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Abstract

Hybrid nanoparticles of gold and silver can not only retain the beneficial features of both nanomaterials, but also
possess unique advantages (synergism) over the other two types. Novel pseudospherical and anisotropic nanoparticles,
bimetallic triangular nanoparticles, and core@shell nanoparticles were prepared by the different procedures for various
applications and understanding both the particle evolution (nucleation) and nanoparticle anisotropy. Hybrid
nanoparticles of gold and silver are considered to be low in toxicity, and exhibit facile surface functionalization
chemistry. Furthermore, their absorption peaks are located in visible and near-infrared region. These nanoparticles
provide significant plasmon tunability, chemical and surface modification properties, and significant advances in the
growth into anisotropic nanostructures. The photoinduced synthesis can be used to prepare various (sub) nanoparticles
and OD and 1D nanoparticles. Ostwald and digestive ripening provided narrower particle size distribution.

Keywords: functional, hybrid, core@shell, bimetallic and (an) isotropic noble metal nanoparticles, Oswaldt and
digestive ripening process

1. Introduction

The noble metal nanoparticle colloids were reported to exhibit a wide range of various applications from different fluids
to in vitro and vivo as a carrier for drug delivery into cells and tissues to optical and magnetic manipulations in
biomedical systems as well (Sun et al., 2000). The unique physical and chemical properties of nanoparticles are given
by their large surface area or a large surface-to-volume ratio and high reactivity. The unique optical and magnetic
properties of nanoparticles are controlled by the type of atoms (metals), composition of nanoparticles, particle shape,
type and concentration of functional groups and so on (Feldmann, 2003). For example, the composite nanoparticles with
the iron atoms domains generate the magnetism and with the gold atoms exhibit the unique optical features. Therefore
such nanoparticles exhibit unique properties which mostly strongly differ from the bulk or classical materials.

The future generation of environmental nanotechnologies based on noble metal nanoparticles is supposed to replace
conventional environmental technologies by novel nano(bio)technologies (Modi, et al., 2003). Zero- and
one-dimensional (0D and 1D) nanoparticles and two- and three (2D and 3D) nanoparticle assays belong to these unique
nanomaterials. Especially the nanostructures decorated with different (bio) molecules are exceptional materials with
nonconventional such as biomedical harvesting properties.

Polymer- or biopolymer decorated metal nanoparticles are prepared by several procedures with and without templates.
Most existing procedures explore the strong affinity of alkylthiol ligands and surfactants to gold and silver (Brust et al.,
1994), the use of alkyl or aryl derivatives of disulfides (Shon et al., 2001), and thioethers (Li et al., 2001) as well.
Furthermore, organic compounds with polar groups (Boal et al., 2000), thioacetate groups (Brousseau et al., 1999),
amino- and carboxylate groups and tetradentate thioether ligands (Maye et al., 2002) have recently been used to mediate
the formation of OD or 1D nanoparticles. In this second part of the review (Preparation I1) we summarize and discuss
the preparation hybrid, functional and bimetallic noble metal nanoparticles including their particle nucleation, ripening
and optical properties.

2. Hybrid Nanoparticles

Hybrid nanoparticles are composed of different inorganic and organic components that can not only retain the beneficial
features of both nanomaterials, but also possess unique advantages (synergism) over the other two types. For example,
the ability to combine a multitude of organic and inorganic components in a modular fashion allows for systematic
tuning of the properties of the resultant hybrid nanomaterial. Currently, there are four common synthetic strategies to
prepare hybrid nanoparticles. The first strategy involves the preparation of each component particle separately and then
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both (or all) components were incorporated into micrometer size porous bead (Sathe et al., 2006), polymeric micelle
(Park et al., 2008), silica core or shell matrix (Gole et al., 2008) or alternate polymeric layers (Kulakovich et al., 2002).
In the second approach one of the presynthesized particles is coated with polymer of desired thickness and then attached
with other presynthesized nanoparticles (Zhai et al., 2009). In the third approach the seed nanoparticle is prepared first,
and then it is used to grow with other atoms (Selvan et al., 2007; Jiang et al., 2008). In the last approach each
presynthesized component particle is functionalized first, and then hybrid particles are prepared by
chemical/biochemical linkage (Pons et al., 2007; Fu et al., 2009). In the first two methods the large composite
nanoparticles (>50 nm to micrometer size) with a resultant poor colloidal stability are formed. The third approach, on
the contrarty, provides small nanoparticles (Selvan et al., 2007). The last procedure provides small nanoparticles with
the low yield and often mixed with nanoparticle side products and requires some separation methods (Fu et al., 2004).

Hybrid nanoparticles of gold and silver are considered to be low in toxicity, and exhibit facile surface functionalization
chemistry (Jain et al., 2008). Furthermore, their absorption peaks are located in visible and near-infrared region. Hybrid
gold/silver nanoparticles provide significant plasmon tunability, chemical and surface modification properties, and
significant advances in the growth into anisotropic nanostructures (Xiang et al., 2008). Novel pseudospherical and
anisotropic nanoparticles, bimetallic triangular nanoparticles, and core@shell nanoparticles were prepared by the
different (above mentioned) procedures for various applications and understanding both the particle evolution
(nucleation) and nanoparticle anisotropy (Xue et al., 2007). The photoinduced synthesis of noble metal nanoparticles is
broadly used approach to initiate photochemical reduction processes leading to oligomers, subnanoparticles and OD and
1D nanoparticles. Xue et al. have used the photochemical approach for the preparation of Au@Ag OD and 1D
(nanorods, nanoprisms) nanoparticles and explained the mechanism of the photochemical growth of silver nanoprisms
using spherical metal seeds (Xue et al., 2007).

