Dendrimer-encapsulated nanoparticles

(DENPs), 363
Dendrimer-entrapped nanoparticles (DENPs),

38
Dendrimer G4(3T6C), 377
Dendrimer generation, 362
Dendrimer-like structures, 378
Dendrimers (DENs), 38, 44, 135, 136, 323, 361
Dendrimer-stabilized AgNPs (AgDSNPs), 370
Dendrimer-Stabilized Nanoparticles (DSNPs),

38, 363
Dendrimer-to-gold ratio, 365
Dendritic box, 323, 382
Dendritic containers, 323
Dendritic core@shell nanostructure, 383
Dendritic macromolecules, 362
Dendritic polyols, 383
Density of States (DOS), 45
Deposition, 334, 335, 424, 441, 460, 465
Deposition of AuNPs, 424
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Deposition technique, 461
Derjaguin-Verway-Landau-Overbeek theory

(DVLO), 86
Dermal application, 183
Destabilization, 484
Dewetting techniques, 277
Diafiltration, 76
Dialysis, 76
Dibenzoyl Tartaric Acid (DBTA), 421, 450
Diblock copolymer, 346
Dicyclohexylcarbodiimide (DCC), 456
Didodecyldimethylammonium bromide

(DDAB), 183
Dielectric constant, 220
Differential precipitation, 76
Differential Pulse Voltammetry (DPV), 352
Differential Scanning Calorimetry (DSC), 10,
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Digestive-ripening process, 177
Dimer formation, 485
Dimeric aggregates, 88
Dimeric heteroaggregates (AB), 88
Dimethylacetamide, 142
Dimethylaminoethyl Methacrylate

(DMAEMA), 346
Dimethylamino Pyridine (DMAP), 456
1,2-dioleoyl-3-trimethylammonium propane

(DOTAP), 85
Dipole–dipole interactions, 289
Discrete Dipole Approximation (DDA), 10, 75
Disks, 137
Dispersion polymerization, 346
Dissolution, 180, 467
Dissolution of silver nanoparticles, 264
DMF, 142, 143
DNA, 48, 91
DNA fragmentation, 505
DNA–gold modified nanorods, 291
DNA replication, 191
Dodecanethiol (DDT), 222, 266, 463
1-dodecanethiol (DDT), 269
Dodecylamine, 263
Donor, 68
Dopamine (DA), 505, 516
Doxorubicin (DOX), 96, 286, 287, 299, 501,

516
Doxorubicin, 184
Droplet, 214
Droplet collisions, 215
Droplet core, 216
Drug delivery, 40, 93, 136, 291
Drug treatment course, 93
Dumbbell-like structure, 459

Dye-coated silica nanoparticles, 420
Dynamic Light Scattering (DLS), 9, 51, 57
Dynamic light scattering technique (DLS), 344

E
Eaction conditions, 177
E-beam Lithography (EBL), 11, 84
EDC, 452
EDC (carbodiimide), 368
EDS analysis, 474
EDX (energy-dispersive X-ray spectroscopy),

433
EDX elemental analysis, 434
EDX spectra, 432
Transverse SPR (TSPR), 481
Effect, 287
Efflux transporters, 288
Elastic scattering spectroscopy, 89
Electrical double layer, 223
Electric discharge technique, 83
Electrochemical deposition, 83
Electrochemical Impedance Spectroscopy

(EIS), 353
Electrochemical methods, 134
Electrochemical potentials, 145
Electrochemical process, 353
Electrochemical properties, 482
Electrochemical reduction, 420
Electrochemical sensor, 481
Electrochemical synthesis, 141
Electrochemistry, 48
Electroless deposition, 424
Electron-beam lithography, 34
Electron Energy Loss Spectroscopy (EELS),

10, 74
Electronic Energy Transfer (EET), 10, 66
Electronic properties, 76
Electron lone pairs, 247
Electron transfer resistance (Ret), 353
Electron-withdrawing, 167
Electrospray-Differential Mobility Analysis
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Electrostatic attraction, 423, 446
Electrostatic interaction, 441
Electrostatic repulsion, 270, 486
Electrostatic screening effects, 334
Electrostatic self-assembly, 483
Elemental analysis, 449
Ellipsometric thickness, 370
Embryonic stage, 172
Embryos, 171
EM enhancement, 65
Emulsions, 37
Encapsulation, 243, 288, 375
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Encapsulation efficacy, 93
Endothelial cell integrity, 518
Endothelial cells, 514
Endothermic peak, 432
Energy-Dispersive Spectra (EDS), 477, 478
Energy-Dispersive X-ray Analysis (EDAX), 72
Energy-Dispersive X-ray Fluorescence

