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  1.1 
 Introduction 

 Those familiar with the literature in the fi eld of metal nanoparticles have, for 
sure, many times read a sentence such as:  ‘  .  .  .   in recent years metal nanoparti-
cles have attracted a great interest because of their unique size - dependent prop-
erties that can be different from those of the corresponding bulk material ’ . At 
the outset of this chapter, we promise the reader that we will carefully avoid any 
further use of this terminology! Indeed, we must specify that, when talking 
about nanoparticles synthesis, characterization and key properties, it is today 
mandatory to assess issues related to a tight control over size, shape, crystal 
structure and morphological purity. Obviously, chemical composition is also 
critical, but important aspects in the (nano)materials science have been widely 
demonstrated to correlate with the aforementioned morphological/structural 
parameters. 

 One of the most challenging goals in  nanoparticle  ( NP ) research is to develop 
successful protocols for the large - scale, simple and (possibly) low - cost preparation 
of morphologically pure NPs with identical properties. Additionally, NPs should 
be easily stored and manipulated without losing their properties. In this context, 
we will try to describe comprehensively the literature which exists on the pre-
paration of copper nanosized materials, paying attention to all of these key 
characteristics. 

 The present chapter cites more than 350 papers, and focuses specifi cally on 
nonoxidized, nonsupported Cu (0)  nanosized particles and structures. Unlike the 
situation in the recent literature, we will not use the adjective  ‘ metallic ’  to qualify 
these nanophases. Attributing the metallic character to a novel copper nanomate-
rial should necessarily imply an assessment of its electron energy distribution. 
The chemical bond connecting a limited number of copper atoms clustered in the 
core of a NP and stabilized by an outer shell composed of other substances, can 
hardly be regarded as a  metallic  bond. 
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 Obtaining stable nanomaterials that consist exclusively of chemically pure (ele-
mental) transition metals, without using any stabilizing agent, is an unresolved 
issue that remains the subject of contrasting opinions  [1] . In the case of physical 
preparation techniques, traces of hydrocarbons deriving from the vacuum systems, 
gases present in the deposition environment, or other contaminants which come 
into contact with the NP during real - world applications (e.g. atmospheric oxygen), 
always give rise to an outer shell    –    even of submonolayer thickness    –    which stabi-
lizes the elemental NP core. In solution - based approaches, even when stabilizers 
are not added intentionally, either the solvent itself or dissolved oxygen can be 
responsible for interactions with the NP surface, leading to a stabilizing zone that 
surrounds the particle and has its own composition, which differs from that of the 
NP core. 

 In this chapter, when reporting on copper nanomaterials, we will implicitly 
focus on the nanostructure main part    –    the core. The existence of a  relatively  thin 
stabilizing shell (composed of organic stabilizers, copper oxide or hydroxide, 
chemi -  or physisorbed solvent molecules, etc.) surrounding the NP core will be 
accepted as a natural consequence of both the size and the chemical reactivity of 
the copper phase. 

 More complex core - shell structures in which the copper core has been intention-
ally modifi ed by a  thick  layer of another material (polymer, oxide, other metals, 
inorganic compounds, etc.) will not be reviewed in this chapter, as they often imply 
brand - different synthesis approaches. In fact, most of these will form the subjects 
of other contributions in this textbook series. 

 As a consequence of all these premises, composite nanostructured materials 
(including Cu NPs in polymer or silica glass dispersing matrices), Cu 2 O and CuO 
nanoparticles, Cu/Cu oxide core - shell materials, copper - containing compounds 
and alloys (including magnetic particles), multimetal NPs and supported nano-
phases (including electrochemically, lithographically or physically deposited nano-
phases that cannot be easily removed from the substrate without losing their 
properties), will not be described herein. 

 The number of studies published on the synthesis and characterization of 
copper nanomaterials has been growing exponentially in recent years; indeed, a 
literature search over the period 1991 – 2007 returned more than 5000 papers and 
patents  [2] . 

 In particular, we based our database search on a combined use of the keyword 
 ‘ copper ’  with another one, chosen among the following terms:  ‘ nanoparticle ’ , 
 ‘ nanocluster ’ ,  ‘ nanowire ’  or  ‘ nanorod ’ . The results were then analyzed, by publica-
tion year and document type. The latter classifi cation was based on two groups    –
    namely patents and academic studies (reviews, commentaries, papers, conferences, 
etc.)    –    that we have generically indicated as  ‘ papers ’ . Histograms relevant to the 
different classes are reported in Figures  1.1  and  1.2 ; the former fi gure shows the 
distribution of the total number of patents (panel c), papers (panel b), and their 
sum (panel a), as a function of the publication year. The year - distribution of papers 
and patents as a function of the single keyword is described in Figure  1.2 . A 
general increase in the publication frequency can be noted in all cases; however, 



    Figure 1.1     Histograms showing the distribution of the total 
number of patents (c), papers (b), and their sum (a), as a 
function of the publication year.  
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    Figure 1.2     Histograms showing the year - distribution of 
papers and patents as a function of the single keyword.  
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the number of papers and patents relevant to the keywords  ‘ nanoparticle ’  and 
 ‘ nanowire ’  is markedly higher, as compared with the other two classes; moreover, 
their trends show a steeper increase in recent years.   

 Despite the large number of studies and their exponential increase, very few 
reviews have been issued on the synthesis and characterization of Cu (0)  nanostruc-
tures, all of them dealing with specifi c approaches, limited periods or selected 
morphologies  [3 – 13] . At present, there is therefore the need for a comprehensive 
review, providing a  ‘ bird ’ s eye view ’  of all the possible routes for the preparation 
of nanosized copper materials, and their characterization. Aiming at this purpose, 
in the present chapter we reported on all the main approaches, and have provided 
a brief commentary on each of these, following its historical evolution and the key 
aspects/fi ndings of outstanding studies. As guideline to the classifi cation of the 
different studies, we chose the type of synthesis approach, while characterization 
results were cited, in support of the description of specifi c nanomaterials and/or 
methods. Consequently, the present chapter is divided into four subsections, 
respectively devoted to physical, wet - chemical, photochemical and electrochemical 
methods for the synthesis of copper nanomaterials. 



 We clearly admit that such a classifi cation is not perfect, and that some interest-
ing studies may have been omitted, due not only to the high number of publica-
tions existing but also to the organization chosen for the chapter. Nevertheless, 
the chapter presents a critical selection of citations taken from the greatest number 
of studies on Cu NPs referenced to date. It is the authors ’  intention that the chapter 
should be considered as a basic aid for the reader who wishes to approach the 
 ‘ microcosm ’  of the synthesis and characterization of copper nanomaterials in a 
concise and schematic manner.  

  1.2 
 Physical/Mechanical and Vapor - Phase Approaches 

 The reader will note that the sections of this chapter which describe chemical (and 
related) approaches are longer than the present paragraph, dealing with physical/
mechanical and vapor - phase approaches. This choice is due basically to a recent 
remarkable development in the research fi elds corresponding to chemical 
approaches, determining a greater literature expansion, as compared to barely 
physical routes to unsupported Cu (0)  NPs. In this section, a technique with great 
historical and applicative relevance    –    such as mechanical milling    –    has been 
cited concisely, as we believed there to be only a partial overlap between 
research on metal powders of industrial interest and the main topic of this chapter, 
namely, the controlled synthesis of Cu NPs with well - defi ned and uniform 
properties. 

 Some infrequent routes to Cu NPs    –    such as electrical wire explosion, electros-
pinning and spray pyrolysis    –    are cited for the sake of completeness, along with 
more widespread vapor - phase approaches, such as arc discharge, metal vapor and 
metal – organic vapor condensations. 

 Due to the aforementioned focus on unsupported Cu (0)  NPs, several very impor-
tant techniques    –    which lead principally to the deposition of supported or compos-
ite nanomaterials (including many plasma approaches, ion - beam sputtering 
deposition, lithography, etc.)    –    have not been included in this section. 

  1.2.1 
 Mechanical and Mechanochemical Milling 

 Mechanical techniques, such as  ball milling  ( BM ), represent one of the earlier 
examples of the so - called  ‘ top - down ’  approaches to nanostructures, involving the 
controlled erosion of precursors to produce fi ner structures. Originally, the BM 
of powders was developed in metallurgy to produce fi nely dispersed alloys  [14, 
15] , but subsequently it has been used to produce several metastable materials. 
First examples of the BM preparation of nanocrystalline materials dates back to 
the early 1990s  [16] . The BM of powders is also known as  ‘ mechanical attrition ’ , 
and can be divided in two categories, as a function of the composition of the 
starting powder. The milling of elemental powders is indicated as  mechanical 
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milling , whereas in the case of powders having different compositions it is 
indicated as  mechanical alloying   [17 – 19] . Although the minimum grain size 
achieved by mechanical attrition depends on several parameters, the size distri-
bution of ball milled - particles can be quite broad when compared to that of NPs 
produced by chemical methods  [14] . In general, mechanical erosion routes for 
the preparation of Cu NPs have been frequently outperformed by chemical 
approaches, due mainly to the less - tight control over NP size, shape and 
crystallinity. 

 Several studies were reported during the 1990s on the fundamental aspects 
of the BM - preparation of Cu NPs  [20 – 26] . More recently, however, an improved 
version of the method has been proposed, leading to Cu nanograins with a 
narrower size distribution and good crystallinity  [27] . During the 1990s a number 
of investigations were also conducted on the use of mechanical milling to 
induce solid - state displacement reactions and to obtain Cu NPs from Cu (II)  pre-
cursors, such as dichloride  [28 – 30] . Unfortunately, however, this process    –    which 
was named  mechanochemical     –    showed certain weak points, such as the occur-
rence of combustion side - reactions, and has not undergone remarkable 
developments.  

  1.2.2 
 Electrical Wire Explosion and Electrospinning Approaches 

 The technique of  electrical wire  ( EW ) explosion has been studied since the 1950s 
 [31 – 37] , and the EW production of Cu nanoclusters and nanopowders has been 
investigated widely during the past 50 years  [32, 33, 38] . In this method, the 
average particle size can be controlled by the ambient gas pressure, with the par-
ticle size usually increasing in line with pressure increases  [39, 40] . Other param-
eters that may infl uence the fi nal nanopowder include the chemical reactivity of 
the ambient gas and the initial radius of the wire  [41, 42] . Although a number of 
studies have been reported on the EW production of Cu NPs, it should be noted 
that the fi nal product of EW synthesis shows very poor stability towards storage 
or heating in air, due to severe oxidative degradation  [43] . 

  Electrospinning  ( ES ) is another high - energy approach to Cu nanostructures, and 
is based on the application of high voltages. In recent years, this technique has 
attracted much interest for the preparation of nanofi bers and other elongated 
nanostructures. In the ES process, a high voltage is applied to a polymer solution 
that is ejected from a conductive capillary. This results in fi bers that are collected 
at a counterelectrode in the form of aligned bundles  [44 – 46] . It is possible to 
modify the process by adding small - sized Cu NPs to the polymer solution, and to 
use this mixed precursor to obtain composite metal – polymer nanofi bers  [47] . 
Recently, such an approach was applied to the preparation of Cu nanocables 
capped by poly(vinyl alcohol) from Cu NPs having the same capping agent  [48] , 
while a solution of Cu(NO 3 ) 2  and poly(vinyl butyral) was used to produce long, 
electrospun copper fi bers  [49] .  



  1.2.3 
 Spray and Flame - Spray Pyrolysis 

  Spray pyrolysis  ( SP ) has been used to produce micro - and nanosized particles since 
the 1990s  [50] . In a typical SP synthesis of Cu NPs, an aqueous solution of the 
correct precursor is atomized and the resultant droplets are transferred by a carrier 
gas into a tubular furnace (a possible instrumental set - up is shown in Figure  1.3 ), 
where the precursor is converted into spherical Cu NPs (see Figure  1.4 )  [51] . The 

    Figure 1.3     Spray pyrolysis system for particle generation and 
classifi cation.  Reprinted with permission from  Advanced 
Materials   2002 ,  14 (7), 518 – 21;  ©  2002 Wiley - VCH Verlag 
GmbH  & Co.   
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process is frequently based on the use of relatively high concentrations of H 2 , 
mixed with the carrier gas, to promote reduction of the copper precursor  [52, 53] , 
although this procedure may increase potential safety hazards. In an alternative 
approach, low - molecular - weight alcohols are used as both cosolvent and reducing 
agent  [51] . The key role of alcohols and polyols in the reduction of the copper pre-
cursor is discussed in Section  1.3.2 . Here, it will simply be noted that the alcohol 
concentration can be used in SP processes to tune the NP chemical status. Changes 
in the Cu NP chemical composition induced by adding 10% ethanol to the precur-
sor solution are shown in Figure  1.5   [51] .   

 The application of  fl ame spray pyrolysis  to NP synthesis generally resulted in the 
production of metal oxides and salts  [54 – 57] . Recently, Athanassiou  et al.  proposed 
the use of a fl ame - SP apparatus which operated in continuous fashion in a nitro-
gen - fi lled glovebox to produce carbon - coated Cu NPs with a good size uniformity 
 [58] .  

  1.2.4 
 Arc - Discharge Approaches 

 The use of arc discharges under an inert and/or reactive gas, or in liquid phase, 
implies the generation of a plasma jet inducing the formation of copper atoms 
and their condensation into particles of different structure and composition  [59, 
60] . Early investigations into application of the arc - discharge technique to the 
synthesis of Cu NPs were proposed during the 1990s  [61 – 63] , when mixtures of 

    Figure 1.4     TEM images of copper particles produced at 
600    ° C. (a) original magnifi cation  × 27   000; (b) original 
magnifi cation  × 120   000.  Reprinted with permission from 
 Advanced Materials   2002 ,  14 (7), 518 – 21;  ©  2002 Wiley - VCH 
Verlag GmbH  & Co.   



an inert gas and hydrogen or methane reactive gases were respectively used to 
prepare aggregated copper powders  [61]  or carbon - encapsulated Cu NPs  [62] . This 
is an example of what generally happens in this approach: when preparing Cu 
nanopowders without additional stabilizing agent, they inevitably tended to aggre-
gate  [61]  or generate more complex structures  [64] . Consequently, in recent years 
the approach has mainly focused on the encapsulation of Cu nanograins into car-
bonaceous  [65]  or polymeric  [66, 67]  protecting shells. The fi rst class of NPs is 
basically a development of what was found in 1998 by Jao  et al.   [62] , whereas in 
the second approach arc evaporation/condensation and plasma polymerization 
techniques were combined in a dual plasma process, leading to polymer - stabilized 
copper nanoparticles. 