Anisotropic hybrid nanoparticles can be also prepared by several approaches. One of them is a microemulsion. Herein
the mixing of single microemulsions can tune the final structure and composition of final nanoparticles (Capek, 2004;
Glomm, 2005; Hunter, 2004; Murphy & Jana, 2002). The second approach is based on the (co)deposition of atoms or
primary metal nanoparticles onto seeds and their encapsulation within the various templates. Co-deposition of small
gold nanoparticles onto nanowires or encapsulation of gold nanoparticles or their atoms within metal colloids was used
to prepare desired anisotropic nanostructures (Hu et al., 2006). This approach can be used to vary the colloidal and
collective properties of 1D nanomaterials, for example, the transformation of gold spherical nanoparticles onto 1D
nanoparticles (Nam et al., 2006). Core@shell nanoparticles belong to the unique composite nanostructures. They can be
prepared by various procedures, for example, by the reduction of two or more metal salts with different reactivity in
solutions. The reduction of most reactive metal salts leads to the formation of particle core and the postponed reduction
of other salt can form the atoms or primary nanoparticles that deposit onto the preformed nanoparticles. The seed
nanoparticles can also be used as a solid matrix or template for the deposition of other present atoms. This procedure
was used to prepare various ferromagnetic or plasmonic/magnetic nanostructures such as gold@cobalt, gold@Fe,O,,
and so on, nanoparticles with a nondipolar gold core and a ferromagnetic cobalt (iron oxide) shell (Yu et al., 2005;
Korth et al., 2008). The gold@cobalt nanoparticles were prepared by the thermolysis of Co,(CO)g in the presence of the
oleylamine-capped gold nanoparticles as seeds. The amine-termined oligopolystyrene (OPS) surfactants were used for
the stabilization of these hybrid nanostructures. TEM and HRTEM confirmed the presence of OPS-capped Au@Co
nanostructures by the formation of larger (d ~ 22 nm) nanoparticles compared to the AuNP seeds. These particle
nanostructures self-assembled into the mesoscopic nanoparticle chains spanning hundreds of nanometers to
micrometers in length. HRTEM further confirmed the formation of hybrid OPS-capped Au@CoNPs by the imaging of a
discrete core@shell morphology composed of the darker high-atomic-number gold nanoparticle core (dcore ~ 13 nm) and
a lighter shell from the metallic cobalt (thickness ~ 4-5 nm).

A heterogeneous nucleation of composite noble metal nanoparticle is based on the mixing of a precursor (salt, reductant
and additives) solution with a micelle solution saturated with the seed metal nanoparticles (Lin et al., 1999a). This
procedure was used to prepare sets of metal composite nanoparticles. Herein the inverse cationic micelles were used to
grow the seeds as the feedstock. These hybrid nanoparticles of silver and gold were also prepared by Wilcoxon and
Provencio (Wilcoxon & Provencio, 2004). The red colored initial solution with gold nanoparticles with an absorbance
peak at 518 nm blue shifts as thicker shells of silver are formed around the core (gold seed) and the core@shell
nanostructure appeared. The formation of silver shell is accompanied by yellowing the gold@silver nanoparticles
solution with a narrow symmetrical plasmon typical for the silver nanocluster. In the reverse approach (gold deposition
onto silver seed nanoparticles - silver@gold nanoparticles), the absorbance peak shifts in the opposite manner. It is
noteworthy to mention that even when the composite nanoparticles have much larger fraction of atoms of silver
(particle core — seed), the damping of the gold plasmon is much stronger than is observed in a pure gold nanoparticle of
the same size.
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Silica-based nanomaterials and nanoscale metal-organic frameworks (NMOFs) belong to other interesting hybrid
nanomaterials (Taylor-Pashow et al., 2010). The former group can be divided into two nanostructures - silica-based
hybrid nanomaterials and solid silica particles and mesoporous silica nanoparticles (MSNPs). Both exhibit unique
properties such as high surface areas, tunable pore sizes, and large pore volumes and therefore they are used as the drug
delivery nanomaterials, imaging agents or therapeutics. Required cargoes can be either directly incorporated in the silica
pores or grafted to the outer surface of the solid silica particles via various functional groups. Thus, the MSNPs must be
first functionalized and then coupled with imaging or therapeutic agents. Then these conjugates via loading of cargo
into the pores, covalent grafting, and co-condensation of siloxy-derived groups are formed. Silica matrixes can serve as
a core or shell template for more complex composite nanostructures with noble metal nanoparticles.