(EDXRF), 62
Energy-dispersive X-ray spectroscopy (EDX),

72
Energy-dispersive X-ray spectroscopy (EDX,

EDS), 62
Energy heats, 178
Energy transfer, 67
Enhanced Permeability and Retention (EPR),

95, 287
Enhanced permeability and retention effects,

299, 504
Enhancement factor (EFPL), 499
Ensors, sorbents, 97
Environmental technologies, 46
Enzymes, antigens, 91
Epitaxial deposition, 475
Epitaxial or nonepitaxial way, 173
Equilibrium growth conditions, 175
Equilibrium phases diagram, 462
Etching, 240, 460
Etching initiator, 460
Etching reaction, 241
Ethylenediamine (EDA), 362
Ethylene glycol, 142
Ethylene glycol reducing, 179
Ethylene oxide linkages, 247
Eutectic alloyed nanoparticles, 179
Eutectic temperature, 462
Evaporation, 426
Excitation, 432
Excited singlet state, 68
Excited triplet state, 68
Excluded volume effects, 367
External or internal stimulus, 323
External stimuli, 289
Extraction, 76
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(5-Fluorouracil, 5-Fu), 157
Face-centered cubic structure, 342
Facets, 480
FA chromophores, 387
Fatty acids, 388
Fcc, 261, 434
Fcc structures, 344
Fe3O4-Au heterodimer nanoparticles, 292
Feed-gaps, 497

Feynman’s vision, 8, 34
Feynman, 43
F-facets, 174
Field Emission Scanning Electron Microscopy

(FESEM), 50, 437
Field Flow Fractionation (FFF), 9, 52
Filaments, 463
Filtration, 76
Fingerprint region, 256
Fisher’s method, 353
Flowerlike, 136
Fluorescein (F) isothiocyanate, 501
Fluorescein Isothiocyanate (FI), 392
Fluorescence, 351, 377
Fluorescence Correlation Spectroscopy (FCS),
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Fluorescence decays, 68
Fluorescence emission, 68, 70, 89
Fluorescence enhancement, 499
Fluorescence lifetimes, 69
Fluorescence Resonance Energy Transfer

(FRET), 10
Fluorescence spectroscopy, 65, 89, 372
Fluorescence techniques, 66
Fluorescent nanoparticles, 420
Fluorescent plasmonic silver nanoparticles, 137
Fluorinated ligands, 220
Fluorinated surfactants, 220
Fluorophore, 67, 89, 100
Focus Ion Beam (FIB), 84
Folic Acid (FA), 387, 396
Folic Acid Receptor (FAR), 392
Formaldehyde, 136, 139, 447
Formamide, 142, 435, 436
Formate, 139
Formic acid, 139
Förster Resonance Energy Transfer (FRET),
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Fourier Transform Infrared Spectroscopy

(FTIR), 150, 357
Fourth generation poly(amido amine), 135
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Frank–van der Merwe mode, 174
Free radical chain polymerization, 264
Freeze-etching Replication Transmission

Electron Microscopy (FRTEM), 325
Folded-Sheet Mesoporous material (FSM), 421
FT-IR spectra, 222, 439
Fullerenes, 44
Full Width at Half-Maximum (fwhm), 337, 451
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Functionalized dendrimers, 323
Functionalized nanoparticles, 166
Functionalized silica microspheres, 443, 444
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Functionalized thiols, 166
Functional nanomaterials, 45
Functional nanoparticles, 36

G
c-irradiation, 42, 351
c-peptide bond, 340
c-rays, 137
G4(3T6C), 377
G4-PAMAM dendrimers, 368
Galvanic displacement reaction, 476
Galvanic replacement, 464, 480
Gel and Capillary Electrophoresis (GE and