 More recently, arc - discharge routes have been used in the liquid phase. This 
method, which is referred to as  solid – liquid phase arc discharge  ( SLPAD ), com-
prises polarizing copper electrodes that are maintained at high voltages and then 
momentarily short - circuited through an appropriate medium, such as an aqueous 
electrolyte solution  [68] , ethylene glycol  [69] , or an aqueous solution containing 
antioxidants and surfactants [e.g. ascorbic acid and  cetyltrimethylammonium 
bromide  ( CTAB )]  [70] . The high electrical power generates an arc of high tempera-
tures (10 3  – 10 4     ° C) that induces Cu melting and vaporization such that, close to the 
electrode surface the liquid is also vaporized and removes the Cu aerosol from the 
arc zone. The as - formed Cu particles are cooled immediately, preventing their 
further growth and/or aggregation  [69] , and then directly dispersed in the liquid 

    Figure 1.5     X - ray diffraction (XRD) pattern of copper particles 
prepared at 600    ° C from 0.30   mol   l  − 1  Cu(NO 3 ) 2  in (a) 10 vol.% 
ethanol and (b) pure aqueous solutions.  Reprinted with 
permission from  Advanced Materials   2002 ,  14 (7), 518 – 21; 
 ©  2002 Wiley - VCH Verlag GmbH  & Co.   
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phase. By using this method, spindle - like or spherical structures may be obtained 
in pure solvents such as water  [70]  or ethylene glycol  [69] , respectively. The use of 
additional capping agents was found to increase the stability of spherical NPs in 
the low - dimensional range  [70] .  

  1.2.5 
 Metal Vapor Condensation 

 The term  inert gas condensation  ( IGC ) indicates a general approach based on the 
high - energy evaporation of metal atoms and on their subsequent condensation 
under inert conditions, leading to metal particles  [71] . Most frequently, IGC has 
been performed by thermally evaporating metal atoms, although arc - discharge 
approaches and sputter - assisted methods  [72]  can also be considered as IGC pro-
cesses. The IGC preparation of Cu nanopowders, which dates back to the 1980s, 
has often suffered from problems associated with unstabilized particles, including 
polydispersion and air instability, due to oxidation phenomena  [73 – 76] . Many 
reports published during the 1990s sought to produce nanocrystalline macroscopic 
materials (by means of compaction or other techniques)  [77]  or were focused on 
the study of specifi c fundamental aspects  [78 – 80] . In 1996, an alternative method 
was proposed, based on the rapid condensation of metal vapors by contacting them 
with the vapors of a cryogenic liquid  [81, 82] . More recently, the method was modi-
fi ed by collecting metal vapors in a conventional liquid phase (e.g. acetone  [83] ) or 
other solvents such as toluene, diglyme and tetrahydrofuran  [84] .  

  1.2.6 
 Metal – Organic Chemical Vapor Condensation 

 In recent years, organometallic copper species have been employed as precursors 
for the preparation of Cu NPs via a controlled thermal decomposition process, 
known as  metal – organic chemical vapor deposition  ( MOCVD ). Copper (II)  - 
acetylacetonate (Cu(acac) 2 ) and its derivatives have gained wide popularity as pre-
cursor compounds for MOCVD routes  [85 – 87] , and many of the investigations on 
this topic have been recently reviewed by the group of E.I. Kauppinen  [6] . Basically, 
the method is based on a controlled decomposition of the organometallic precur-
sor in the vapor phase. In a laminar fl ow reactor, additional gases were tested as 
modifi ers capable of tuning the nanostructure chemical composition, and elemen-
tal, oxide and composite copper NPs have all been obtained using this approach 
 [6] . More recently, ensembles of Cu nanowires were also obtained by thermal 
decomposition of the same precursor; this had been sealed under vacuum in 
ampoules and then thermally treated at 300 – 400    ° C  [88] . The wire surface was 
shown to be protected by a thin carbonaceous layer that stabilized the elongated 
structure. The hexafl uoro -  derivative of Cu(acac) 2  has been also employed in 
MOCVD routes by the group of Wang  [89, 90] , who obtained Cu nanowires either 
by exploiting carbon nanotubes as the templating agent  [89]  or with controlled 
crystallization conditions for the growth of Cu structures  [90] . 



 Copper (oleate) 2  and Cu(II) phthalocyanine compounds were also investigated 
in similar MOCVD approaches, based respectively on the precursor decomposition 
in a sealed tube  [91 – 93]  or in a tubular reactor  [94] . During the period between 
2002 and 2004, a quite different approach was used by Bunge  et al.   [95]  and Fischer 
and coworkers  [96, 97] . These groups applied a modifi ed version of the procedure 
developed by Floriani and colleagues  [98] , and rapidly injected an octylamine solu-
tion of a Cu (I)  - mesityl complex  [95]  or Cu(OCH(Me)CH 2 NMe 2 ) 2   [96, 97]  into a hot 
hexadecylamine solution (at 300    ° C). This led to the production of high - quality 
nanoparticles, namely monodisperse spherical and crystalline Cu (0)  NPs (of ca. 
10   nm) that were passivated by amino groups.   

  1.3 
 Chemical Approaches 

 Transition - metal nanophases are intrinsically  unstable materials  (the thermody-
namic minimum appears always to correspond to the bulk metal) that we can 
handle, store and use for technological applications exclusively in case the kinetics 
of their undesired degradation reactions are suffi ciently slow. In aiming to slow 
down the rate of NP side reactions, a large number of investigations have been 
conducted to determine how the correct  stabilization  of metal NPs can be 
achieved. 

 As outlined by R.G. Finke and L.S. Ott in a recent review  [1] , those species 
capable of stabilizing a nanosized metal phase can be allocated to three classes, 
based on their mechanisms of action: (i)  electrostatic , based on the classical theory 
of electrostatic colloidal stabilization, as developed by Derjaugin, Landau, Verwey 
and Overbeek (often referred to by the acronym DLVO); (ii)  steric ; and (iii)  elec-
trosteric , which is a combination of the electrostatic and steric modes. 

 Interestingly, the same authors provided a critical viewpoint of how to discrimi-
nate among different modes and attribute the role of  stabilizer  to a specifi c agent. 
It is a fact that the attribution of a stabilizing effect to a single surfactant/polymer/
additive can be misleading: in many systems, there are often multiple possible 
stabilizers, and frequently the solvent itself, or dissolved counterions, may take 
part in the NP stabilization. Even the amount of dissolved oxygen can be critical 
(this is especially true in the case of copper), as the formation of an oxide shell 
may contribute to either the stabilization or aggregation of NPs. 

 However, it should also be noted that the choice of a specifi c stabilizer is pres-
ently driving the bibliographic classifi cations: many papers are specifi cally titled 
in terms of the leading stabilizer chosen for the NP preparation, and the number 
of agents that have been successfully applied to the synthesis of well - dispersed Cu 
NPs has undergone a vast increase, thus evidencing the need for a comprehensive 
examination of this fi eld. 

 These critical issues have concurred to the organization of the following 
paragraphs, where attention has been paid both to the overall synthetic method 
(including the reaction medium) and to the stabilizer type. Consequently, the 
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red - ox approaches to Cu nanomaterials (in some cases indicated as wet - chemical 
processes) have been classifi ed in terms of the stabilizer structure (Sections  1.3.1  –  
 1.3.4 ), the possible use of specifi c reaction media, such as compressed and 
supercritical fl uids (Section  1.3.5 ) or ionic liquids (Section  1.3.6 ), and fi nally of 
specifi c reaction conditions, as in the case of ultrasonic - chemical processes (Section 
 1.3.7 ). 

  1.3.1 
 Wet - Chemical Routes without Surfactants 

 Apparently, the simplest solution - based approach to produce copper colloids is the 
direct reduction of a precursor in an appropriate aqueous solution. Most fre-
quently, an alkaline medium and complexing additives are employed; this is neces-
sary in order to sequester Cu ions and to prevent the undesired formation of 
insoluble Cu (II)  hydroxides, eventually evolving into Cu 2 O or CuO NPs. In contrast, 
the formation of cuprate ions or other soluble Cu (II)  complexes makes possible the 
synthesis of Cu (0)  NPs, due to the following reaction scheme  [99] :

   Cu OH Cu OH2
4
24+ − −+ → ( )  

   Cu OH BH Cu BO OH H( ) + → + + +− − ( ) − −
4
2

4
0

2 22 3   

 Many studies have used a modifi ed version of this aqueous route to Cu NPs 
 [100 – 111] ; the key aspects of the different approaches are shown schematically in 
Table  1.1 .   

 During the early stages of research into this approach, submicron powders  [101, 
109, 112]  or irregular smaller powders  [103]  were obtained; subsequently, the 
correct choice of the complexing agent and of the operating conditions led to the 
synthesis of several morphologies, including compact or hollow nanocubes and 
nanospheres (Figure  1.6 )  [104, 107] , nanorods (Figure  1.7 )  [110]  and ultralong 
nanowires (Figure  1.8 )  [105] .   

 During the early 1990s, Tsai and Dye reported on the homogeneous reduction 
of metals salts with alkalides and electrides in aprotic (nonreducible) solvents, 
leading to nanoscale metal particles  [113, 114] . The approach required some degree 
of experimental skills and was based on the use of solvated M  −   and e  −   species, that 
are among the strongest reducing agents in existence. Subsequently, by using 
CuCl 2  as a precursor, the method was successfully applied to the preparation of 
Cu NPs.  

  1.3.2 
 Wet - Chemical Routes Based on Surfactants and Low - Molecular - Weight 
Capping Agents 

  1.3.2.1   Aerosol  OT  ( AOT ) - Capped  Cu  Nanomaterials 
 The controlled preparation of metal colloids by the chemical reduction of copper 
salts in the presence of a micellar stabilizing environment was the subject of many 



 Table 1.1     Overview of different approaches to the synthesis of 
Cu NPs by means of direct reduction in aqueous solution. 

  Precursor    Reducing 
agent  

  Alkaline pH?    Ligand and/or 
addition of 
additives  

  NP type and mean size    Reference 
(year)  

  CuCl    Borohydride    Information 
not available  

  Information not 
available  

  Information not available     [100]  (1996)  

  CuCl    Ethylene - 
diamine  

  Yes    KCl    Spherical, submicron 
(0.8    ±    0.3    μ m)  

   [101]  (1997)  

  CuCl    NaH 2 PO 2  
 H 2 O  

  Yes    No, but process 
carried out in 
autoclave @ 200    ° C 
for 1 day  

  Micron - sized sponges, 
nanowalls inside the 
porous structure  

   [102]  (2006)  

  CuBr 2     Borohydride    n.r.    The solvent itself? 
(several solvents 
were tested: water, 
alcohols, THF, 
acetonitrile, 
diethyl - ether, etc.)  

  Irregular; 10 – 50   nm     [103]  (1999)  

  CuCl 2     Hydrazine     –     No    Low reactant conc. gave 
compact cubic or spherical 
NPs; high reactant conc. 
produced hollow NPs; in 
both cases, NP size was 
100 – 200   nm  

   [104]  (2005)  

  Cu(NO 3 ) 2     Hydrazine    Yes    Ethylene - diamine 
(probably, it also 
concurred to Cu (II)  
reduction)  

  Ultralong nanowires 
(diameter 100 – 200   nm) or 
nanodisks  

   [105]  (2005)  

  CuSO 4     Borohydride    Yes    Trisodium citrate    Spherical; 10 – 30   nm     [106]  (2007)  

  CuSO 4     Borohydride    Yes    EDTA    Elliptical; 20   nm     [99]  (2005)  

  CuSO 4     Formaldehyde    Yes    Sodium tartrate; 
silica or polymer 
nanospheres were 
used as template  

  Hollow spherical 
aggregates; 200 – 300   nm  

   [107]  (2005)  

  CuSO 4     Borohydride    Yes    I  −   or SCN  −      Spherical; 10   nm     [108]  (2002)  

  CuSO 4     Borohydride    No, but it 
increased 
during the 
process  

  No    Submicron powders; 
200   nm  

   [109]  (1999)  
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  Precursor    Reducing 
agent  

  Alkaline pH?    Ligand and/or 
addition of 
additives  

  NP type and mean size    Reference 
(year)  

  CuSO 4     Glucose    Yes    Glucose itself 
(optimization of its 
conc. proved to 
show an effect 
on the Cu NP 
morphology)  

  Spherical ( ∼ 5 or 20   nm), 
rod - like (diameter  ∼ 50   nm, 
aspect ratio  ∼ 2.5)  

   [110]  (2006)  

  CuSO 4     Hydrazine    n.r.    Hexanol, dimethyl 
oxalate. First 
step was the 
precipitation of 
spherical Cu (II)  -
 oxalate aggregates, 
acting as a 
template  

  Flower - like microcrystals     [111]  (2006)  

   n.r.   =   not relevant for comparison.   

Table 1.1 Continued

    Figure 1.6     (a) TEM and (b) SEM images of 
cubic copper particles. The inset in (a) shows 
the  selected - area electron diffraction  ( SAED ) 
pattern obtained by focusing the electron 
beam on a cubic copper particle; (c) An XRD 
pattern of copper particles; (d) a high -

 resolution TEM image of one part of a 
cubic particle, showing its crystal structure. 
 Reprinted with permission from  Journal of 
Physical Chemistry B   2005 ,  109 , 15803 – 7; 
 ©  2005 American Chemical Society.   

(a) (b)

(c) (d)



    Figure 1.7     Schematic representation of the synthetic 
procedure proposed by T. Pal and colleagues  [110]  for the 
preparation of glucose - capped spherical and rod - shaped 
copper nanoparticles.  

CuSO4
+ Glucose

0.3 g

+ Glucose

0.4 g

+ Glucose

0.2 g

NaOH, aq. soln.

    Figure 1.8     (a) As - prepared copper nanowires in mother 
liquor; (b, c) Field emission SEM images of general and 
detailed views of copper nanowires; (d) TEM image of copper 
nanowires.  Reprinted with permission from  Langmuir   2005 , 
 21 , 3746 – 8;  ©  2005 American Chemical Society.   

(b) (a)

(c)

(d)

studies during the 1990s, and has continued to develop tremendously during the 
past decade. This approach, which is often referred to as  ‘ soft - wet - chemical ’ ,  ‘ soft 
colloidal template ’  or  ‘ microemulsion - based ’ , is based on the use of reducing 
agents such as hydrazine and sodium borohydride, and has been successfully 
applied to the preparation of NPs composed not only of transition metals but also 
other compounds, salts and multimetal particles. 

 In this respect, many single - chained surfactants have been investigated, includ-
ing sodium alkyl -  or aryl - sulfates [ sodium dodecyl sulfate  ( SDS ),  sodium 
benzyl sulfate  ( SBS ) and  sodium dodecylbenzene sulfonate  ( SDBS ), quaternary 
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ammonium halides (CTAB,  cetyltrimethylammonium chloride  ( CTAC )]. However, 
the fi rst and most frequent route to surfactant - stabilized copper nanoparticles is 
based on use of the di - (2 - ethylhexyl) - sulfosuccinate anion, usually indicated by the 
acronym AOT (Figure  1.9 ) (for reviews dealing with NP soft - chemical syntheses 
using AOT, see Ref  [7, 11 – 13, 115 – 122] ).   