These silica-based nanostructures are mainly synthesized by two approaches: sol-gel and reverse microemulsion. The
former approach provides monodisperse solid silica particles ranging in size from 50 nm to 2 pm (Stcber et al., 1968).
This synthesis consists of two steps: the hydrolysis and condensation of a silica monomer (tetraethyl orthosilicate
(TEOS)) in ethanol solution and as a catalyst is ammonia used (Scheme 5a). The size of the particles can be tuned by
variations of precursor concentrations, the type of reaction solvent and temperature. For example, increased the TEOS
concentration from 0.05 M to 0.67 M while keeping the other reactant concentrations and conditions constant affords
silica particles from 20 to 880 nm in size (Wang et al., 2010). The high stability of silica colloid results from the
electrostatic repulsion among the negatively charged silica particles. The second common method for the preparation of
silica nanoparticles with narrow particle size distribution is based on the reverse microemulsion that controls simply the
kinetics of precursor TEOS hydrolysis, particle nucleation and growth (Scheme 5b) (Rieter et al., 2007). For example,
the size and number of final nanoparticles can be tuned by varying the water to surfactant ratio (®).
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Scheme 5. Methods for synthesizing solid silica nanoparticles. (a) The Stéher method, (b) The reverse phase
microemulsion (Taylor-Pashow et al., 2010).

Chak et al. have discussed (Chak et al., 2009) the synthesis of composite nanoparticles consisting of small gold
nanoparticles (2 nm), dibenzo(24)crown-8 (DB24C8) and dibenzylammonium (DBA). DB24C8 and DBA fragments
were connected with the gold nanoparticle via the amine group links, acted as supramolecular recognition motifs and
formed form a 1:1 supramolecular complex, namely, (DBAcDB24C8) pseudorotaxane (Badjic et al., 2006). The
conjugate of amine monofunctional gold nanoparticles (1-AuNPs, decorated with dibenzyl ammonium (DBA)-disulfide
ligand) together with a crown-ether-decorated polystyrene resin (PS-DB24C8) and crownether-decorated
superparamagnetic iron oxide nanoparticles (SPIO-DB24C8) formed interesting recognition nanomotifs. This research
was devoted to the control of the number of active entities per nanoparticle (Grainger & Castner, 2008). Herein, the
1-AuNPs-based smart nanomotifs were formed by self-assembling of supramolecular dimers and trimers bisDB24C8
and trisDB24C8 (Scheme 6). Both the gold-based suprastructures and monofunctional 1-AuNP exhibit the same
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plasmonic band at A ~ 520 nm (Mock et al., 2008). These smart nanoparticle-biomolecule suprastructures with the
controlled number of bioentities per nanoparticle, would allow more accurate detection of molecules associated with
particular diseases, offering drastic improvements in disease detection, therapy, and prevention (Jain et al., 2008).
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Scheme 6. Supramolecular self-assembly of the 1-AuNPs with bisDB24C8 and trisDB24C8 to afford the dimers
bisDB24C8>(1 HTFA-AUNP), and trimers trisDB24C8>(1 HTFA-AUNP);, respectively (Chak et al., 2009).

The further smart suprastructures (hydrogen-bonded supramolecular pseudorotaxane structures) were formed by the
conjugation of SPIO-DB24C8 spheres with the functionalized AuNPs. The shell of the suprastructure was formed by
gold nanoparticles and its nature was a function of gold particle size. Smaller AuNPs are observed to be well deposited
on the periphery of the SPIO-DB24C8 microspheres. The SPIO-DB24C8 microspheres are composed of SPIO
nanocrystals confined in thin silica shells, which are decorated with the crown ethers by amide linkages (Chak et al.,
2009).

Yang et al. (Yang et al., 2004) have described the fabrication of advanced 1-D metallic organic nanocomposites by
loading a vacant lipid nanotubes (LNTs) hollow cylinder with water-soluble gold (AuNPs) and silver nanoparticles
(AgNPs) using capillary force (Scheme 7). They achieved the fabrication of gold or silver nanoparticles encapsulated in
the cylindrical hollow of the glycolipid nanotube with high-axial ratio by loading the vacant LNT hollow cylinder with
aqueous gold or silver nanoparticles using. Aqueous gold or silver nanoparticles (1-3 nm wide) are favorable to form the
AUNPS@LNT or AgNPs@LNT nanocomposite in relatively higher yields. This simple and mild approach led to the
fabrication of a 1-D metallic-organic nanocomposite loading well defined metallic colloid particles inside the organic
nanotube hollow. In addition, the 1-D nanocomposite functions as a convergent template to fabricate a gold nanowire by
removing the LNT shell through a firing process. Thus, the fabrication consists of the following steps: (1)
Lyophilization of LNTs to empty the internal hollow volume, (2) filling LNTs with aqueous solution containing metal
(Au or Ag) nanoparticles, and (3) removing the LNT shell by firing process.
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Scheme 7. Schematic diagram for the fabrication of AUNPS@LNT or AQNPS@LNT and a gold nanowire. (1)
Lyophilization of LNTs to empty the internal hollow volume, (2) filling LNTs with aqueous solution containing metal
(Au or Ag) nanoparticles, and (3) removing the LNT shell by firing process: (a) discrete and (b, ) continuous gold
nanowires (Yang et al., 2004).
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3. Other Nanoparticles