CE), 55
Gel electrophoresis, 51
Gene delivery, 289
Gene delivery systems, 184
Generation 0 (G0), 362
Germs, 171
Glass Transition Temperature (Tg), 81
Glassy carbon electrode (GCE), 164, 352, 353
Glioma cell spheroids, 503
Globular macromolecules, 361
Glutamic acid (Glu), 77
Glutathione (GSH), 154
Glycoprotein enzyme, 518
Gold@silica particle, 458
Gold@silver nanostructures, 473
Gold@SiO2 nanoparticles, 40
Gold clusters, 151
Gold coating, 135
Gold coating process, 158
Gold colloids, 458
Gold deposition, 461
Gold-doped silica aerogel, 427, 451
Gold nanobelts, 471
Gold nanocages, 476
Gold nanodevices, 333
Gold Nanoparticles (AuNPs), 7, 35, 48, 154,

228
Gold nano-popcorn synthesis, 233
Gold nanoprisms, 470
Gold Nanorods (AuNRs), 132, 161, 281, 323
Gold nanoshells, 464
Gold nanowires, 323
Gold precursor, 448
Gold salt, 230
Gold-silica composites, 450
Gold–thiol bonds, 324
Grafted with poly(acrylic acid), 344
Grafting from, 11, 83, 362
Grafting-to, 10, 83, 350
Graphene, 80
Graphene Oxide (GO), 40, 164

Green chemistry, 46
Growth kinetics, 161, 274
Growth model, 496, 497
Growth processes, 176
Growth stage, 424
Guanidino analogues (PG), 39

H
H2O2, 232
H2 or hydrazine, 140
H2 reductive elimination, 267
HNO3, 264
Haematocrit (HCT), 388
Halide ions, 468
Hemoglobin (Hb), 388
Hard templates, 418
Hcp, 261
Hematological malignancies, 516
Hematologic toxicity, 396
Hemolysis, 191
Hepatotoxicity, 388, 396
Heptamethyltrisiloxane (HMTS), 272
HER2, 294
Heteroaggregates, 483, 486
Heteroassemblies, 486
Heterodimers, 292, 483, 484, 488
Heterogeneous growth process, 237
Heterogeneous nucleation, 172, 173, 493
Heteropair interactions, 486
Hexachloroplatinic Acid (HCPA), 139
Hexadecylamine-stabilized silver

nanoparticles, 261
Hexagonal, 467
1-hexadecanethiol (HDT), 269, 270
HFOTAI, 378
High-Angle Annular Dark Field (HAADF),

178, 479
High density, 457
High-Energy Ion Scattering (HEIS), 63
Higher-ordered superlattices, 265
Highly-Dispersed Platinum Nanodots

(HD-PtNDs), 481
Highly Ordered Pyrolytic Graphite (HOPG),

375, 377
High-Performance Liquid Chromatography

(HPLC), 9, 52, 132
High-Resolution Transmission Electron

Microscopy (HRTEM), 71
High-supersaturation, 175
High-temperature solution-phase synthesis,
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Histidine (His), 77
Hollow interiors, 464
Hollow structures, 464
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HOMO, 397
Homoaggregates, 486
Homodimers, 486
Homogeneous coverage, 441
Homogeneous nucleation, 172
Honeycomb-like lattice, 91
Hot particles’, 465
Hot spots, 497
HPF6, 163
HPMA copolymers, 184
HRTEM image, 352
HRTEM micrographs, 463
HSPEG350-AuNPs, 250
Human epidermal growth receptor 2 (HER2)-

targeted gold nanoparticles, 293
Human Serum Albumin (HSA), 56, 135, 155,

157
Hybrid composites, 375
Hybridized plasmon, 497
Hybridized plasmon bands, 254
Hybrid material, 151, 243
Hydrazine, 134, 136, 139, 221, 261
Hydrides, 140
1-hydroxybenzotriazole monohydrate (HOBT),

368
4-(2- hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES), 324
Hydrochloroauric acid, 443
Hydrogel coatings, 250
Hydrogen, 136
Hydrogen adsorption/desorption peaks, 482
Hydrogen-bonded networks, 257
Hydrogen bonding, 257, 366, 450
Hydrogen bonds, 442, 447
Hydrogen peroxide, 136
Hydrogen peroxide production, 182
Hydrophilic groups, 424
Hydrophilic nanoconstructs, 503
Hydrophilic nanoparticles, 289
Hydrophobic block, 348
Hydrophobic groups, 424
Hydrophobic hydrophilic balance (HLB), 227
Hydrophobic nanoparticles, 288
Hydroquinone method, 180
Hydrothermal conditions, 326
Hydrothermal treatment, 326
Hydroxyl amine, 136, 140, 443
Hydroxyl groups, 441
Hyperchromacity, 89
Hyperthermia, 292
Hypsochromic effect, 377
Hysteresis, 170