 AOT is a key species for the realization of thermodynamically stable reverse 
micelles in a ternary water/organic solvent/AOT salt system. Water - in - oil (w/o) 
microemulsions with a well - defi ned order and shape can be easily generated by 
correct selection of the operating conditions (emulsion composition, AOT coun-
terion type, cosurfactant, temperature, pressure, etc.). Since 1991  [123 – 130] , the 
outstanding studies published by the group of M.P. Pileni have shed light on the 
potentialities of this system for the controlled preparation of Cu NPs. As several 
interesting reviews have already been published by the same group on this topic 
 [7, 11 – 13, 121, 122] , we will limit our description here to a very brief survey of the 
existing literature. 

 In the case of surfactants consisting of a large polar head and a small lipophilic 
chain, a normal micelle is formed, in which the chains form the inner core and 
the polar groups are localized at the outer surface. In contrast, surfactant mole-
cules with small polar moieties and bulky hydrocarbon chains tend to generate 
 reverse micelles  (see Ref.  [121]  and references therein), in which the mutual position 
of polar and nonpolar moieties is exchanged, as compared to the  ‘ normal ’  case. 
As water becomes entrapped in the core of reverse micelles, there is a dynamic 
exchange of species within the micelle, and this is where the chemical reduction 
of the copper precursor occurs. Under selected experimental conditions, an 
increase in the water   :   surfactant molar ratio in the emulsion implies a proportional 
size increase of the template structure. In general, this provides a simple means 
of controlling the size of spherical Cu NPs generated in the polar core of the 
nanoreactors.  Transmission electron microscopy  ( TEM ) images of colloidal NPs 
obtained by varying the water content in a Cu(AOT) 2 /water/isooctane system are 
shown in Figure  1.10  (top row), together with a sketch of the w/o droplet structure. 
Of note, such clear size control has been demonstrated in the case of relatively 
small w/o structures. Other self - assembled structures also become possible, as a 

    Figure 1.9     Chemical structure of the AOT anion. The 
branched chains afford for a surfactant shape frequently 
indicated as a  ‘ champagne - cork ’ , due to the bulky lipophilic 
moieties and a relatively small polar head.  



    Figure 1.10     Different shapes of copper 
nanocrystals obtained in colloidal self -
 assemblies of a surfactant - H 2 O - isooctane 
system. The surfactant, S, employed is either 
Na(AOT) or Cu(AOT) 2 . The water amount 
 w    =   [H 2 O]/[S] is related to the droplet radius 
by R (nm)   =   0.15    ×     w . Top row: [AOT]   =   0.1    M ; 
[Cu(AOT) 2 ]   =   10  − 2     M ; [N 2 H 4 ]   =   2    ×    10  − 2     M . 
(a) Reverse micelles; (b) Control of 
nanocrystal size by means of the control of 
the size of water - in - oil droplets,  w . Middle 
row: [Cu(AOT) 2 ]   =   5    ×    10  − 2     M , 
[N 2 H 4 ]   =   1.5    ×    10  − 1     M, w    =   10. (a) 
Interconnected cylinders; (b) formation of 

spherical and cylindrical nanocrystals; (c) 
cylindrical particle made of a set of deformed 
f.c.c. tetrahedra bounded by (111) faces 
parallel to the fi vefold axis with additional 
lanes. Bottom row: [Cu(AOT) 2 ]   =   5    ×    10  − 2     M , 
[N 2 H 4 ]   =   1.5    ×    10  − 1     M, w    =   20. (a) Supra -
 aggregates; (b) nanocrystals; (c) particle 
composed of fi ve deformed f.c.c. tetrahedra 
bounded by (111) planes; (d) large, fl at 
nanocrystals  [111]  - oriented and limited by 
(111) faces at the top, bottom and edges. 
 Reprinted with permission from Macmillan 
Publisher Ltd:  Nature Materials , Pileni, M.P., 
 2003 ,  2 , 145;  ©  2003.   

(a) (b)

(a) (b) (c)

(a) (b) (c) (d)
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function of the region of the phase - diagram in which the chemical reduction is 
operated. Insights into the phase composition of several surfactant/water/oil 
systems have already been reported  [131 – 137] , and a direct relationship between 
template morphology and the synthesis of Cu NPs has been demonstrated  [11, 
138 – 140] . For example, in the case of large amounts of both water and organic 
solvent, water channels/cylinders are generated in the system, thus allowing the 
growth of cylindrical Cu nanocrystals (Figure  1.10 ; middle row). Under other 
experimental conditions planar or onion - like lamellar phases are also possible, and 
their existence implies other Cu NP morphologies (see Figure  1.10 ; bottom 
row).   

 Whilst the micellar shape cannot afford for a tight size - control over NP shapes 
which differ from spherical, it has been shown that the presence of different salt 
ions in the aforementioned water cylinders may provide an independent and 
useful tool to prepare cubic NPs (in the presence of Br  −   ions), elongated particles 
(in the presence of   HSO3

− ions), Cu nanorods (in the presence of relatively high 
Cl  −   concentrations), or more elongated structures, namely Cu nanowires (in the 
presence of relatively low Cl  −   concentrations, e.g. 1   m M ) (see Figure  1.11 ) 
 [141 – 143] .   

 The use of alternative anionic surfactants such as SDS  [144] , or the use of AOT 
mixed with cationic surfactants  [145]  in more complex w/o microemulsions, has 
also been explored. Similar to the case of other metals, for the w/AOT/oil 
soft - synthesis of Cu NPs, a number of reducing agents has been investigated: 
hydrazine and NaBH 4  are defi nitively the most frequently employed, although 
alternative chemicals, including natural molecules such as quercetin  [146]  have 
also been proposed. More recently, the group of Pileni has shown that a large 
excess of hydrazine, when employed as reducing agent, can give access to other 
anisotropic morphologies such as Cu nanotriangles  [147]  and nanodisks  [148]  
(Figure  1.12 ).   

 As interestingly outlined by Pileni  [121] , the changes in the Cu NPs shape 
are attributed to differences in the growth rate of crystallographic faces, and 

    Figure 1.11     Different shapes of copper 
nanocrystals obtained in interconnected 
cylinders in the presence of various salt ions 
having the same concentration. 5    ×    10  − 2     M  
Cu(AOT) 2  was dissolved in isooctane in the 
presence of various salts. Hydrazine was 

added to obtain  w    =   10 and a 10  − 1   M  overall 
concentration [N 2 H 4 ], [NaCl]   =   [NaBr]   =   [NaF]   
=   [NaNO 3 ]   =   10  − 3     M .  Reprinted with 
permission from Macmillan Publisher Ltd. 
 Nature Materials , Pileni, M.P.,  2003 ,  2 , 145; 
 ©  2003.   



    Figure 1.12     TEM images of copper 
nanocrystals. (a) Copper nanocrystals    –    the 
inset shows the SAED pattern of a collection 
of copper nanocrystals; (b) Thin nanocrystals; 
(c) Stacked elongated nanocrystals; (d) 

Overlapped nanocrystals.  Reprinted with 
permission from  Advanced Functional 
Materials   2005 ,  15 , 1277 – 84;  ©  2005 
Wiley - VCH Verlag GmbH  & Co.   

(a) (b)

(c) (d)

this is correlated to the selective adsorption of species/additives during crystal 
growth. 

 Other studies conducted by the group of C.R. Roberts have provided details 
about particle growth kinetics  [149, 150] . Basically, as the ratio of the absorbance 
detected at about 560   nm (corresponding to the peak maximum) and 500   nm 
(off - peak) is correlated directly to the mean size of the Cu NPs core, these 
authors performed time - resolved  in situ  studies and followed the evolution of 
spherical Cu NPs, in turn proposing a theoretical model able to predict the NP 
size. 

 It is a fact that the chemical and physical properties of NPs can be tailored by 
controlling their size and/or their shape (see Ref.  [151]  and references therein; see 
also Refs  [152, 153] ). In Ref.  [154] , copper nanocrystals of different shapes were 
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shown to give rise to different UV - visible absorption features. In particular, the 
well - known plasmon resonance peak which falls at about 560   nm is attributed to 
spherical and cubo - octahedral NPs, whereas the peak falling at 650   nm can be 
shown to correlate to nanosized copper disks. Both, simulated and experimental 
UV - visible spectra obtained with Cu nanodisks prepared in reverse micelles are 
shown in Figure  1.13   [154, 155] .    

  1.3.2.2   Alkyl - Phosphate - Capped  Cu NPs  
 Bis(ethylhexyl) hydrogen phosphate  ( HDEHP )  [156]  and other phosphate deriva-
tives, such as  dialkyl - dithio - phosphates  ( DDP )  [157, 158] , have been recently pro-
posed as capping agents, as alternatives to AOT, for the w/o synthesis of spherical 
Cu NPs. The chemical structure and ability to form micellar structures of these 
surfactants strongly resemble those of AOT; both HDEHP and DDP are character-
ized by a  ‘ champagne - cork ’  aspect, and form reverse micelles in w/o mixed sol-
vents. Consequently, Cu NPs could be easily generated using the approach already 
described for AOT. The NPs showed good fi lm - forming properties, while the pres-
ence of DDP stabilizers afforded useful antiwear properties when used as additives 
in liquid paraffi n  [157, 158] .  

  1.3.2.3   Alkyl - Sulfate - Capped  Cu NPs  
 Another microemulsion route to Cu NPs is based on the use of sodium alkyl -  or 
aryl - sulfates. Two anionic surfactants have been frequently employed, namely 
SDS  [159 – 161]  and SDBS  [162] , both of which generate micellar aggregates that 
are similar to those described in the above sections. For example, in 1999 Qiu 
 et al.  showed that the size of w/o droplets (in a microemulsion composed of 
SDS, isopentanol, cyclohexane and water) depended linearly on the water/SDS 
molar ratio, and that this parameter could be used to tune the size of spherical 
Cu NPs  [159] . 

 More recently, SDS has been used mixed with polysorbates (Tweens) in order 
to exploit the synergetic stabilizing effects  [161]  whilst, in a simplifi ed approach, 
Lu and coworkers obtained Cu nanocubes (Figure  1.14 ) through the hydrazine -
 reduction of CuCl 2  in refl uxing aqueous solutions containing millimolar concen-
trations of SDBS  [162] . The latter route could also be successfully applied to other 
metals and bimetallic particles.    

  1.3.2.4   Alkyl - Thiol - Capped  Cu NPs  
 The synthesis of thiol - capped nanocopper is basically a further development/modi-
fi cation of the Brust approach, that was originally applied to gold NPs  [163] . In a 
typical reaction, a Cu (II)  salt is dissolved in a polar solvent (usually water  [164 – 166] , 
although methanol has been also used  [167] ), and then mixed/shaken with a solu-
tion of a quaternary ammonium salt [ ‘ quat ’ , frequently, a  cetyltrimethylammo-
nium  ( CTA ) or  tetra - octylammonium  ( TOA ) bromide] dissolved in an apolar 
solvent such as toluene. A thiol capping agent is subsequently added, and in the 
last step NaBH 4  or an equivalent reducing agent is added dropwise. Due to ligand 



    Figure 1.13     (a) Simulated absorption 
spectrum of copper particles having 
different shapes: nanodisks (size   =   23   nm, 
aspect ratio   =   1.8, truncature   =   0), solid line; 
elongated particles (length   =   22, width   =   13, 
aspect ratio   =   1.8), dotted line; cubo -
 octahedra (19   nm), dashed line; (b) Simulated 

absorption spectrum of 20   nm spherical 
copper particles; (c) Comparison between the 
experimental (dashed line) and simulated 
spectra (solid line).  Reprinted with permission 
from  Journal of Physical Chemistry B   2006 ,  110 , 
7208 – 12;  ©  2006 American Chemical Society.   
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    Figure 1.14     (a) SEM and (b) TEM images 
of copper nanocubes prepared under the 
fi nal concentration C CuCl2    =   0.1   m M  and 
C N2H4    =   3   m M  and refl uxed for 20   min at 100    ° C 
in the presence of 1   m M  SDBS. The inset in 

(b) shows the SAED pattern obtained by 
directing the electron beam parallel to the 
 < 111 >  direction.  Reprinted with permission 
from  Langmuir   2006 ,  22 , 5900 – 3;  ©  2006 
American Chemical Society.   

(b)

(a)

exchange, the quat species are substituted by the thiol. Finally, alkyl - thiolate - Cu 
NPs can be collected/extracted in an appropriate organic phase such as toluene or 
benzene. 

 The effects of ligand structure on the stability of as - synthesized Cu NPs were 
assessed in several studies  [164, 168 – 170] . Based on the appreciable stabilization 
provided by the thiol moieties, these core - shell NPs were subjected to several 
interesting investigations. For example, in differential pulse voltammetry experi-
ments, Chen and Sommers observed that the as - produced Cu NPs showed quan-
tized charging features  [165] . Neckers and collaborators prepared Cu NPs capped 
by modifi ed thiols bearing acrylic ending groups, allowing the copolymerization 



of Cu NPs and acrylic monomers  [167] . Finally, Dong  et al.  were able to prepare 
highly ordered Cu NP superlattices, by a controlled thermal annealing of octanethi-
olate - capped Cu NPs in molten TOA bromide  [171] .  

  1.3.2.5    Cu NPs  Capped by Quaternary Ammonium Surfactants 
 Many examples have recently been reported of quaternary ammonium surfactants 
being employed directly as Cu NP capping agents, without making use of any 
ligand - exchange protocols. In two reports, TOA bromide or ethyl - hexadecyl -
 dimethyl - ammonium bromide were used to synthesize stabilized Cu NPs sub-
jected to  in situ  spectroscopic investigations, such as  XANES  ( X - ray absorption 
near - edge structure )  [172]  or  EPR  ( electron paramagnetic resonance )  [173] . The 
former study dates back to 1998, and provided interesting information about the 
existence of intermediate states during the formation of colloidal copper in toluene 
 [172] , whereas the latter was proposed as a general approach to the direct study of 
Cu NP oxidation kinetics  [173] . Other papers have specifi cally investigated the 
potentialities of CTAB in the aqueous synthesis of Cu nanomaterials. In 2003, Cao 
 et al.  showed that it was possible to prepare nanotubes or nanorods composed of 
Cu (0)  or its oxides, as a function of the experimental conditions  [174] . The proce-
dure was carried out in the presence of relatively high CTAB concentrations, but 
was quite simple as it could be considered a modifi ed version of the simple reduc-
tion of an alkaline Cu (II)  solution by means of hydrazine. In Ref.  [174]  evidence 
was provided that, upon increasing the Cu (II)  initial concentration, the morphology 
of Cu nanostructures changed from nanotube to nanorod (see Figure  1.15  for 
examples of rod - like nanostructures). The authors hypothesized that electrostatic 
interactions induced the formation of ion pairs between CTA +  and   Cu OH( ) −

4
2 , and 

that modifying their relative abundances resulted in a change in the micellar 
aggregate shape.   