Among valuable noble metal nanoparticles one can find also platinum nanoparticles. The syntheses of platinum
nanoparticles of different sizes and shapes such as tetrahedral (Ahmadi, et al., 1996), cubic (Ahmadi, et al., 1996; Fu et
al., 2002), nanowire (Chen et al., 2004) and tetrapods (Herricks et al., 2004) have been reported. Platinum nanoparticles
were prepared in inverse microemulsions. By mixing of two microemulsions (microdroplets saturated either by
precursor such as the platinum salt (PtCls®)) or by the reducing agent) started the nucleation and platinum nanoparticles
appeared (Ingelsten et al., 2001). The nonionic stabilizers (poly(ethylene glycol)monododecyl ethers (C,E, (Brij 30),
C12Es, Ci5Eg)), anionic stabilizer (sodium bis(2-ethylhexyl)sulfosuccinate (AOT)), and their mixtures were used to
formulate the nanoreactors (water-solubilized microdroplets). The reduction of platinum salt is a function of droplet
fusion which is given by the type of the palisade stabilizer layer at the droplet surface. The hydrophilic alcohol
ethoxylate favors a flux of stabilizer and other reactants back and forth between the bulk hydrocarbon domain and the
droplets interface. In contrast, the hydrophobic stabilizer (AOT) favors more elastic collisions and slower rate of fusion
of droplets and the formation of smaller nanoparticles (Fletcher et al., 1987). The fusion of droplets is regulated by the
composition of interface layer formed by both stabilizers.

Mixtures of hydrophobic AOT and nonionic emulsifiers (based on PEG) were reported to be more efficient than their
homo-mixtures in the preparation of platinum nanoparticles (Shelimov et al., 2000). The mechanism of particle
formation is also based on the formation mixed micelles or microdroplets and the accumulation of salt precursor in the
micelles (microdroplets) via interaction of the polar headgroups of PEG chains and the sulfonate group of AOT with the
platinum salt. In the second step the precursor (hexachloroplatinic complex) is reduced by the reducing agent via the
droplet scission. The chemisorption of functional surfactants on the particle surface or on the atom aggregates leads to
the inhibition of both particle growth and agglomeration and the stable nanoparticles can be fabricated. Platinum
nanoparticles were also synthesized by reducing H,PtCls with hydrazine in the w/o microemulsion consisting of
CyE4(Brij 30) alone, n-heptane and water (Rivadulla et al., 1997). Absorption spectrum of the aqueous solution of
H,PtClg shows two different bands (at 220 nm and 260 nm). After mixing of two different microdroplets, absorption
spectrum showed only one peak centered at 236 nm which is attributed to the formation of Pt nanoparticles. The
position of the observed band differs from the expected one appeared at ~215 nm (Creighton & Eadon, 1991). This
difference was discussed in terms of the formation of anisotropic nanoparticles (nanorods (NRs)) and the interaction
between the particles (formation of aggregates). The conformation and packing of the PEG can strongly influence the
accessibility of the polymer chains for interaction (the complex formation, hybridization,...) and the particle mobility
(Scheme 8). The mobility of the PEG-coated gold nanoparticles is always retarded by the increased ligand density
which is directly related to the particle retention and distribution between organs.
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Scheme 8. Different possible configurations of PEG molecules attached to the surface of gold nanoparticles.

The photoinitiation mechanism of particle nucleation is complex because some or all components of the reaction system
can absorb light. These molecules such as nonionic surfactant (its terminal hydroxyl groups), reducing agents or
additives (dyes) are then transferred to the excited entities and participate in the charge transfer reactions and reduction
processes. This complex approach was discussed by Rivadulla at al. (Rivadulla et al., 1997) who prepared platinum
nanoparticles at different temperatures with/without exposure to light irradiation. They used AOT instead of PEG-based
stabilizer because AOT has no terminal hydroxyl groups and only small changes appeared. However, at temperature 50
°C the reaction produces a brown color that is observed also by platinum particles obtained by hydrazine reduction,
confirming the formation of colloidal Pt particles without addition of the reducing agent. Sulfonate groups of the
excited ionic surfactant AOT are supposed to donate electrons, causing reduction of silver salt during irradiation and
nucleate nanoparticles. Excited reactants might also take part in reduction mechanism via donation of electrons or
radicals. Indeed, UV irradiation of surfactant micelles saturated with monomer initiated the microemulsion
polymerization of vinyl monomers (Capek, 2014). Thus, the radicals formed within the microdroplets or the continuous
phase at higher temperature or by irradiation might start the reduction of metal precursors. Furthermore, impurities in
reactants may also donate electrons (the radicals) by excitation caused by the absorption of light or transformed to
radical intermediates at higher temperatures (Sheu & Chen, 1988).
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The inverse microemulsion (water/Triton X-100/propanol-2/cyclohexane) saturated with Pt and Ru salts provided the
hybrid nanoparticles of Pt/Ru (Zhang & Chan, 2003). The particle sizes were varied in the range 2.5 - 4.6 nm by
varying the precursor salt and hydrazine concentrations. At low Pt-Ru salt concentration, below 20 mM, the particles
with the diameter around 2.5 nm appeared. When the Pt-Ru concentration increased above 20 mM (up to 60 mM), the
size of Pt-Ru alloy nanoparticles increased to 4.0 — 4.5 nm. Beyond 60 mM the average nanoparticle size remained
constant at 4.5 nm. Similar results were obtained for microdroplets stabilized with cationic surfactants (Chen & Wu,
2000). The common feature of the present studies is that the size of initial microdroplets is much larger than the size of
metal nanoparticles. The particle size of the latter varied from 26 nm to 83 nm with increasing concentrations of Ru and
Pt salts from 2 to 100 mM. This behavior was discussed in the following two terms: 1) For the {(Ru} + (Pt)} salts
mixture below 20 mM the generation of one metal particle requires several Pt-Ru microdroplets. 2) Beyond 20 mM, a
single precursor droplet saturated with Pt-Ru requires the nucleation to start the entrance of hydrazine droplets. The
particle nucleation and growth are controlled by the collision among Pt-Ru-and hydrazine containing droplets.
Furthermore the collision among the formed is very low because they are outnumbered by the hydrazine droplets by a
factor of >10*,