I
Icosahedra, 49
ICP fibres, 351
Igepal, 234
IL (ionic liquid), 256
Image-charge model, 440
Image-guided therapies, 94
Imaging agents, 516
Imidazole-4-acetic acid, 234
Imidazole, 234
Imidazole monomers, 234
Immobilization, 430, 431
Immune system, 513
Immunodeficiency, 100
Immunogenicity, 388
Impregnation, 454
Impurities, 159
Inductively Coupled Plasma (ICP), 234, 351
Inductively Coupled Plasma Atomic Emission

Spectrometry (ICP-AES), 438, 477, 478
Inductively coupled plasma-optical emission

spectroscopy (ICP-OES), 9, 58, 78
Infinite Coordination Polymer particles (ICPs),

351
Inflammation, 516
Infrared (IR) spectroscopy, 64
Injection method, 218
Inorganic glasses, 440
Inorganic nanoparticles, 41
Inorganic scaffolds, 463
In situ seeding method, 10
Integrated Blood Barcode Chip (IBBC), 92
Interaction, 482
Interaction energy, 87
Inter- and intradendrimer cavities, 385
Interferon (IFN), 396, 518
Interleukin (IL), 516
Intermicellar exchange, 223
Intermolecular associations, 361
Intermolecular hydrogen bonding, 383
Interparticle spacing, 269
Ion beam, 459
Ion beam deformation, 458
Ionic liquid phase, 163
Ionic Liquids (ILs), 83, 162
Ionic precursors, 171
Ionic strength, 334, 335
Ionic surfactant, 421
Ion irradiation, 459
Irregularly spherical AgNPs, 496
Irregular shapes, 326
Irreversible aggregation, 254

544 Index



Isothermal Titration Calorimetry (ITC), 70
Isotropic AgNPs, 494
Isotropic growth, 491
Isotropic micelle templates, 229
Isotropic nanoparticles, 492
Isotropic optical characteristics, 423
Isotropic seed, 471
Isotropic spherical structures, 470
I.v. injection, 95

K
Kaposi’s sarcoma model, 289
KB cells, 390
Kepler–Poisont solids, 464
Ketyl radicals, 358, 473
Key shape-directing element, 165
Kupffer cells, 397

L
Labeled cells, 386
Label-free biomarker detection, 506
Lambert-Beer law, 382
Langmuir-Blodgett (LB) technique, 132
Lanthanide nanoparticles, 425
Laplace pressure, 80
Laser ablation, 130, 134, 237
Layer-by-Layer (LBL), 354, 423
LBL assembly, 380
Lesions, 101
L-histidine, 234
L-histidinol, 234
Ligand-binding process, 263
Ligand exchange, 272
Ligand exchange reactions, 166
Ligand–metal-ion interactions, 365
Ligands, 47, 463
Ligand-to-Metal Charge Transfer (LMCT), 245
Light absorption, 460
Light-Emitting Diode (LED), 155
Lightning rods, 497
Linear Polyethylenimine (L-PEI), 38, 330
Lipid bilayer, 300
Liposomal structure, 216
Liposome, 300
Liposome-nanoparticle hybrids, 289
Liquid-liquid extraction method, 218
Localized Surface Plasmon (LSP), 65
Localized Surface Plasmon Resonance (LSPR),

9, 48, 51, 57, 74, 245, 270, 272, 275,
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London attraction forces, 87
London forces, 485
Lone-pair electrons, 444
Longitudinal Plasmonic Resonance (LPR), 282

Longitudinal Surface Plasmon (LSP) band, 231
Lotus effect, 46
Lower Critical Solution Temperature (LCST),

152, 383
Low Molecular Weight Thiol (LMWT), 154
LSPR sensors, 488
LSPR shift, 271
LUMO, 397
Lymphatic drainage, 295
Lysosomes, 390

M
Maghemite (c-Fe2O4), 292
Magnetic nanoparticles, 41, 289, 425
Magnetic Resonance Imaging (MRI), 75, 91,