 By using the same chemical species, but different experimental conditions, Wu 
and Chen where able to prepare highly concentrated solutions of CTAB - capped 
Cu NPs (up to 0.2    M ) at room temperature  [175] . A slightly different approach was 
followed by Athawle  et al. , who employed isopropanol as both reducing agent and 
organic additive for the preparation of Cu NPs  [176, 177] . Kumar and collaborators 
used a sulfobetaine stabilizer for the alkyl - borohydride conversion of Cu (II)  ions 
into spherical Cu NPs; the use of the zwitterion aimed at improving the compati-
bility of Cu NPs with polar solvents  [178] . These authors investigated two possible 
approaches, namely a batch and a microfl uidic reactor process, and used reaction 
calorimetric investigations to study the intermediates involved in the NP 
synthesis.  

  1.3.2.6    Cu NPs  Capped by Nonionic Surfactants or Stabilizers 
 During the late 1990s, the synthesis was reported of Cu NPs stabilized by nonionic 
commercially available surfactants such as Triton X - 100  [179]  and Genamin TO20 
 [180] . These surfactants were employed to generate reverse micelles and spherulite 
aggregates, respectively (Figure  1.16 ). The reduction of Cu (II)  precursors encapsu-
lated into spherulites was performed by conventional hydrazine treatment such 
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    Figure 1.15     TEM images of Cu (a), Cu 2 O 
(d) and CuO (g) nanorods. Single nanorod 
images of (b) Cu, Cu 2 O (e) and CuO (h). 
High - resolution TEM micrographs of Cu (c), 
Cu 2 O (f) and CuO (i) nanorods. The insets 

are SAED images of Cu, Cu 2 O and CuO 
nanorods, respectively.  Reproduced with kind 
permission from  ©  Royal Society of 
Chemistry; DOI: 10.1039/b304505f.   

that Cu NPs could be obtained. A phase diagram showing the typical experimental 
conditions used to prepare spherulites is shown in Figure  1.17 . Interestingly, in 
the case of Genamin TO20, small Cu NPs were aggregated in spherical macro-
clusters which resembled the shape and size of the spherulite templates 
(Figure  1.18 ).    

  1.3.2.7    Cu NPs  Capped by Cysteine, Oleic Acid and Other Small Molecules with 
Biological Relevance 
 Small biomolecules such as cysteine  [181, 182] , oleic acid  [183 – 186]  and/or ole-
amine  [187, 188]  have been intensely investigated during the past two years as 



    Figure 1.16     Stages in the preparation of a 
dispersion of spherulites (a) and their 
structure (b). (a) Route (1): the lamellar 
phase, under a controlled shear, organizes 
in a close - packed structure of multilamellar 
vesicles called spherulites; route (2): 

spherulites can be dispersed in an excess 
quantity of solvent; (b) Spherulites are 
composed of a regular stack of membranes 
separated by water layers.  Reprinted with 
permission from  Langmuir   1999 ,  15 , 3738 – 47; 
 ©  1999 American Chemical Society.   
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innovative stabilizers for Cu NPs. Although at present they have been exclusively 
applied as catalysts  [181, 182] , amino acid - capped Cu NPs hold great promise in 
other fi elds, including the biofunctionalization of metal nanomaterials for bio-
medical applications, where they combine the properties of a biocompatible shell 
with those of a copper core capable of releasing antimicrobial ions under tightly 
controlled kinetics  [189] . Using oleic acid as stabilizer and a mild multistep reduc-
tion based on glucose and ascorbic acid, Yang  et al.  obtained nanocrystalline 
copper with an hydrophobic shell, by means of the so - called  AOIRT  ( Aqueous 
Organic Interface Reaction Technique ) method  [183 – 185] . In 2007, the group of 
Zhong reported a temperature - controlled route to Cu nanocrystals capped by oleic 
acid and oleamine  [187] . The NP size was shown to depend linearly on the reaction 
temperature, in the 150 – 190    ° C range, while higher values were found to induce 
the simultaneous formation of several shapes (cubic, tetrahedral, elongated, etc.). 
In the same year, Liu  et al.  applied a similar approach, in the presence of oleamine 
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    Figure 1.17     Experimental phase diagram of the Genamin 
TO20/H 2 O/CuSO 4  system: L α , lamellar; L 1 , micellar; L 2 , 
crystalline. The dashed lines are rough boundaries.  Reprinted 
with permission from  Langmuir   1999 ,  15 , 3738 – 47;  ©  1999 
American Chemical Society.   
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 [188] , to the preparation of Cu, Cu 2 O and CuO NPs, while Su  et al.  obtained Cu 
cubic nanocages in the presence of sodium oleate  [186] . Of note, in the latter case 
the formation of cubic - shaped and empty nanocages was shown to correlate with 
the structure of the Cu 2 O intermediate particles.   

  1.3.3 
 Wet - Chemical Routes Based on Polymer and Dendrimer Capping Agents 

 Polymers represent one of the most frequently studied examples of NPs stabilizer 
showing steric effects. Physical hindrance of the space around the nanoclusters 
can prevent/minimize the direct contact between the NP metal cores, and thus 
afford an increased morphological stability. Polymer - capped Cu colloids have been 
investigated since the 1980s  [190 – 193] ; nano - Cu/polymer interface phenomena 
can be interpreted as cooperative noncovalent interactions of polymeric chains 
with surface metal atoms  [193] . Moreover, the polymer action is due, at least par-
tially, to the complexation of nanocluster surface atoms; polymer functional groups 
may in fact generate stronger interactions, leading to highly stabilized copper –
 polymer complexes. 

 The approaches to polymer - stabilized copper nanomaterials can be divided into 
three main classes: (i) the so - called  ‘ polyol process ’ ; (ii) soft - template processes in 
which the polymer is employed (either as such or in combination with other 
capping agents), aiming exclusively at stabilization of the Cu phases; and (iii) 
dendrimer - encapsulation. 



    Figure 1.18     TEM images of spherulites after reduction of the 
encapsulated copper sulfate: (a)  C    =   144   g   l  − 1 ,  ϕ  (volumic 
fraction in surfactant)   =   0.54, manual shear; (b)  C    =   85   g   l  − 1 , 
 ϕ    =   0.54, shear rate   =   107   s  − 1 ; (c) Magnifi cation of a single 
spherulite.  Reprinted with permission from  Langmuir   1999 , 
 15 , 3738 – 47;  ©  1999 American Chemical Society.   

(a) (b)

(c)
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  1.3.3.1   The Polyol Process 
 The polyol route to Cu NPs consists of the reduction of an appropriate precursor 
(copper salts, oxide, hydroxide, etc.) in a liquid alcohol medium, at relatively mod-
erate temperatures. The solvent is typically glycerol or a glycol derivative (e.g. eth-
ylene, diethylene), and has the dual role of a reducing and dispersing agent; to 
some extent it may also be useful as capping agent  [194, 195] , although more fre-
quently additional stabilizers are employed  [196 – 200] . Several parameters can be 
separately adjusted to tune the NP synthesis, including temperature, reaction time 
and the composition of the solution; the latter is expressed in terms of the nature 
of the precursors, the polyol type, the use of surfactants and additives, and the pH 
of the medium. 

 Multistep redox processes occur in the polyol process; for example, in case of 
ethylene glycol the fi rst step implies that two solvent molecules are dehydrated, to 
form acetaldehyde. This latter species is then responsible for reduction of the 
metal precursor, generating Cu NPs and CO 2 .  

  1.3.3.2   Polymer - Based Soft - Template Processes 
 Several polymers have been proposed as stabilizing agents for the Cu NPs synthe-
sis. Used mixed with water and surfactants,  polyethylene glycol s ( PEG s) have been 
successfully applied to the preparation of spherical Cu NPs by the group of Zhang 
 [201] , while Xie and collaborators obtained junctions of Cu nanorods  [202]  from a 
PEG/CTAB soft - template system. Unlike the polyol approach, the polymer species 
were barely used as modifi ers in a soft - template micellar system, whilst the copper 
reduction was performed by a conventional reagent, such as ascorbic acid  [201]  or 
NaBH 4   [202] . 

 A similar approach was also used in the case of  poly(vinyl alcohol)  ( PVA ). 
In 1999, Wang  et al.  used a soft - template method based on PVA/isopropanol/
water micelles, and operated the Cu (II)  reduction by means of borohydride  [203] ; 
more recently, Khanna  et al.  obtained Cu NPs in PVA/water emulsions, by employ-
ing hydrazine hydrate or sodium formaldehyde sulfoxylate as reducing agents 
 [204] . 

 It should be noted here that the use of polymer/surfactant complex mixtures 
such as those proposed in Ref.  [202]  seems particularly promising, due to some 
additional advantages. Surfactants associated with a polymeric additive may form 
micelles at concentrations considerably lower than those required by the surfactant 
alone. Moreover, in the case of polymer/surfactant mixtures, stabilization of the 
inorganic crystals may benefi t from synergetic capping effects that improve both 
morphological stability and homogeneity  [202] . 

  Poly(vinylpyrrolidone)  ( PVP ) is certainly one of the most investigated polymeric 
additives for the template Cu NP synthesis, having been employed in aqueous 
 [205 – 208] , amide  [209] , polyol  [210 – 214]  and alcohol solvents  [215, 216] . 

 In the fi rst of these cases, spherical NPs were easily obtained by conventional 
reduction of a Cu (II)  salt in the presence of alkaline borohydride  [205, 207]  or 
ascorbic acid  [206]  aqueous reducing solutions. Recently, a continuous and steady -
 fl ow reactor was proposed, in which a metal displacement reaction occurred. 
Basically, this involved a spontaneous redox reaction between Cu (II)  ions and an 



oxidizable metal foil, carried out in the presence of PVP and under hydrodynamic 
and mechanical assistance  [208] . 

 Interestingly, processes involving the use of polyol/alcohol solvents appear as a 
form of modifi ed/improved version of the polyol method, in which the polyol/
alcohol solvent is assisted by a specifi c (and generally stronger) reducing agent, 
such as hydrazine  [215, 216] , sodium phosphinate monohydrate  [212]  or ascorbic 
acid  [210, 211] . The simultaneous presence of PVP and solvents with alcoholic 
moieties made it possible to obtain monodisperse copper nanocubes  [211] , 
nanoparticle arrays and aggregates  [216]  or nanorods  [216] , as a function of the 
experimental conditions. 

 The good morphological stability and size homogeneity of PVP - capped Cu NPs 
was exploited in several applications, including reusable catalysts  [209]  and nano-
copper - based conductive ink - jet printing  [212] . However, the use of PVP/Cu NPs 
in catalysis suffers severe limitations in terms of particle activity due to the strongly 
coordinating capping agent, and this often compromises the NP activity  [1] .  

  1.3.3.3   Encapsulation in Dendrimers 
  Dendritic molecules  are repeatedly branched species with a symmetric and mono-
disperse structure and chemical composition  [217 – 219] . Since the late 1990s, they 
have been shown to be useful template structures for the controlled synthesis of 
metal NPs  [1, 220]  and, particularly, of Cu NPs  [221 – 224] . In one of his outstand-
ing papers on this subject, R.M. Crooks defi ned the approach based on dendrimers 
as a  “ ship - in - a - bottle ”  route to obtain transition - metal NPs  [221] . Interestingly, the 
dendrimer behaves as a monodisperse nanoreactor and allows the preorganization 
of the metal into its inner part. Basically, the process is based on a strong interac-
tion between Cu (II)  ions and the dendrimer core. It has been shown that the 
number of metal atoms adsorbed into the dendrimer inner part corresponds to 
the number of tertiary amines present therein  [221] , although nonspecifi c surface 
complexation may occur leading to undesired phenomena such as NP aggregation. 
Subsequently, the metal ions become entrapped in the template structure, while 
a conventional chemical reduction of the metal – dendrimer complex (e.g. by means 
of NaBH 4 ) induces the formation of a nanosized inorganic core inside the den-
drimer shell (Figure  1.19 ).   
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    Figure 1.19     Schematic view of the processes occurring during 
the formation of Cu nanoparticles in a dendritic structure.  
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 The main studies on dendrimer - stabilized Cu NPs relate to capping agents 
derived from just two structures, namely poly(propylene imine)  [221, 222]  and 
poly(amido amine)  [223, 224] .   

  1.3.4 
 Wet - Chemical Routes Based on Biotemplate Systems 

 Since the late 1990, templates consisting of biomolecules such as DNA have been 
investigated as a tool to produce elongated metal nanostructures, eventually aiming 
at the  ‘ bottom - up ’  assembly of functional nanocircuits  [225] . A few years later, in 
2003/2004, DNA - templated copper nanowires were obtained by Wooley and col-
leagues  [226, 227] , the approach consisting of a time - controlled reduction of 
aqueous Cu(NO 3 ) 2  by ascorbic acid, in the absence of light, and in the presence of 
double - stranded DNA. Previously, the latter species had been bound electrostati-
cally to a silicon substrate and mechanically aligned  [228] , as the authors had 
envisaged an ultimate application of Cu nanowires as interconnections in nanoscale 
integrated circuitry  [226] . 

 Methods to prepare elongated ensembles of copper NPs that had been generated 
on the surface of tubular templates were proposed by the groups of Matsui  [229]  
and Wei  [230] . Matsui ’ s group, in 2003, studied the growth of Cu nanocrystals on 
the histidine - rich surface of peptide nanotubes. The Histidine moieties behaved 
as ligands for Cu (II)  entrapment on the nanotube surface, after which a conven-
tional borohydride reduction allowed Cu NPs growth (Figure  1.20 ). Similarly, in 
2005, Wei and colleagues synthesized tubular glycolipid – copper nanotubular com-
plexes which acted as a template for the subsequent thermal preparation of aligned 
Cu NP arrays (Figure  1.21 ).   

 Template methods based on microorganisms (or even plant roots) have also 
been proposed. In the former case, the 4   nm - wide inner channel of  tobacco mosaic 

    Figure 1.20     Scheme of copper nanotube preparation. From 
left to right: Cu ion – HG12 peptide complexation on the 
nanotube surfaces; Cu nanocrystal growth on the nanotubes 
nucleated at Cu ion - binding sites after reducing trapped Cu 
ions.  
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virus  ( TMV ) allowed the preparation of copper nanowires  [231] . A similar approach 
was followed by Demir  et al.   [232]  in 2003, who photochemically reduced Cu 
species on the TMV surface such that ultimately the Cu NPs decorated the outer 
virus surface. Finally, in a recent study, Manceau  et al.  showed that Cu NPs could 
be generated at the root – soil interface  [233] .  