Pure palladium nanoparticles have been prepared by the reverse microemulsion consisting of
{bis(N-octylethylenediamine)palladium(ll) chloride ((Pd(oct-en),)Cl,), water, chloroform and NaBH, as a reducing
agent (lida et al., 2002; Hamada et al., 2000). Monodisperse metal nanoparticles appeared at a low precursor
(Pd(oct-en),)Cl, concentration with the (water)/((Pd(oct-en),)Cl,) ratio () = 7.6. At a very low amount of water o < 10,
the structure of the aggregates confirms a reverse micelle type. At a somewhat higher level of water o > 20, the classical
microdroplets appeared. At ® = 50 an onset of the bicontinuous structure creates. The further variation in droplet size
and shape one can obtain by using different solvents and reaction conditions. For example, the addition of methanol
changed spherical to anisotropic nanoparticles. This is attributed to the variation of structures of the stabilizer/palladium
complexes and microdroplets and the participation these complexes on the reaction and stabilization processes. The
alkylethylenediamine/palladium complex, for example, acts as a metal precursor and a metal-particle stabilizer as well.

The spherical nanoparticles of Pt were nucleated and grew in the microdroplets stabilized by nonionic surfactant
polyvinylpyrollidone (PVP) and saturated with potassium hexachloroplatinate salt in the presence of hydrogen as a
reductant (Yu & Xu, 2003). The similar procedure was used to prepare cubic platinum nanoparticles capped with
oxalate (Fu et al., 2002) and tetrahedral platinum nanoparticles capped with PVP (Yu & Xu, 2003; Narayanan &
El-Sayed, 2005; Narayanan & El-Sayed, 2004a; Narayanan & El-Sayed, 2004b). Polyacrylate-based stabilizer was used
in the modified version of the hydrogen reduction method to produce polymer capped cubic platinum nanoparticles
(Ahmadi et al., 1996; Narayanan & El-Sayed, 2004a; Narayanan & El-Sayed, 2004b; Narayanan & El-Sayed, 2004c).
Capping agents based on PEG and PVP were also used to prepare and stabilize the platinum nanowires and tetrapods
(lida et al., 2002).

Min et al. have used PEGylated gold nanorods (PEG-covered AuNR, AUNR@PEG) as a carrier for platinum drug
complexes (Scheme 9) (Min et al., 2010). The prodrug Pt(IV) complex was conjugated to the surface of PEG-AuUNRs.
On entering cells, the high reactivity of Pt(IV) prodrug via entering the cells was modified (reduced by cellular
reductants, e.g. glutathione) to the divalent platinum form. Simultaneously the cisplatin can be released from the carrier
matrix and/or interacts with cell biopolymers (proteins, enzymes,..). PEG-based particle stabilizer and linkage are
widespread in the clinical use. For example, PEG-AUNR conjugates are highly stable, relatively noncytotoxic in vivo,
and the PEGylated drugs, nanoparticles and various therapeutics can be ,,masked* from the human’s immune system
(\Veronese & Pasut, 2005). Thus as shown earlier, AUNR@PEG - platinum drug ligand conjugates enhance both the cell
uptake of platinum drugs and the cytotoxicity of the conjugated cisplatin compared with cisplatin alone.

PEG

P{IV) Prodrug

Gold Nanaorod

Scheme 9. Schematic illustration of AUNR@PEG-platinum ligand conjugates for drug delivery (Min et al., 2010)

4. Ripening Processes

The continuous degradation of monomer dispersion mostly increases the particle size distribution. The large droplets
growth on the expense of the small ones and this process is called Ostwald ripening (De Smet et al., 1997). In this
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process the high surface energy of the small droplets promotes their dissolution and the dissolved material is then
re-deposited on the large particles. The “Ostwald ripening” proceeds also in the colloids with metal nanoparticles or
nanocrystals. This process involves the growth of large particles (crystals) on the expense of the small ones by the
adsorption of atoms from the atom-saturated continuous phase. The surface metal atoms from small nanoparticles have
a higher solubility than those from large nanoparticles. A group of free standing crystallites with unequal sizes in
nonequilibrium form will further differentiate and redistribute themselves through the above solid—solution-solid
process to achieve a more uniform size distribution (Scheme 10).

=3

Scheme 10. Oswald ripening process.