389
Magnetite (Fe2O4), 292
Mass redistribution process, 239
Mass Spectrometry (MS), 10, 75
Mass-transport, 175
Matrix, 490
Matrix-isolation, 464
MCF-7 cells, 501
Mean Corpuscular Hemoglobin (MCH), 388
Mechanical agitation, 278
Mechanisms of silver nanoparticle dissolution,

181
Medical oncology, 299
Melting temperature (Tm), 287
Membrane filtration, 51
Mercapto-functionalized ordered mesoporous

silica, 448
Mercaptopropyltrimethoxysilane (MPTMS),

428, 458
11-mercaptoundecanoic acid (MUA), 267
11-mercaptoundecanol (MUOH), 280
2-mercaptobenzimidazole (MBI), 73, 77
3-mercaptopropionic acid (MPA), 73
3-mercaptopropyltrimethoxy-silane (MPTMS),

428, 448
Mesoporous Carbon Nitride (MCN), 456
Mesoporous carbons, 455
Mesoporous gold-silica, 451
Mesoporous gold-silica nanocomposites, 449
Mesoporous silica, 426
Mesoporous Silica Nanoparticles (MSNs), 500
Mesoporous silicate, 421
Mesoporous sol-gel materials, 421
Metal@polymer nanoparticles, 324
Metal chelation effect., 167
Metal colloid, 321
Metal core@polymer shell nanoparticle, 216
Metal-Enhanced Fluorescence (MEF), 64
Metal ions, 418
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Metal–ligand complexes, 452
Metal nanoshells, 452
Metal-Organic Frameworks (MOFs), 353
Metal precursor, 424
Metal precursors, 262
Metal–surfactant complexes, 323
Metal–surfactant complex precursor nanobelts,

471
Metastability, 172
Metastable impact electron spectroscopy

techniques (MIES), 423
Metastasis, 192, 514
Metastatic tumor, 192
Methionine (Met), 77
MgO, 422
Micellar liposomal structure, 288
Micelle formation, 215, 217
Micelles, 38
Microemulsions, 38
Micelles, 171
Micelle template mechanism, 229
Micro@nano composites, 422
Microcapsules (MCs), 167, 354, 356
Microemulsion approach, 222
Microemulsions, 217
Microemulsion template, 215
Microgel hybrids, 419
Microgel particles, 351
Microgels, 350
Micromulsions, 215
Microplasma, 82
Microwave (MW), 42, 86, 134, 324, 428
Microwave (MW) heating, 86
Microwave-assisted process, 428
Microwave-assisted synthesis, 436
Microwave irradiation, 86, 325
Miscellaneous morphologies, 467
MMT@AgNPs nanocomposite, 437
Mobil composition of matters (MCM-41), 427,

453
Mobil composition of matter or mobil

crystalline materials (MCM), 421
Modification, 48
MOFs, 353
Molding effect, 489
Molecular composition of tissue, 89
Molecular orbitals (MOs), 397
Monoclonal antibodies (mAbs), 506
Monoclonal antibodies, 517
Monoclonal antibody, 504
Monodisperse gold nanocrystals, 262
Monodisperse gold nanoparticles, 284
Monodisperse nanoparticles, 265
Monodispersity, 231

Monolayer (ML), 442, 460
Monolayer-coated AuNPs, 254
Monolayer-protected cluster (MPC), 372
Monolayer-protected clusters (MPCs), 266
Mononuclear phagocytic system (MPS), 397
Montmorillonite (MMT), 168, 436, 437
Montmorillonite clay (MMT), 135, 427, 428
More complex, 216
MTT, 503
Multi-Au@mesoporous-SiO2 NPs, 240
Multicellular organisms, 514
Multifunctional amines, 144
Multifunctional nanoparticles, 292
Multifunctional targeted nanoparticles, 93
Multilayered polymer films, 324
Multimodality molecular imaging, 292
Multiple Drug Resistance (MDR), 300
Multiple emulsion, 37
Multiple gold nanodots, 240
Multiple techniques, 50
Multiplexed probing, 292
Multipods, 42
Multishaped nanoparticles, 49
Multi-Walled Carbon Nanotubes (SW- and