  1.3.5 
 Redox Routes in Compressed and Heated Fluids: Hydrothermal, Solvothermal and 
Supercritical Fluid Methods 

 The term  ‘ hydrothermal ’ , which is of geological origin, was fi rst used by Sir Rod-
erick Murchison during the nineteenth century to describe the action of water at 
high temperature and pressure, on the Earth ’ s crust, leading to the formation of 
rocks and minerals. In a more modern defi nition, the same term is associated with 
any heterogeneous reaction occurring in the presence of aqueous solvents or min-
eralizers under high - pressure and  - temperature conditions to dissolve and recrys-
tallize (recover) materials that are relatively insoluble under ordinary conditions 
 [234] . The term  ‘ solvothermal ’  indicates an analogous process that is carried out 
in a generic nonaqueous solvent, including nonconventional media such as  super-
critical fl uids  ( SCFs ). Other, wider, defi nitions have also been proposed  [234] . 

 The various use of these terms is infl uenced by the customs of different research 
communities; for example, chemists and material scientists working in the super-
critical region prefer explicitly to use the term  ‘ supercritical fl uid ’  to characterize 
their approach. As a consequence, in this section we have maintained a distinction 
among purely  hydrothermal  (e.g. water - based),  solvothermal  (e.g. based on other 
solvents) and  SCF  processes, although in some cases this classifi cation might be 
found controversial, or based on terminological and/or usage rather than substan-
tial differences. 

  1.3.5.1   Hydrothermal Routes 
 Because of the highly controlled diffusivity in a strong solvent medium and in a 
closed system, hydrothermal/solvothermal techniques offer interesting advan-
tages in the processing or preparation of nanomaterials. 

    Figure 1.21     Glycolipid - template synthesis of aligned Cu NPs. NTs   =   nanotubes.  
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 Knowledge of the fundamental aspects that drive hydrothermal/solvothermal 
processes has increased in recent years, and a solid understanding of changes 
in solvent parameters (e.g. structure at critical, supercritical and subcritical 
conditions, dielectric constant, pH, viscosity, density, etc.) under hydrothermal 
conditions, as well as on changing pressure and temperature, is considered a 
key aspect for programming experimental approaches, as they infl uence the 
solubility and transport behavior of the precursors involved in liquid – solid NP 
synthesis. 

 Of note, most of the studies which have dealt with the hydrothermal preparation 
of copper nanostructures have produced elongated or wire - like materials. One of 
the fi rst applications of this approach was described by Liu  et al. , who carried out 
the hydrothermal reduction of a Cu (II)  – glycerol complex in the presence of phos-
phite and SDS (used as capping agent). As a result, a wire length of several tens 
of microns was obtained  [235] . A few years later, the group of Zheng  [236, 237]  
used ascorbic acid as reducing agent and PVP as capping agent, for the one - step 
hydrothermal synthesis of Cu nanorods with rectangular cross - sections (a form of 
 ‘ French fries ’  morphology), whereas the groups of Zhang and Huang both showed 
that ultralong Cu wires could be respectively obtained by using vitamin C  [238]  or 
octadecylamine  [239] . In both studies, the additive had the dual role of reducing 
and capping agent. Carbon - coated Cu nanocables were obtained by Deng  et al.  
using CTAB and hexamethylenetetramine  [240] . 

 Spherical  [241]  or platelet - shaped  [242]  Cu NPs could also be prepared. In the 
former case, glucose was used as reducing agent and CuO particles as precursor, 
whereas in the latter case hypophosphite and SDS were used to hydrothermally 
convert Cu (II)  ions into elongated nanoplatelets.  

  1.3.5.2   Solvothermal Routes 
 Several solvents have been tested for the solvothermal preparation of Cu nano-
structures. In particular, ethanol was employed as both solvent and reducing agent 
in the studies of Tang  et al.   [243]  and Wei  et al.   [244] . In the former study, which 
was carried out in the presence of PVP, a shape control over spheres and cubes 
was possible. However, in both studies the experimental approach proved capable 
of producing Cu (0)  or Cu 2 O NPs, as a function of the experimental conditions. 
Higher temperatures and higher alkali concentrations generally lead to the ele-
mental oxidation state, whereas the opposite conditions lead to cuprous oxides 
 [243] . In a similar study, carried out in ethanol with the additional use of CTAB, 
Wang  et al.  obtained Cu nanowires  [245] . When ethylene glycol  [246] , polysilane 
 [247]  and ethylenediamine  [248]  solvents were also investigated, the studies 
led prevalently to micron or submicron particles  [246, 248]  with crystalline 
structures.  

  1.3.5.3   Routes Based on Supercritical Fluids 
 During the late 1980s, Fulton and coworkers studied the generation of AOT 
reverse micelles in compressible fl uids such as compressed propane or SCF 
propane  [249, 250] . The group of C.R. Roberts extended Pileni ’ s synthesis of Cu 



NPs in AOT micelles (see Section  1.3.2 ) to the case of compressed propane and 
SCF solvents  [251, 252] . The compressed solvent systems provide an alternative 
approach to thermodynamic control over NP synthesis; moreover, one of the main 
additional advantages over syntheses that employ conventional liquids is the ease 
of solvent removal, made possible simply by depressurizing the system  [253, 254] . 
The same group proposed a total interaction energy model to predict the ultimate 
Cu NP size obtained in SCF solvents, and also provided evidence that, even in 
these media, AOT acts as a stabilizing agent sterically protecting Cu nanocrystals. 
From the interaction energy plot of Figure  1.22 , it is possible to determine the 
dispersibility of the particles    –    that is, the separation distance corresponding to a 
minimum energy value. The effects on particle stability of NP size and SCF media 
pressure and temperature are shown in Figure  1.23 .   

 Other authors investigated the synthesis of Cu NPs in different SCF media. 
When, in particular, Ziegler  et al.  employed supercritical water and alkyl thiols 
 [255] , the latter species were found to behave both as capping and reducing agent, 
assisting the conversion of Cu (II)  precursor and intermediate species into capped 
Cu (0)  NPs (see Figure  1.24 ).   

 Wai and collaborators explored also the potentialities of water - in - supercritical 
CO 2  microemulsions  [256]  and used sodium AOT and perfl uoropolyetherphos-
phate as surfactants. More recently, Shervani  et al.   [257]  proposed the use of a 
fl uorinated analogue of AOT [sodium bis(1 H ,1 H ,7 H  - dodecafl uoroheptyl) - 2 - 
sulfosuccinate] to create microemulsions in the same water/supercritical CO 2  

    Figure 1.22     Contributions of each force to the total 
interaction energy model as a function of the separation 
distance of the particles.  Reprinted with permission from 
 Industrial and Engineering Chemistry Research   2004 ,  43 , 
6070 – 81;  ©  2004 American Chemical Society.   
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    Figure 1.23     Plot of the   Φ   total / k  B  T  curves for copper 
nanoparticles coated with AOT and dispersed in compressed 
propane. (a) Effect of particle diameter,  f ; (b) Effect of 
pressure; (c) Effect of temperature.  Reprinted with permission 
from  Industrial and Engineering Chemistry Research   2004 ,  43 , 
6070 – 81;  ©  2004 American Chemical Society.   
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systems. Both groups used NaBH 4  derivatives as reducing agents and were able 
to obtain spherical Ag and Cu NPs. 

 Similarly, using alcohol/SCF CO 2 /DBS mixed systems, Chen  et al.  converted 
copper (II)  oxalate into Cu nanowires  [258] . Cu nanotubes and nanowires were also 
obtained by Ziegler  et al.  by the SCF decomposition of copper precursors in the 
presence of mesoporous silica templates  [259] .   

  1.3.6 
 Redox Routes in Ionic Liquids 

 One valuable approach to NP synthesis and stabilization is via  ionic liquid s ( IL s). 
Ionic liquids are low - vapor pressure, highly polar and viscous solvents, that have 
been recently investigated as suspension media for catalytically active nanoclusters 
 [260]  (see also Ref.  [1]  and references therein).The main advantages of synthesizing 
Cu NPs in ILs resides in the direct possibility of using them as highly recyclable 
catalysts in several processes, such that there is a low environmental impact (see 
Ref.  [261]  and references therein). The so - called  ‘ green ’  character of such a syn-
thetic approach is that it does not require conventional solvents; rather, separation 
of the reaction products can be easily achieved by physical treatments, such as 
distillation inducing solidifi cation of the IL solvent, etc. Furthermore, the IL may 
itself afford the Cu NP stabilization, thus greatly facilitating catalyst recycling and 
improving the  total turnover  ( TTO ) number. Tetra - alkyl - ammonium halides  [261] , 
imidazolium derivatives  [262]  and other ILs with ammonium moieties  [263, 264]  
have been employed as dispersing media where Cu NPs have been generated and 
successfully used as catalysts. 

    Figure 1.24     Processes occurring during the formation of Cu 
NPs in supercritical water, in the presence of alkane - thiols.  
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 In these cases, reduction of the copper precursors was carried out by borohy-
dride  [263, 264] , by microwave irradiation  [262] , or even by spontaneous dissolu-
tion of macroscopic copper powders (copper bronze) reacting with the counterions 
of the IL through an oxidation/reduction multistep process that occurs while 
using NPs in heterogeneous catalysis (as a part of the overall catalytic cycle) 
 [261] .  

  1.3.7 
 Ultrasonic - Chemical Processes 

 Ultrasounds often facilitate chemical reactions through an increase of the process 
kinetics, frequently due to the generation of radicals or other reactive species. 
Ultrasounds may also provide an unusual reaction medium due to the so - called 
 acoustic cavitation phenomenon , which represents the formation, growth and 
implosive collapse of bubbles in a liquid medium. The discrimination among 
different effects related to ultrasounds (frequency, intensity and irradiation mode 
effects) is not easy, and useful insights can be found in a paper by Reisse  et al.  
 [265] . The fi rst example of Cu nanocrystals synthesis by a sonochemical approach 
dates back to 1998, when Gedanken  et al.  achieved a sonochemical conversion 
of copper (II)  – hydrazine carboxylate into Cu NPs in aqueous medium  [266] . Some 
two years later, the same group proposed a modifi ed method in which the use 
of a zwitterionic surfactant (cetyltrimethylammonium  p  - toluene sulfonate) made 
possible the sonochemical preparation of elongated Cu nanostructures stabilized 
by a surfactant monolayer  [267] . More recently, Cu NPs and nanorods were 
prepared sonochemically by the replacement reaction of copper 2 - ethylhexoate 
with sodium in a paraffi n solution  [268] . More complex approaches to the sono-
chemical preparation of Cu NPs have also been proposed, based on a combina-
tion of sonochemistry and spray pyrolysis  [269] , the use of an electric plasma 
discharge in ultrasonic cavitation fi eld  [270] , or with the use of sonoelectrochem-
istry  [271] .   

  1.4 
 Photochemical, Laser Ablation and Radiation -  or Electron 
Beam - Assisted Processes 

 The wet - chemical synthesis of fi nely and homogeneously dispersed NPs of elec-
tropositive metals shows some challenging aspects. As strong reducing agents 
must be employed, when the metal precursor undergoes reduction it is possible 
that such agents are not distributed homogeneously through the solution. This 
implies local variations in the rates of nucleation and growth, and eventually 
results in the growth of polydisperse particles  [272] . In order to address this 
problem, several strategies can be employed. Often, strong reducing agents with 
slow kinetics are used, to enable homogeneous nucleation and growth, but in 
these processes byproducts generated by the redox reactivity of the reducing 



agent may contaminate the as - prepared NPs. An alternative approach is based 
on the photochemical conversion of appropriate copper precursors into Cu NPs, 
and indeed this may become an important and widespread route as it responds 
to the need to minimize the amount of byproducts/waste created in the NP 
synthesis  [272] . It should be noted however, that some photochemical approaches 
are still based on the use of sensitizers, and this makes no substantial difference 
when compared to the aforementioned open issues related to wet - chemical 
approaches. In recent years, laser ablation and photofragmentation techniques 
have attracted great interest and, as they do not necessarily imply the use of 
additives, they can offer complementary advantages. In this section, the main 
photochemical routes to Cu NPs will be reviewed, together with other methods 
involving the use of either an external radiation source (e.g.  γ  - irradiation) or 
electron beams. Approaches based on microwave - irradiation are not described 
specifi cally at this point, due to the heterogeneity of the experimental conditions 
(reduction in ILs, polyol approach, etc.). However, a number of interesting 
reports dealing with this type of irradiation have been reviewed elsewhere in this 
chapter. 

  1.4.1 
 Photochemical Reduction in the Presence of Capping Agents 
and Sensitizers 

 In 2002, Kapoor and coworkers reported on the photochemical conversion of 
CuSO 4  into Cu NPs by using UV irradiation (Hg lamp, 254   nm) in the pres-
ence of a stabilizing agent such as gelatin  [273]  or PVP  [274] . In both studies, 
benzophenone was employed as the sensitizer, and its photogenerated ketyl 
radical was hypothesized as being the species effectively responsible for Cu (II)  
reduction  [274] . In 2002, Murakata  et al.  investigated the preparation of Cu 
NPs from mixed water/ethanol solutions in the presence of photocatalytically 
active TiO 2  NPs  [275] , whilst in 2003 Giuffrida  et al.  used UV irradiation to 
reduce bis(2,4 - pentanedionate)copper (II)  (Cu(acac) 2 )  [276, 277] . A spectrophoto-
metric investigation of the process  [277]  showed that it proceeded through a 
multistep mechanism. First, it was observed that irradiation induced decom-
position of the copper complex, releasing free ligand molecules (H - acac) and 
generating Cu (I)  intermediates. In the overall conversion, H - acac behaved as a 
sensitizer and promoted the formation of Cu NPs. The NP plasmon reso-
nance absorption was also monitored; some typical spectra are shown in 
Figure  1.25 .   

 By using the same approach as Giuffrida, Darugar  et al.  prepared Cu NPs from 
the Cu(acac) 2  precursor and studied time - resolved transient absorption phenom-
ena for nanoparticles of 12 and 30   nm. The conduction electron energy relaxation 
was found to be faster in the smaller particles, whereas fl uorescence showed an 
opposite trend  [151] . 

 More recently, Warren  et al.  proposed a different photochemical route, based on 
the (long - term) ambient light irradiation of Cu (II)  – thiolate complexes; the result 
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    Figure 1.25     Spectral changes recorded upon irradiation of 
Cu(acac) 2  (5    ×    10  − 4    mol   l  − 1 ) in ethanol solution (at 254   nm) at 
different times (0 – 270   min). The light intensity was 5    ×    10  − 6  
Einstein   min  − 1 .  Reproduced with kind permission from 
 ©  Royal Society of Chemistry; DOI: 10.1039/b308418c.   
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    Figure 1.26     Sketch of the route proposed by Warren  et al.  
(see text for details) for the thiolate - assisted preparation of Cu 
nanoparticles.  
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hn Cu0 NP + thiol degradation products

was a complex degradation into metal nanocrystals and disulfi de species (Figure 
 1.26 ).    