The particle size distribution of metal nanoparticles can be narrower by the heating of nanoparticles solution under
reflux known as the “digestive ripening” (Lin et al., 1999b). This simple procedure dramatically approves the particle
size distribution. Herein this approach was first successfully applied for the formation of uniform gold nanoparticles
(Lin et al., 2000). The alkylthiols-decoration of nanoparticles improve the particle size distribution of gold nanoparticles,
that is, for example a very polydisperse colloid by ligating the nanoparticles with dodecanethiol followed by a digestive
ripening process gives a monodisperse colloid. Continuous deaggregation of the surface oligomers occurs via the
incorporation of additional stabilizer molecules that helps to release the surface embryos from the particle surface.
Furthermore, these oligomers may also disassemble and collide with further large particles, finally forming an
irreversible particle. The energy barrier for this oligomer deaggregation from large nanoparticles (spontaneous and
random deaggregation occurring throughout the solution) is high and hence requires higher degree of metastability (e.g.,
supersaturation) compared to that for the small nanoparticles. In the case of large nanoparticles, growth occurs on
surfaces of pre-existing large nanoparticles, hence, some energy is released by the partial elimination of those
pre-existing interface by their interaction with primary oligomers. This energy gain decreases the overall free energy
barrier and favors the growth of large nanoparticles. Therefore, the particle growth via small-large nanoparticles
interaction proceeds at the lower (super) saturation level of large nanoparticles compared to that of small nanoparticles.

A digestive ripening process provided narrower particle distribution in the following study. The gold colloid with sizes
ranging from 1 to 40 nm by heating tuned the particle size to the range of 4-4.5 nm (TEM) (Stoeva et al., 2002). The
appearance of a narrow plasmon absorption peak (UV/vis absorption) with the maximum at 513 nm confirmed the
presence of uniform gold nanoparticles. Without the digestive ripening a broad plasmon absorption band with no
definite maximum appeared (Ferrell et al., 1985). A similar trend in the narrowing of the particle size distribution by
heating of gold/toluene dispersion was reported in the next study (Lin et al., 1986). Herein the fraction of small
spherical nanoparticles with sizes of about 4 nm strongly increased as well as their tendency to self-assemble into both
2D layers and 3D structures. Even the mechanism of this process is not entirely clear the surfactant-coated nanoparticles
are the necessary starting material. The gold powder itself or its mixtures with various surfactant does not undergo to
digestive ripening. The surfactant-capped nanoparticles take part in the diffusion of "free atoms” in solid-solvent-solid
steps and this transform is much more active with the smaller nanoparticles. The surface atoms of small nanoparticles
are speculated to be “much more free” to desorb into the solution than those of the large nanoparticles. The surface
metal atoms of very small nanoparticles are “nearly free” to be desorbed into the continuous phase and adsorbed by
solid phase of large nanoparticles (Klabunde & Mulukutla, 2001). The surfaces of both small and large nanoparticles
(water- or oil-soluble metal nanoparticles) are passivated or wetted with the solute and surfactant molecules and the
solubility of these surface particle entities is higher at small particles. This behavior is besides of above mentioned
discussion also probably due to the fact that these nanoparticles were prepared by a “wet chemistry” procedure and
therefore the solution is saturated with surfactant and free atoms. We speculate that the encapsulation of surfactant
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molecules into the particle matrix might favor the discussed dissolution events. The predominant adsorption of atoms by
large nanoparticles shift the equilibrium in favor of the growth of large nanoparticles. The continuous solubilization of
surface particle entities leads to the saturation of solution with surfactant and free atoms. Furthermore, the free
surfactant micelles can serve as vesicles for the transfer of atoms from small nanoparticles via solution to the large
particles (a la multiemulsion).

The heating of gold colloids can change not only their size but also their shape. This is reason why new formed colloid
may appear in different colors. For example, the red gold colloid changed to a brown color one (Lin et al., 1986; Bain et
al., 1989). The color change is also a function of solvent type (acetone, toluene or their mixtures). In great excess of
acetone the gold nanoparticles are strongly solvated by acetone and the bond of thiol (RSH) molecules on the particles’
surface becomes weaker. Acetone (or similar solvents), with its nonbonding electron pairs, can serve as a reasonably
good ligand for gold but can only compete with RSH at high acetone concentrations. Under such a condition the particle
agglomeration is more favored as well as the color change. As larger volume of acetone is removed, the thiol competes
better and better. This varies with the solubility of alkylthiols in solvent and it is enhanced with the long-chained thiol
because it is less soluble in acetone than in toluene. Acetone acts as a weak stabilizing agent, which is substituted by
alkylthiol molecules when acetone is evaporated. This ensures good dispersity of the long-chained thiol (apolar)-ligated
gold particles in the toluene medium. On the contrary, the short-chained thiol (less polar)-ligated gold particles are well
dispersed in the acetone medium. These studies can be also devoted to the wetting of surfactant-decorated gold
nanoparticles. Toluene achieves much better wetting of the thiol molecules on the gold particles’ surface compared to
the more polar solvent acetone. A similar trend is expected also for the colloids in other solvents.