MWCNTs), 38
MUOH, 280
Murphy’s group, 133
MW irradiation, 439
MW-plasma, 439

N
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N2 adsorption, 439
N2sorption isotherms, 439
NaBH4, 142, 233, 261
NaBr, 467
NaCl, 467
NaI, 467
Nano@micro, 422
Nanobiohybrids, 64
Nanobiomaterial, 154
Nanobiotechnology, 91
Nanobox, 476
Nanocables, 326
Nanocages, 476
Nanoclusters (NCls), 44, 463
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(NMR) spectroscopy, 75
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Phase transitions, 346
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Polystyrene (PSt), 334, 350
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Pore size, 420
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Scanning Probe Microscopy (SPM), 71
Scanning Probe Oxidation (SPO), 423, 441
Scanning Tunneling Microscopy (STM), 50,
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structures, 433
Silica–silver nanocomposite particles, 435
Silica surface, 430
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Silicon nanowires (SiNWs), 460
Silver colloids, 325, 433
Silver nanoclusters, 137
Silver nanocubes, 476
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Silver nanoparticle dissolution, 181
Silver nanoparticles (AgNPs), 38
Silver nanoparticles, 134, 221, 435, 489
Silver nanostructures, 42
Silver nitrate, 221
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Si-nanowire probes, 92, 506
SiO2@AgNPs, 432
SiO2@AgNPs nanostructures, 433
SiO2@Au composite nanoparticles, 444, 447
SiO2 matrix, 420
SiO2 thin films, 180
SiO2, 435
Size Exclusion (SEC), 52
Size-exclusion chromatography, 52, 132
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SLS, 57
Small-Angle Neutron Scattering (SANS), 62
Small-angle X-ray Diffraction (XRD), 71
Small-angle X-ray Scattering (SAXS), 9, 51,
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Sodium citrate, 42, 139, 142, 176, 276, 455
Sodium dodecylsulfate (SDS), 223
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Soft-etching methodology, 240
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Soft ligands, 277
Soft-ligand-stabilized AuNPs, 278
Soft-ligand-stabilized nanoparticles, 280
Soft templates, 322
Soft tissue sarcomas, 516
Solar cells, 460
Sol-gel materials, 422
Sol-gel method, 422
Sol-gel process, 422, 450
Sol-gel processing, 420
Sol-gel (SG) routes, 426
Solid-liquid extraction method, 218
Solution plasma, 10, 82
Solvent reduction, 134
Solvent refractive index, 270
Solvothermal process, 177
Sonochemical deposition, 424
Sonochemical methods, 134
Sonochemistry, 83
Spacer, 192
Spectroscopic techniques, 65
Spheres, 131, 137, 233
Spherical gold nanoparticles, 281
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Stabilization agents, 485
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Stabilizing ligands, 176
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Sulfur ligands, 136
Superparamagnetic iron oxide nanoparticles
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Therapeutic targeting strategy, 293
Therapy, 40
Therapy agents, 518
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Thermal degradation, 328
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Thermal methods, 470
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Thermal techniques, 70
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Thermoresponsive PNIPAM, 329
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Top-down approaches, 11
Topdown process, 460
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Trisodium citrate dihydrate, 136
Truncated prisms, 477
Tryptophan (Trp), 77
Tumor cells, 390
Tumor marker, 515

Tumor vaccines, 518
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Turkevich method, 141, 285
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Ultrasound irradiation, 42, 134
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UV-irradiation, 134, 503
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UV-vis-NIR spectroscopy, 470
UV–vis spectra, 249
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Van der Waals attractions, 175
Van der Waals attractive forces, 175
Van der Waals forces, 289
Van der Waals interaction, 256, 270, 472
Vapor-liquid-solid process, 460
Vapor phase techniques, 130
Vascular disruption, 518
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Vogel-Fulcher-Tammann (VFT), 81
Volatile Organic Chemicals (VOCs), 143
Volmer–Weber mode, 174

W
Water/oil interface, 217
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Weak ligands, 259
Weakly protected nanoparticles, 284
Weak stabilizing ligand, 276
Wet chemical methods, 426
Wet chemical processes, 37
White Blood Corpuscles (WBCs), 388
Wires, 42
Wistar rats, 505
Worm-hole-like porous structure, 451
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X-ray Diffraction (XRD), 10, 64, 139
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XRD diffraction peaks, 434
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XRD peaks, 437
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