  1.4.2 
 Laser Ablation and Photo - Fragmentation Processes 

 The fi rst examples of the  laser ablation  ( LA ) of metal fi lms leading to the corre-
sponding colloid date back to the early 1990s  [278, 279] . Unfortunately, in the 
absence of stabilizers or any other precautions, the as - formed Cu NPs quickly 
turned into their oxide, leading to the type of olive green - colored solution  [280]  
that those working on Cu (0)  NPs (including the present authors!) have experienced 
disappointedly at least once during their studies. 

 In the late 1990, research into the LA synthesis of Cu nanostructures followed 
two roads: (i) depositions in vacuum or under an inert gas; and (ii) LA in the liquid 
phase. 

 A brief description of NP formation with LA in an inert gas atmosphere (route# 
i) is as follows. Initially, interaction between the laser and metal target generates 
a plume of evaporated atoms that collide with gas molecules at the front of the 
expanding plume. This causes the plume atoms to thermalize, and a shock wave 



is initiated that confi nes the cooling plume; this in turn leads to atom condensa-
tion and NP formation. The primarily formed NPs may evolve into larger particles 
or aggregates, as a function not only of several parameters but also of the metal 
type  [281] . 

 Although, during recent years, several interesting studies on the fundamental 
aspects have been conducted  [282] , and papers providing evidence of Cu NPs 
formation  [281, 283]  from gas - phase processes have been prepared, during the 
past few years the technique has mainly evolved towards solution - based 
strategies. 

 The fi rst examples of nonoxidized Cu NPs produced by LA in solution were 
provided by Yeh and collaborators, who converted an isopropanol suspension of 
CuO powder into Cu NPs by using a Nd:YAG laser [both fundamental (1064   nm) 
and second harmonic wavelengths were investigated]  [284] . A few years later the 
same authors investigated the effect of thiols on the system  [285] , while Tsuji  et al.  
studied the infl uence of laser wavelength on the effi ciency of ablation of metallic 
copper targets immersed in an aqueous solution  [286] . 

 Subsequently, many studies have been conducted on the Nd:YAG laser ablation 
of bulk copper  [287 – 289]  or Cu (0)  powder  [290, 291] , and on targets in solvents such 
as water  [287, 291] , isopropanol  [289, 290] , acetone  [287]  and polysiloxane  [288] . In 
Ref.  [289] , PVP was investigated for the LA preparation of polymer - protected Cu 
NPs. 

 Very recently, an excimer laser was used to convert large Cu NPs into fi ner col-
loids by a controlled photofragmentation experiment. A TEM evaluation of the Cu 
NP core - size showed that it was approximately halved upon photofragmentation 
(10 4  laser pulses) by comparison with the pristine sample  [292] .  

  1.4.3 
  γ  - Irradiation 

 The radiolytic reduction of copper ions in water or alcohols, which has been inves-
tigated since the 1970s  [293 – 295] , is usually performed by irradiating solutions 
which contain (besides the copper precursor) a suitable organic compound. The 
irradiation generates solvated electrons and organic radicals which are then 
responsible for the reduction of copper compounds to Cu (0)   [296] . Several studies 
have detailed the stabilization of radiolytically prepared Cu clusters by means of 
polymers such as poly(ethyleneimine)  [297] , poly(vinyl acetate)  [298] , PVP  [299] , or 
even quaternary microemulsion systems  [300] . One example of a mixed radiolytic/
hydrothermal approach was proposed in 1994  [301] . Two recent studies have been 
carried out in the presence of alcohols (but without other stabilizers), and have 
assessed specifi c aspects of the synthesis mechanism, including the role of alcohol 
molecules in the scavenging of radical intermediates  [296, 302] . Moreover, Hen-
glein investigated a type of seeded - growth phenomenon in which  γ  - irradiation -
 generated Cu NPs were exposed to a fresh precursor solution, after which the 
mixed liquid was irradiated again, thus inducing an appreciable size increase in 
the pristine clusters  [296] .  
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  1.4.4 
 Electron Beam Irradiation 

 Similarly to the situation in  γ  - irradiation, in aqueous solution the use of electron 
beams generates hydrated electrons and hydrogen atoms, both of which are highly 
active reducing agents  [303 – 305] . These species have been successfully applied to 
the preparation of Cu nanocolloids, especially in the presence of stabilizers such 
as poly(vinyl alcohol)  [304]  and SDBS  [305] . 

 Another (quite exotic) route employing electron beams, which dates back to the 
1980s  [306, 307] , consists of the small - scale preparation of Cu nanostructures by 
the controlled beam reduction of oxidized copper structures in a TEM instrument. 
In 2004, Chiu and collaborators used a convergent electron beam to induce the 
growth of Cu (0)  structures from commercial CuCl crystals supported on TEM grids 
 [308] . One year later, Schmittel  et al.  employed Cu (I)  - bisphenanthroline scaffolds 
to obtain pure crystalline Cu NPs  [309] . Given these evidences, it might be con-
sidered straightforward    –    or even obvious    –    to turn oxidized copper materials into 
their elemental oxidation state while exposing them to a TEM electron beam. 

 In contrast, in 2003 Wang  et al. , who previously had achieved the structural 
evolution of Cu(OH) 2  nanobelts to Cu nanowires in a TEM instrument, showed 
that the process was not induced by the electron beam but rather was a multistep 
process that involved hydroxide thermal dehydration and two subsequent one -
 electron conversions, in which carbon from the supporting grids acted as the 
reducing agent  [310] .   

  1.5 
 Electrochemical Approaches 

 Electrochemical procedures have not been used extensively for the synthesis of 
metal nanoparticles, despite possessing certain important advantages over other 
techniques. Yet, electrochemical procedures are of great interest as they not only 
afford high - purity products but also permit a strict control over the cluster mor-
phology, that can be achieved by varying either the current density or the applied 
potential. 

 During the past two decades a variety of different electrochemical methods have 
been described for the preparation of metal nanostructures of different sizes and 
shapes. Among these, the most frequently used methods to prepare unsupported 
Cu (0)  nanomaterials have included: 

   •      Sacrifi cial anode electrolysis in the presence of surfactants  
   •      Electrochemical milling  
   •      Ultrasonic – electrochemical methods  
   •      Electrolysis in ionic liquids  
   •      Template - assisted electrosynthesis of Cu nanorods and nanowires.    

 Despite electrodeposition techniques, both pulsed and continuous, represent 
the most widespread and versatile methods for the preparation of nanostructured 



metals  [311 – 315] , they have been intentionally left out of our list. Whilst, on the 
one hand, these electrochemical procedures enable a tight control on cluster mor-
phology (grain size and shape), on the other hand they usually produce nanostruc-
tures that adhere to the electrode surface. Here, only procedures which lead to 
unsupported nanostructures, or supported nanostructures that are easily remov-
able from the template, have been considered. The above - listed approaches will be 
reviewed in the following sections, with emphasis placed on the advantages of 
each method and the properties of the nanostructures. 

  1.5.1 
 Sacrifi cial Anode Electrolysis in the Presence of Surfactants 

 One valid alternative to the electrolytic deposition of metal clusters is the direct 
electroreduction of metal ions in the presence of an appropriate stabilizer capable 
of preventing particle adhesion to the electrode surface. Such stabilizers adsorb 
onto the growing particles, thus preventing their deposition and producing struc-
tures that usually are stable within the reaction environment. These molecules can 
be chosen from different types of surfactant; a good stabilizing agent should not 
interfere with the electroreduction of the metal ions, and neither should it passiv-
ate the electrode active surface. 

 This technique is performed using a sacrifi cial anode experimental set - up, and 
is referred to as  sacrifi cial anode electrolysis . During the process, the stabilizing 
effect can occur either at the anode or at the cathode. In the former case, the anode 
is made from the metal to be electrodispersed as nanostructures; when the applied 
potential is suffi ciently high, the anode dissolves into metal ions that subsequently 
are precipitated due to the presence of hydroxides or other anions  [316] . 

 More frequently, sacrifi cial anode electrolysis is combined with cathodic stabi-
lization; the fi rst report of the electrochemical production of Me - NPs using this 
technique can be traced back to M.T. Reetz in 1994  [317] . Such studies proved 
that size - selected nanostructured transition - metal particles could be electrosyn-
thesized using tetra - alkyl - ammonium salts as surfactants, dissolved in organic 
solvents. This simple electrochemical approach was proposed by the same 
authors as a general and reliable route to nanosized transition metals, including 
copper  [318, 319] . Following the Reetz studies, the authors of this chapter opti-
mized sacrifi cial anode electrolysis to prepare copper nanoparticles for several 
technological applications, including biostatic/biocide nanocoatings  [320, 321] . 
This synthesis was performed by using a three - electrode cell, equipped with an 
Ag/AgNO 3  reference electrode, a copper anode and a platinum cathode. Tetra -  n  -
 alkyl - ammonium chloride was dissolved (0.1    M ) in tetrahydrofuran/acetonitrile 
mixed solvents; a sketch of the electrochemical cell used in the process is shown 
in Figure  1.27 a.   

 The correct choice of experimental parameters causes the anode to become 
electrocorroded during electrolysis, leading to the production of metal ions. The 
halide – Cu (II)  complexes are driven by the electric fi eld to the cathode, where they 
are electrochemically reduced. The as - formed atoms undergo stages of nucleation 
and growth, although the presence in the double - layer region of an appropriate 
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stabilizer will prevent undesired growth and aggregation. The stabilized core - shell 
particles are then obtained directly as colloidal NPs in solution (Figure  1.27 b). 

 A variety of different stabilizer chain lengths was explored and potential values 
applied in order to understand how the experimental conditions can affect 
NPs size - modulation. The  shell thickness  can easily be tailored by changing the 
length of the alkyl chains of the surfactant  [322] , while modulation of the Cu - NPs 
 core - size  could be achieved only within a very limited size range (diameter  < 10   nm) 
by varying the electrochemical parameters. The morphology of the electropro-

    Figure 1.27     (a) Sketch of a sacrifi cial anode electrolysis; 
(b) Scheme of processes taking place at the cathode surface.  
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duced nanoparticles was studied using TEM, and their chemical composition 
determined using  X - ray photoelectron spectroscopy  ( XPS ). TEM images of Cu - NPs 
electrosynthesized at +1.5 and +4.0   V are shown in the insets of Figures  1.28  
and  1.29 . With NP mean core sizes close to 6 and 3   nm, respectively, these 
results confi rmed the inverse dependence of particle diameter on the applied 
potential.   

    Figure 1.28     TOAC - stabilized Cu NPs 
electrosynthesized using a working electrode 
potential of +1.5   V. Main panel: Cu2p 3/2  XP 
high - resolution spectrum. Inset: TEM image 
of Cu - NPs.  Reproduced with kind permission 
from Springer Science + Business Media: 
 Analytical and Bioanalytical Chemistry , 
Synthesis, analytical characterization and 

bioactivity of Ag and Cu nanoparticles 
embedded in poly - vinyl - methyl - ketone fi lms. 
Cioffi , N., Ditaranto, N., Torsi, L., Picca, R.A., 
De Giglio, E., Sabbatini, L., Novello, L., 
Tantillo, G., Bleve - Zacheo, T. and Zambonin, 
P.G.,  2005 ,  382 , 1912;  ©  2005 (inset from 
Figure 1.1; XPS from Figure 1.3).   

    Figure 1.29     TBAP - stabilized Cu NPs 
electrosynthesized using a working electrode 
potential of +4.0   V. Main panel: Cu2p 3/2  XP 
high - resolution spectrum. Inset: TEM 
image of Cu - NPs (unpublished results). 
 Reproduced with kind permission from 
Springer Science + Business Media:  Analytical 
and Bioanalytical Chemistry , Synthesis, 

analytical characterization and bioactivity of 
Ag and Cu nanoparticles embedded in poly -
 vinyl - methyl - ketone fi lms. Cioffi , N., Ditaranto, 
N., Torsi, L., Picca, R.A., De Giglio, E., 
Sabbatini, L., Novello, L., Tantillo, G., Bleve -
 Zacheo, T. and Zambonin, P.G.,  2005 ,  382 , 
1912;  ©  2005 (Figure 1.3).   
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 Typical Cu2p 3/2  X - ray photoelectron spectra of the same Cu NPs are shown in 
the main panels of Figures  1.28  and  1.29 . It is worth noting that, in the case of 
the octyl - stabilized clusters (Figure  1.28 ), the spectrum shows a single peak falling 
at a  binding energy  ( BE ) of 933.1    ±    0.2   eV, this being ascribed to nanodispersed 
copper at zero oxidation state  [323, 324] . In contrast, the signal related to the butyl -
 stabilized clusters (Figure  1.29 ) shows the presence of Cu (II)  traces, along with 
nano - Cu (0) . In fact, shorter alkyl chains demonstrate a worse ability to protect Cu 
nanophases against air - induced oxidation, especially upon prolonged exposure to 
the air  [321] . 

 A similar approach was followed by Chen and coworkers in 2003  [325]  in the 
preparation of copper nanorods. These authors used a controlled - current electro-
chemical method and showed how the shape and yield of the nanorods depended 
on the current density applied during the electrosynthesis process. 

 Very recently, sacrifi cial anode electrolysis was employed by Singh and cowork-
ers to prepare copper nanoparticles in the presence of  deoxyribonucleic acid  ( DNA ) 
as electrolyte  [326] . Here, nanoparticles in the range 5 – 50   nm were synthesized by 
using a combination of electrolysis and electron - beam irradiation.  

  1.5.2 
 Electrochemical Milling 

 The origin of this approach can be traced back to a surprising byproduct obtained 
by Tarascon and coworkers  [327, 328]  during the discharge mechanism of a CuO 
electrode, when they observed the fi nal product to be nanometer - sized copper 
grains. This encouraged Chen and coworkers to develop a novel  ‘ top - down ’  method 
for the synthesis of metal nanoparticles, which became known as the  electrochemi-
cal milling method  ( ECM ). The process was carried out in an electrochemical cell 
equipped with a CuO electrode versus a Li counterelectrode; the size and morphol-
ogy of the nanostructures was tailored by controlling the current density. In this 
way, copper nanofi bers  [329] , nanospheres and pyramid - like Cu - particles  [330]  
could be obtained (Figures  1.30  and  1.31 ). The morphology of the particles was 
shown to depend heavily on the electrode composition and on the number of 
charge – discharge cycles  [330] .    