5. Optical Properties

The field of noble metal nanoparticles research has received tremendous attention due to their unique collective
properties. The properties of these nanoparticles arise from their size confinement effect (Kubo, 1962). A distinct
feature of small gold nanoparticles is the red color of their colloids that is caused by the surface plasmon resonance
(SPR) absorption (Link & El-Sayed, 1999a). For a spherical nanoparticle much smaller than the wavelength of light, an
electromagnetic field at a certain frequency induces a resonant, coherent oscillation of metal free electrons across the
nanoparticle. This oscillation is known as the surface plasmon resonance (SPR) (Scheme 11). For the gold and silver
nanoparticles the SPR maximum lies at visible frequencies (Link & El-Sayed, 2003; Mulvaney, 1996). The surface
Plasmon oscillation of the metal electrons results in a strong enhancement of absorption and scattering of
electromagnetic radiation in resonance with the SPR frequency of the studied nanoparticles, giving them intensive

colors. Metal sphere

E-field

e cloud

Metal sphere
Scheme 11. Schematic view of the surface plasmon resonance absorption by noble metal nanoparticles (Jain et al.,
2007).

Colloidal gold nanoparticles sample is ruby red in color. Mie explained this phenomenon theoretically by solving
Maxwell's equation for the absorption and scattering of electromagnetic radiation by spherical particles (Mie, 1908).
Gold nanoparticles with diameters ~ 10-20 nm exhibit a red color and absorption peak around 520 nm (Bohren &
Huffman, 1983). The frequency and cross/section of SPR absorption and scattering depend on several parameters such
as the size and shape of nanoparticles, atom type, surface particle composition, particle concentration, dielectric
properties of the surrounding media, and inter-particle interactions (Jain et al., 2006a). The extreme sensitivity of the
bandwidth, the peak height and shape, and the position of the absorption (or scattering) maximum of SPR spectra to
environmental changes has initiated the development of gold nanoparticle-based sensors (Thanh & Rosenzweig, 2002;
Reynolds et al., 2000). Small gold nanoparticles with a diameter < 20 nm show essentially absorption (Jain et al.,
2006b). The relative contribution of light scattering to the total extinction of the particle increases with increasing the
particle diameter above 20 nm. This behavior of the gold nanoparticles is applied for molecular labeling. The Plasmon
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band shifts to longer wavelengths with increasing particle size, the change in the particle shape, the interparticle
interactions and particle associations (Brause et al., 2002; Kerker, 1985; Sosa et al., 2003).

Gold nanoparticles have much higher absorption coefficients than conventional dyes. Furthermore, absorption spectra
of gold nanoparticle do not undergo bleaching, that is, absorption coefficients of gold nanoparticles do not decrease
with UV irradiation period. This is not the case for organic dyes that undergo bleaching and degradation. The gold
nanoparticles has been already applied in colorimetric detection of analytes due to the following features: 1) the induced
aggregation of gold nanoparticles attributed to the interaction with some probes changes the color of colloids and 2) ,
the refractive index of the AuNPs environment changes due to adsorption of biological analytes. The great enhancement
of electromagnetic field at the surface of AuNPs by interaction of electrons with electromagnetic radiation offers other
interesting physical properties with great potential for biodiagnostic assays (Baptista et al., 2008).

This behavior is presented in the spherical (zero-dimensional, 0D) gold nanoparticles coated with glutathione (GSH),
lipoic acid (LA), DNA, bovine serum albumin (BSA) and chitosan (Figure 1). The decorated nanoparticles are
monodisperse which is confirmed by a single peak in the absorbance spectra (Figure 1). The maximum of absorbance
Amax OF gold nanoparticles in the absence of a capping agent was observed to be at around 530 nm with the mean
hydrodynamic diameter in the range of 20-30 nm. In the presence of all additives the absorption peaks are shifted to
higher wavelength. The strongest shift in the Ay, IS 0bserved for LA conjugate. Thus the Any.x appeared around 540-580
nm for GSH- and 560-620 nm for LA- decorated gold nanoparticles. The nanoparticles with different sizes led to the
colloid with different colors, that is, the wine red color for the bare nanoparticles changed to blue for GSH- and dark
blue for LA- decorated gold nanoparticles (Ahirwal & Mitra, 2009; Bakshi et al., 2010). The color of both GSH- and
LA-stabilized nanoparticles did not change with time compared to the color of bare nanoparticles.

0.8 1 -

Absorbance / a.u.

0.0 T T -I
400 500 600 700

Wavelength / nm

Figure 1. UV-Visible spectrum of (1) gold nanoparticles (AuNP), (2) GSH-AuUNP, (3) LA-AuNP, (4) DNA-AuUNP, (5)
BSA-AuUNP and (6) chitosan (Ahirwal & Mitra, 2009; Bakshi et al., 2010).

The further interesting feature of gold nanoparticles is their ability to efficiently quench emission from excited organic
dyes located within a few nanometers of the particle surface (Lakowicz, 2001). When fluorophore probes are attached
to gold surfaces, the gold surface can provide fluorescence quenching, and no organic quencher dye is required. The
presence of gold or silver provides alternative nonradiative energy decay paths that can change the fluorescence
quantum yield of a fluorophore. At close distances (< 5 nm) fluorescence is quenched and at longer distances (7.5-10.0
nm), it is enhanced (Lakowicz, 2001). Perez-Luna et al. (Perez-Luna et al., 2002) have used a gold surface to quench
fluorescence of bound molecules and detected emission after displacement in a competitive immunoassay.
Fluorescently labeled thio-oligonucleotides were attached to gold surfaces to demonstrate proof of principle for nucleic
acid assays. Fluorescence from the unstructured probes can be quenched with single-stranded oligonucleotides due to
their high flexibility and forming looped structures with the gold surface (Nie & Emory, 1997). Upon hybridization the
double-stranded DNA is rigid and can’t form looped structures to the particle surface. The major shortcoming of both
solution-based and particle -based molecular beacons are the limited multiplexability (Varma-Basil et al., 2004).

Numerous assays were developed for a wide range of analytes (e.g., DNA, protein, metal ions, enzyme, and small
molecular drugs) to follow photochemical and photophysical events within the studied systems. For example, Du et al.
(Du et al., 2003) demonstrated quenching of hairpin DNA sequences attached to a planar gold surface, to mimic a
microarray experiment, and successfully distinguished two DNA sequences, and they also started to investigate the
thermodynamic and kinetic response of the sensor (Du et al., 2005). Dubretret et al. (Dubertret et al., 2001) used a
hairpin loop beacon probe structure on small gold nanoparticles, while Maxwell et al. (Maxwell et al., 2002) showed
that even unstructured oligonucleotide probes could be employed.
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Spherical gold nanoparticles have been already discussed as the distinct colorimetric probes. The one-dimensional
(nonspherical) nanoparticles have been also used to construct plasmon coupling-based colorimetric assays with novel
optical characteristics (Huang et al., 2007; Link & El-Sayed, 2005). Gold nanorods possess two bands: a weaker band
around 530 nm that corresponds to the transverse Plasmon oscillation and a stronger band at longer wavelengths arising
from the Plasmon oscillation of electrons along the longitudinal axis of the nanorods (Link et al., 1999b). The latter
band can be even shifted into the near-IR region by an increase in the nanorod aspect ratio (Huang et al., 2006). Particle
association and/or agglomeration (or interparticle interaction) is accompanied with the redshift of the transverse peak
and the blueshift of the longitudinal peak.

Mock and coworkers (Mock et al., 2002) studied the absorption spectra of silver nanoparticles with different sizes and
shapes in the whole range of visible region. The prepared spherical and nonspherical with anisotropical silver
nanoparticles with different sizes (40-120 nm) and shapes (spheres, decahedrons, triangular truncated pyramids and
platelets) absorbed light in the blue, green and red part of the spectrum, respectively. The SPR peak intensity increased
with size and the shift to longer wavelengths is observed at one-dimensional nanoparticles.

6. Conclusions

Novel hybrid pseudospherical and anisotropic nanoparticles, bimetallic triangular nanoparticles, and core@shell
nanoparticles were prepared by the different procedures for various applications. Hybrid nanoparticles of gold and silver
are considered to be low in toxicity, and exhibit facile surface functionalization chemistry. Furthermore, their absorption
peaks are located in visible and near-infrared region. These nanoparticles provide significant plasmon tunability,
chemical and surface modification properties, and significant advances in the growth into anisotropic nanostructures.
Ostwald and digestive ripening provided narrower particle size distribution. The unique collective properties of noble
metal nanoparticles have generated considerable interest for their use in a wide range of diverse applications. Their
properties results from their large surface-to-volume ratio that strongly differ from the bulk materials. Silver and gold
nanoparticles have much higher absorption coefficients than conventional dyes and their absorption spectra do not
undergo bleaching. The gold nanoparticles has been already applied in colorimetric detection of analytes due to the
following features: 1) the induced aggregation of gold nanoparticles attributed to the interaction with some probes
changes the color of colloids and 2) , the refractive index of the AuNPs environment changes due to adsorption of
biological analytes. The heating of silver gold colloids can change not only their size but also their shape. This is reason
why new formed colloid may appear in different colors. The color change is also a function of solvent type. The
passivation of metal particles with polar and apolar organic solvents might lead to the gold-solvent colloid which has
particles well dispersed in polar or apolar solvents.
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Nomenclature

0D zero-dimensional

1D one-dimensional

AFM atomic force microscopy

AgNPs silver nanoparticles

AOT sodium bis(2-ethylhexyl)sulfosuccinate
AUNPs gold nanoparticles

CA citric acid

C12E4 (Brij 30), Cy2Es, CioEq, C1oE4(Brij 30)  poly(ethylene glycol)monododecyl ethers
CTAB cetyltrimethyl ammonium bromide
DB24C8 dibenzo(24)crown-8

DBA dibenzylammonium

DDAB didodecyldimethylammonium bromide
Dx dextran

H,PtClg hexachloroplatinum acid

HRTEM high resolution TEM

LNTs lipid nanotubes
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MSNPs mesoporous silica nanoparticles
NMOFs nanoscale metal—-organic frameworks
NRs nanorods

OPS oligopolystyrene

OR Oswald ripening

PEG poly(ethylene glycol)

PMAA poly(methacrylic acid)

PtClg> platinum salt

PVP polyvinylpyrollidone

SPIO superparamagnetic iron oxide
SP10-DB24C8 crownether-decorated superparamagnetic iron oxide nanoparticles
TEM transmission electron microscopy
TEOS tetraethyl orthosilicate

® ratio of (water)/(surfactant
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