  1.5.3 
 Ultrasonic – Electrochemical 

 Details relating to ultrasound effects were described briefl y in Section  1.3.7 , with 
regards to sonochemical approaches. Recently, the potential benefi t derived from 
a combination of sonochemistry and electrochemistry was investigated more fully. 
Some of the advantages were seen to reside in the acceleration of mass transport 
and reaction rates, along with increases in the rates of electrode surface cleaning 
and degassing. Reisse and coworkers  [265, 331, 332]  have recently prepared copper 
nanopowders by means of a pulse sonoelectrochemical synthesis, starting from 
copper (II)  sulfate and sulfuric acid. The experiment consisted of two successive 



    Figure 1.30     (a) XRD pattern; (b) TEM image; (c) High -
 magnifi cation TEM image of copper nanospheres synthesized 
after charge – discharge for 50 cycles. The SAED pattern of Cu 
nanospheres is showed as the inset of panel (c).  Reprinted 
with permission from  Journal of Physical Chemistry C   2008 , 
 112 , 4176 – 9;  ©  2008 American Chemical Society.   

(a) (b) (c)

    Figure 1.31     Field emission SEM images of 
the metal copper discharged by Li 2 O  Cu 2 O 
thin - fi lm electrodes on copper sheet. Panels 
(a), (b) and (c) refer to particles obtained with 
different charge – discharge cycles (1, 5 and 50, 

respectively). A current density of 0.1   mA   cm  − 2  
was used. The inset in (b) shows a side - view 
SEM image.  Reprinted with permission from 
 Journal of Physical Chemistry C   2008 ,  112 , 
4176 – 9;  ©  2008 American Chemical Society.   

(a) (b) (c)

steps: fi rst, an electric current pulse was applied to the electrode to allow cluster 
nucleation; second, a burst of ultrasonic energy removed the nanoparticles and 
micro - metal particles from the sonoelectrode. Later, Gedanken and coworkers 
developed a modifi ed version of this synthesis by adding a surfactant or a polymer 
to the sonoelectrochemical cell  [271, 333] . CTAB - capped nanosized products 
resulted in CuBr, while elemental copper nanoparticles were obtained using 
poly( N  - vinyl - 2 - pyrrolidone) and poly(vinyl alcohol)  [271] .  
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  1.5.4 
 Electrolysis in Ionic Liquids 

 This approach basically consists of an electrolytic reduction of copper salts, carried 
out in a nonconventional IL solvent. The technique exploits electrons as the  ‘ green ’  
reductant and the IL as the  ‘ green ’  solvent. In contrast to the relatively narrow 
potential window of water or other solvents, ILs offer wider electrochemical 
windows, combined with a stabilizing effect capable of preventing the aggregation 
of kinetically unstable nanoparticles  [334] . Wang and coworkers  [335]  have recently 
used this technique for the conversion of CuCl into copper nanoparticles.  

  1.5.5 
 Template - Assisted Electrochemical Growth of  Cu  Nanorods and Nanowires 

 Metal nanowires and nanorods are considered to be appealing nanomaterials, 
based on their interesting electronic and optical properties, and their possible 
application in nanodevices. As a result, the number of papers describing  one -
 dimensional  ( 1 - D ) metal nanostructures has grown exponentially during the past 
few years  [2] . Today, 1 - D nanocopper, in particular, is receiving a great deal of 
attention due to its high electrical conductance and consequently wide perspective 
of applications in fi elds such as microelectronics  [336] . 

 A search through  Chemical Abstracts  shows that the most widely used method 
to prepare metal nanowires and nanorods is based on template - directed electro-
chemical protocols. The reason for this resides in the advantages deriving from 
this technique    –    it is easy to perform, and it affords good control over the crystal-
linity of nanostructures and their composition. Moreover, key morphological 
parameters    –    the nanostructure length and aspect ratio    –    can be tuned by choosing 
the correct membrane geometry. 

 The fi rst study to describe this approach can be traced back to a report by Penner 
and Martin, who studied the deposition of Pt - nanowires into the pores of alumina 
 [337] . Subsequently, the method was investigated in great depth by several other 
groups, and recently employed specifi cally for the preparation of Cu nanorods, 
nanotubes and nanowires  [338 – 343] . In fact, almost all template electrochemical 
depositions lead to supported or membrane - embedded nanostructures. As men-
tioned in Section  1.1 , the aim of this chapter is to review only self - standing nano-
materials, and for this reason in the following sections particular attention will be 
paid to those approaches targeted at the production of unsupported nanomaterials, 
such as those which include an additional step to dissolve the membrane. 

 Investigations have been conducted with polycarbonate track - etched templates, 
aluminum oxide membranes and nonporous mica  [344 – 352] , and in all cases the 
nanomaterial preparation consists primarily of a controlled electrodeposition of 
copper from a precursor solution (usually CuSO 4 ) inside the nanochannels of the 
template. In a second step, the template is removed, thus releasing the elongated 
nanostructures. By following this approach, Gao and coworkers  [353]  prepared 
dense and continuous copper nanowires which were 30    μ m long and had a uniform 



diameter of 60   nm. Similar results were obtained by Zheng and coworkers  [354] , 
although in this case the nanowires presented a lower aspect ratio. Very recently, 
Haber and coworkers  [343]  investigated the effect of deposition parameters on the 
growth and uniformity of copper nanowires: in particular, they showed that the 
wave shape and pulse height could not only induce membrane damage but also 
affect the pore - fi lling and the resultant uniformity of the nanowires. 

 The same authors also investigated the possibility of developing voltage - 
controlled deposition sequences for the set - up of a bench - top electrochemical 
method capable of producing copper nanowires on the gram scale  [355] . In the 
same report they also showed how the method of wire liberation signifi cantly 
infl uenced their diameter and dispersion. Four  scanning electron microscopy  
( SEM ) images of Cu nanowires obtained by membrane dissolution under acidic 
or alkaline conditions are shown in the upper part of Figure  1.32 . The simplifi ed 
scheme shown in the lower part of the fi gure outlines the differences between the 
two treatments    –    that is, when aqueous H 3 PO 4  is used the nanowires have a larger 
diameter and show a greater degree of aggregation.   

 A further means of gaining control over the diameter and diameter - dependent 
optical properties of Cu nanowires was proposed by Duan and coworkers  [356] , 
who identifi ed a relationship between nanowire diameter and template etching 
time. By following this approach, they obtained Cu nanowires with a peculiar  X - ray 
diffraction  ( XRD ) pattern, which was suggestive of a preferential growth direction. 
They also observed a signifi cant red - shift of the surface plasmon resonance peak 
as the wire diameter was increased. 

 Nanowires grown by the use of template - directed protocols usually possess a 
high degree of crystallinity. In particular, Gao and coworkers  [353]  demonstrated 
that a suitable choice of potential values during electrochemical deposition allowed 
the predictable synthesis of either single - crystal or polycrystalline copper 
nanowires.   

  1.6 
 Conclusions 

 In this chapter we have provided a  ‘ bird ’ s - eye view ’  of the main approaches for 
the synthesis of Cu (0)  nanosized structures, together with characterization data 
regarding their morphology, structure and surface chemical composition. 

 As outlined in the Introduction, academic and industrial interest towards 
nanocopper is increasing exponentially and a vast number of papers and patents 
have been published during only the past two years. This represents part of a 
major trend that is evident in the case of many other transition metals. We 
believe that, in comparison with other nanosized metals, copper nanostructures 
may play a crucial role in the development of real - world applications, due to 
their relatively low cost (as compared to palladium, platinum, gold), and to the 
widespread use of copper (in other size ranges) in microelectronics and other 
technological applications. Unfortunately, such potential is counterbalanced by 
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    Figure 1.32     SEM images of (a) and (b) acid - liberated copper 
nanowires and (c) and (d) base - liberated copper nanowires. 
The lower part of the fi gure shows a scheme of the liberation 
process effect on the wire morphology.  Reproduced with kind 
permission from  ©  Royal Society of Chemistry; DOI: 
10.1039/b603442j.   
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the pronounced instability of nanocopper towards degradation processes related 
to air - exposure. 

 Many present worldwide efforts in Cu nanomaterials synthesis have been shown 
to be directed towards the stabilization of nanostructures, aiming at morphologi-
cally, structurally and chemically homogeneous nanoparticle populations with an 
increased preservation of the elemental oxidation state. The interest towards  stabil-
ity issues     –    allowing the correct storage, handling and use of Cu nanomaterials, 
without having to use excessive precautions    –    will undoubtedly be intense over the 
next few years. 

 As the size of electronic devices continues to shrink with such rapidity, the 
number of investigations into elongated copper nanostructures such as  nanorods  
( NRs ) and  nanowires  ( NWs ) will surely increase, especially as both NRs and NWs 
are expected to play essential roles in future generations of electronic devices  [357] . 
Indeed, NRs and NWs could become the new building blocks for the assembly 
of nanocircuitry; moreover, in the case of biocompatible or biologically derived 
capping agents (e.g. amino acids, peptides, DNA strains), aligned and self - 
assembling copper structures might even be used as a tool for the small - scale 
biointegration of microelectronic artifi cial components into living systems. 

 Today, copper nanoparticles are attracting much interest as low - cost heteroge-
neous catalysts for several chemical reactions, and have been also shown to provide 
excellent results when used in green - chemistry applications, such as those involv-
ing highly recyclable supported nanoparticles or ionic liquids. It is highly likely 
that this area of investigation will also undergo major development. 

 Finally, we would like to describe a potential real - world application of stabilized 
copper nanomaterials that, at present, we are studying in our laboratory. We have 
found that Cu NPs capped by quaternary ammonium salts can be used as nanores-
ervoirs for the controlled release of Cu 2+  ions, and can be used in this manner as 
 tunable disinfecting agents . The tight control of bioactive ion release is essential 
when maintaining concentrations that will be effi cient in terms of antimicrobial 
activity, yet not show toxicity towards humans  [320] . This key property will surely 
afford interesting applications in areas such as health care, antibacterial textiles, 
food - packaging, paints and space exploration. 

 Clearly, the number of methods available to create nanostructures    –    both at 
present and in the future    –    is vast, and will undoubtedly increase even further 
during years to come. In this respect, we hope that this chapter will serve as a 
valuable tool in the classifi cation and understanding of these different methods, 
as well as provide a state - of - the - art review on advanced Cu (0)  nanomaterials.  
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  2.1 
 Introduction 

 With the use of nanomaterials in medical diagnosis representing an important 
discipline in  nanomedicine , the latter topic has become a major category among 
books and reviews related to the nanosciences. Today, the number of publications 
on nanomedicine has surpassed that of other nanorelated categories such as 
nanomaterials, electronics, fabrication technologies, sensors and imaging. Nano-
medicine allows the transition to be made from molecular - based science to clinical 
medicine, thereby facilitating advances in the early detection, diagnosis and treat-
ment of disease. According to information collected in the  NanoBiotech News 2006 
Nanomedicine, Device  &  Diagnostic Report , a total of 130 nanotech - based drugs and 
delivery systems and 125 devices or diagnostic tests have now entered preclinical, 
clinical or commercial development. Moreover, since 2005 the clinical pipeline has 
grown by some 68% (National Health Information, LLC), with  $ 1.9 billion being 
invested in nanotechnology that year    –    an increase of 18% over 2004. The 2007 
 National Nanotechnology Initiative  ( NNI ) budget request for nanotechnology R & D 
across the US Federal Government was  $ 1.28 billion, thus highlighting the 
growing demand for nanoassociated knowledge. It is not surprising, therefore, 
that publications in nanosciences are not only rapidly increasing in number but 
also covering more ground than ever in terms of subject matter. Today, specifi c 
nanomaterials and their medical applications form the focal points of very many 
publications. 

 Among general publications, nanomedicine includes the areas of nanotools, 
materials and devices that are currently applied in medical research. According to 
the nanomedicine taxonomy provided by the Canadian Institutes of Health 
Research  &  Canadian NanoBusiness Alliance (2003), the major disciplines of 
nanomedicine comprise biopharmaceutics (e.g. drug delivery, encapsulation and 
discovery), implantable materials (e.g. tissue and bone repair, regeneration and 
replacement), implantable devices (e.g. sensors, sensory aids and other medical 
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devices) and diagnostic tools such as ultrasensitive labeling, genetic detection 
technologies, high - throughput multiple analyses, and imaging using nanoparticle 
labels and contrast agents. Although many of the above are still in their experi-
mental stages, the important components of nanomedicine    –    such as nanophar-
maceuticals and nanodiagnostics    –    have already been described extensively. As 
many nanodiagnostic applications are involved with genetic testing and cancer 
imaging, there remains much to be explored and discussed regarding disease 
diagnosis and the detection of specifi c biomarkers with health implications. In 
attempting to fi ll any gaps in our knowledge relating to the biomedical application 
of nanoparticles and nanomaterials, this chapter outlines the development of 
sensitive and specifi c sensors to detect diseases in their early stages, of therapeu-
tics and targeted on - particle drug delivery for treatments, and also of innovative 
contrast agents for localization and improved  in vivo  imaging. 

 Although  copper (Cu) nanomaterial  is readily available, exhibits exceptional 
properties and represents an exciting new class of nanomaterial for use in medical 
diagnosis, its medical applications are still in their infancy and consequently few 
reports have been made which relate directly to its use in medical diagnosis. 
Indeed, it is possible that this chapter may represent by far the most comprehen-
sive review of copper nanomaterial prepared to date. Here, particular attention is 
paid not only to the ability of nanocopper to detect biological metabolic markers, 
but also to its relationship with disease processes. Because developments in nano-
material applications depend on simple and effi cient fabrication methods to 
produce pure and uniformly sized particles, we will fi rst addresses the essential 
issues of nanoparticle production, at both theoretical and practical levels. The topic 
is approached systematically via the reduction phase, detailing processing methods 
and key components, after which a host of current and potential uses of copper 
nanomaterials in the biomedical sciences will de described. In this respect, in 
addition to providing an update on the recent developments of Cu - containing 
materials in medical imaging [e.g.  magnetic resonance imaging  ( MRI ) and  posi-
tron emission tomography  ( PET )], special attention is also paid to the use of 
nanocopper - containing electrodes in the detection of glucose, amino acids, uric 
acid and other organic acids relevant to metabolic disorders. The fi nal discussion 
centers on developing applications of nanocopper - complexes as drug carriers and 
antitumor agents, and suggests some potential uses of these complexes based on 
their antimicrobial activities. 

 It should be noted that the development of nanomedicine was not without 
challenge: nanobased products present a variety of safety issues, including their 
absorption, distribution, metabolism and elimination, which may differ from 
those of pharmaceuticals. In addition, biomedical nanoscale materials are at 
present neither well characterized nor standardized, and their interactions with 
traditional drugs/devices/metabolic pathways are largely unknown. The toxicologi-
cal aspects of nanocopper materials should, therefore, always be borne in mind 
when developing new ideas or invasive devices.  



  2.2 
 Copper Nanoparticles 

 As copper is inexpensive and possesses superior catalytic activity, a large number 
of publications have focused on copper - based nanoparticles (e.g. Cu, CuO and 
Cu 2 O) and modifi ed electrodes. These nanoparticles have established widespread 
use in electronics, optics and sensors, and have also attracted attention from 
diverse disciplines such as chemists and materials scientists  [1] . The catalytic activ-
ity relates undoubtedly to the copper particle size and is infl uenced by a variety of 
factors, including the increase in specifi c surface area with diminishing particle 
size, the variation of surface morphology (notably the contribution of different 
crystallographic lanes) and the shape of particle. Many approaches utilizing chemi-
cal, physical, photochemical and electrochemical methods have been applied in 
the preparation of  copper nanoparticles  ( Cu - NPs ). The application of Cu - NPs in 
medical analysis is especially attractive, with one of the main challenges for the 
analytical chemist being to satisfy the growing need to perform rapid  ‘  in - situ  ’  
analyses. To pursue such a goal, chemical modifi cations    –    especially dip - coating 
and electrodeposition    –    have been used to immobilize Cu - NPs on substrates, 
including metallic plate, carbon fi bers and  carbon nanotube s ( CNT s), to produce 
electrodes with a diversifi ed spectrum of biomedical analytes. 

 Since the 1990s,  screen - printing technology  has permitted the high - volume 
production of extremely inexpensive, yet highly reproducible and reliable, single -
 use sensors. Moreover, this technique also holds great promise for on - site moni-
toring. Currently, the use of screen printing technology to mass - produce disposable 
electrodes for the electrochemical determination of a wide range of substances is 
undergoing extensive growth  [2] . In this chapter we review a variety of methods 
used for the creation of Cu - NPs, and emphasize the benefi ts of  screen - printed 
electrode s ( SPE s) in their application and production. The methods include chemi-
cal reduction in aqueous and organic media, photoreduction, sonochemical, radio-
lytic and machine – chemical reduction, in addition to deposition productions 
which employ metallic electrodes, carbon fi bers, polymer fi lm - modifi ed electrodes 
and SPEs. In brief, the principle relies on  ‘ the critical key factor ’ , as shown in 
Figure  2.1 , either to protect or clutch - generate Cu - NPs.   

 In the medical applications of copper, very little emphasis has been placed on 
the shape of the nanoparticles used. In general, for the chemical reduction of 
copper ions in mixed reverse micelles, a large excess of reducing agent was found 
to favor the production of a variety of copper nanocrystals. When using a low 
reducing agent concentration, the resultant nanocrystals are mostly spherical, 
whereas in the supersaturated regime they assume various shapes such as penta-
gons, squares, triangles and elongated forms. For the purpose of this chapter, 
spherical and anisopic copper nanomaterials will be referred to as  ‘ copper 
nanomaterial ’ .  

 2.2 Copper Nanoparticles  73
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  2.3 
 Synthesis of Copper Nanoparticles 

  2.3.1 
 Chemical Reduction in Aqueous Media 

 A variety of reducing agents, such as hydrazine hydrate, sodium cyanoborohydride 
(NaBH 3 CN), NaBH(OAc) 3 ,   N,N,N,N  - tetramethyl -  p  - phenylenediamine  ( TMPD ), 
sodium borohydride and sodium hypophosphite  [3, 4] , have all been used to syn-
thesize Cu - NPs. The main approach to the use of reducing agents to fabricate 
Cu - NPs is based on creating nanometer - sized particles, with a stable distribution. 
In recent years, a water - in - oil microemulsion (e.g. sodium bis(2 - ethylhexyl)sulfos
uccinate; AOT) was applied as a template to synthesize Cu - NPs with a narrow size 
distribution in supercritical carbon dioxide (scCO 2 ). The use of scCO 2  as a solvent 
for chemical synthesis  [5, 6]  is environmentally friendly, inexpensive, and allows 
rapid separation of the dissolved solute, providing a high diffusivity that is suited 
to the synthesis of Cu - NPs using microemulsions  [7] . Pileni  et al.   [8]  synthesized 
Cu - NPs of varied shapes by using microemulsions as microreactors and protecting 
shells, while others reported the synthesis of silver and copper nanoparticles, using 
ScCO 2  microemulsions  [9] . Chen and Sommers  [10]  described the preparation of 
Cu - NPs protected by alkanethiolate monolayers in a one - phase system using 
superhydride as the reducing reagent, although the process required the use of a 
high - pressure cell (ca. 200 atm)    –    a drawback when using supercritical fl uids. The 
use of a supercritical ethane solution  [4]  or scCO 2  also tends to cause problems 
when separating and removing the solvent from the products. 

  Soluble polymers  or  surfactants  have also been used as  capping agents  to prepare 
Cu - NPs in aqueous solutions, although few studies have been reported due to the 
ease with which the Cu is oxidized. Lisiecki  et al.   [11]  produced Cu - NPs in an 
aqueous solution of anionic surfactant of  sodium dodecyl sulfate  ( SDS ), while 
Chen  [12]  used  cetyltrimethylammonium bromide  ( CTAB ) in a glove box to prevent 
oxidation. When using  poly( N  - vinylpyrrolidone)  ( PVP ) as surfactant, Cu - NPs were 
obtained by reduction in water or 2 - ethoxyethanol  [13] . Carbon nanotubes (CNTs) 
have, in particular, demonstrated some interesting results in the preparation of 
Cu - NPs. For example, Chen  et al.   [14]  used CNTs as a template and H 2  as reducing 
agent to prepare Cu - NPs. In the absence of a reducing agent, the Cu - NPs were 
prepared using cupric acetate dispersed in CNT/ethanol, although the thermody-
namic process formed CNT/Cu composites  [15] . Khanna  et al.   [16]  produced 
phase - pure Cu - NPs by using a mixture of sodium citrate and  sodium formalde-
hyde sulfoxylate  ( SFS ) in CuCl 2  solution; however, a similar reaction of  hydrazine 
hydrate  ( HH ) and SFS in polymer afforded only a mixture of Cu 2 O and Cu. A 
further example of the thermodynamic process involved the production of mono-
dispersed Cu - NPs by using the thermal decomposition of a Cu - oleate complex; 
here, various concentrations of sodium oleate were used to stabilize the Cu - NPs 
and protect against their oxidation  [17] . Mallick  et al.   [18]  used  o  - toluidine and 
cupric sulfate as precursors; during the reaction  o  - toluidine was oxidized and 
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formed poly( o  - toluidine), while the cupric sulfate was reduced to form Cu - NPs. A 
 ‘ green ’  approach to create CuO nanoparticles was also reported in which a physical 
mixture    –    copper acetate monohydrate encapsulated with   β  - cyclodestrin  (  β  - CD ) 
was subjected to calcinations in a furnace at 500    ° C for 1   h  [19] . 

 The main advantages of chemical syntheses using reducing agents in the 
aqueous phase include the production of high concentrations of pure metallic 
Cu - NPs, and the need for only a regular atmosphere and room temperature. 
However, the main disadvantages are the broad size distribution of the metal 
particles produced, and their relatively poor stability. Although, the microemulsion 
technology has proven to be valuable for controlling the particle size, the amount 
of soluble copper salt deposited into the cores of a conventional microemulsion is 
relatively low, and this is not advantageous for bulk manufacture. Hence, a variety 
of methods involving the above - mentioned technology have been applied in the 
organic phase to produce Cu - NPs.  

  2.3.2 
 Chemical Reduction in Organic Media 

 When producing Cu - NPs in the organic phase, surfactants were generally used as 
modifi ers not only to produce a stabilizing effect but also to control the particle 
sizes  [20 – 22] . As an example, Athawale  et al.   [22]  used the cationic surfactant 
CTAB, supposing that a bilayer assembly of CTAB would locate on the surface of 
the metallic nanorods  [23] , with the functional head groups of the inner layer 
bound to the metal surface. This bilayer formation might also serve as a possible 
source of  ‘ zipping ’  which, once initiated, can assist in the growth of the nanorods. 
Song  et al.   [24]  later described the use of  bis(ethylhexy)hydrogen phosphate  
( HDEHP ) as a phase - transfer agent, where the anion DEHP  −   bears a strong resem-
blance to AOT. The Cu(DEHP) 2  was directly reduced by an NaBH 4  solution com-
posed of  n  - heptane and small aliquots of absolute alcohol, and the Cu - NPs were 
produced. As with a surfactant, the intention of which is to reduce the surface 
energy of metal nanoparticles for safer handling and control of agglomeration; 
precoated metal nanoparticles with an organic layer were used during the process 
of Cu - NPs synthesis, both to enhance their compatibility with host materials and 
to avoid oxidation of the copper. Subsequently, Qin and Coulombe  [25]  prepared 
organic layer - coated Cu - NPs which had been synthesized by a dual - plasma tech-
nology whereby a 6   mm - diameter Cu rod was used as the cathode, while a stainless 
steel tube (which was concentric with the cathode rod) acted as the grounded 
anode with an inert gas of  argon  ( Ar ) and ethane in the dual - plasma processing 
reactor. The copper vapor and cool Ar gas fl owing upwards in the annular space 
between the cathode and anode caused a supersaturation of the copper vapor 
cloud, and this initiated the formation of Cu - NPs. The CNTs were also proven to 
be a versatile material for synthesizing the Cu - NPs; for example, when using 
 multi - wall carbon nanotubes  ( MWCNTs ) as template, and a copper(I) phenyl-
acetylide/xylene solution as suspension, both Cu 2 O and Cu - NPs were obtained on 
the MWCNTs  [26] . 



 In summary, there remains room for improvement when using either aqueous 
or organic phase chemical reduction for the synthesis of Cu - NPs, due mainly to 
the complicated procedure, the diffi culty in separating Cu - NPs from the solvents, 
and higher laboratory requirements for reproduction. Consequently, a major effort 
has been made towards producing Cu - NPs by both physical and mechanical pro-
cesses in order to simplify the procedure; examples of such modifi cations include 
extra - high - power light or constant - frequency ultrasonic vibration, the details of 
which are provided in the following section.  

  2.3.3 
 Photoreduction 

 Compared to chemical reduction, photoreduction generates more pure Cu 0  - NPs. 
Using gamma radiation from  60 Co in the presence of surfactant or polymers and 
a scavenger, pure Cu - NPs at zero - valent state (Cu 0 ) could be produced  [27] . The 
success of the reaction lies in the fact that the chief reducing agent is the  solvated 
electron  (   esol

− ), which has a very negative reducing potential, the reaction being 
carried out in the absence of oxygen. The   esol

− was generated from 2 - propanol   
CH CHOH e , CH CHOH3 2 3 2( ) → ( )[ ]− +

sol  through various routes  [28] , and the regen-
eration of alcohol was rapid, at a reaction rate of 1.5    ×    10 10    dm 3    mol  − 1    s  − 1 )  [29 – 31] . 
The Cu - NPs obtained were protected by  poly(vinyl alcohol)  ( PVA ) at atmospheric 
temperature. Among different routes, Cu - NPs have been produced in a N 2 O -
 purged system  [32] . Here, an oxygen radical was generated through the reaction 
of   esol

− with N 2 O before an organic radical (OR), such as   •  CH 2 OH, CH 3 C  •  HOH, 
and (CH 3 ) 2 C  •  OH could be generated by the produced oxygen radical reacted with 
alcohols, and then proceed to Cu reduction by the following representative 
reactions:

   Cu OR Cu OR or Cu OR Cu OR Cu OR H H2 2 2+ +• + + + +• ++ → + + → ( ) → + −( ) +, , .  

   Similarly, Cu OR Cu OR Cu OR H Ho+• + ++ → ( ) → + −( ) + .   

 Ultimately, copper nanoparticles are formed from the reaction of Cu + •   with Cu o  
[Cu(OR) 2+  and Cu(OR) +  are complex intermediates]. 

 Despite pure Cu production, photoreduction is not free from either the forma-
tion of impurities (i.e. Cu and Cu 2 O composites) or the agglomeration of Cu - NPs. 
Polymers or surfactants are required to act as protective agents. It is likely that 
this radiation - induced synthesis will attract further attention in the future.  

  2.3.4 
 Sonochemical Production 

 The sonochemical method has gained increasing attention as a useful technology 
for preparing nanoscale metals  [33 – 35] , metal oxides  [36 – 38]  and nanocomposites 
 [39] . Excellent surface resonance can be obtained for nanoscale metallic copper 
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clusters during the reduction of copper(II) hydrazine carboxylate by hydroxyl 
radical formed from water radicals during ultrasonic irradiation; the process may 
yield a mixture of metallic copper and cupric oxide (Cu 2 O)  [40] . The presence of 
Ar and hydrogen atmospheres may trigger the formation of pure Cu - NPs and 
facilitate the reduction of Cu 2+  ions  [41] . Similar to the sonochemical approach, a 
zwitterionic surfactant,  cetyltrimethylammonium  p  - toluene sulfonate  ( CTAPTS ) 
has been used as an interconnected network of threadlike micelles and a template 
to produce elongated Cu - NPs  [42] . Mancier and Leclercq  [43, 44]  integrated ultra-
sound with electrochemistry to prepare Cu 2 O nanoparticles, using a pulsed sono-
electrochemical apparatus which electrochemically reduced the copper ions.  

  2.3.5 
 Machine – Chemical Reduction 

 In addition to chemical, ultrasonic and irradiative reduction, machine – chemical 
methods have also been used. The solid - state displacement reaction of CuC1 2    +   
2   Na   =   Cu   +   2   NaCl could be induced by mechanical milling  [45 – 47] . This approach 
can be used either in a steady - state manner or via unstable thermal combustion, 
depending on the enthalpy change and other reaction parameters. Combustion 
can lead to a signifi cant rise in temperature, resulting in melting and vaporization 
that is undesirable for the production of ultrafi ne particles  [48, 49] . Because the 
size of the milling ball is a function of the onset of combustion, insofar as a larger 
ball size results in an increased collision energy, which favors the occurrence of 
combustion. Therefore, the reduction in particle size and intimate mixing of the 
reactants can lower the ignition temperature of combustion and result in more 
uniformly sized NPs  [47 – 49] . Non - uniformly sized Cu - NPs may be produced by 
irradiation with a  convergent electron beam  ( CEB ) that uses a vapor - phase  per-
methylpolysilane  ( PMPS ) oligomer as a soft template and (Me 3 Si) 4 Si as the reduc-
ing agent to reduce CuCl 2  to CuCl particles  [50] . This method has also been 
reported to reduce a solid - phase halide of Mo, W and Cu  [51] ; here, the soft tem-
plate (PMPS) is the key factor controlling nanowire growth because it encapsulates 
a CuCl particle to restrict the outfl ow of CuCl molecules and guides the growth 
direction upon CEB irradiation. Although the procedure unavoidably generates Si, 
it also offers a route to tailor the shape, size and magnetization of metallic nanopar-
ticles using a rich array of liquid crystalline and amphiphilic self - assembled 
systems.  Electrochemical - scanning tunneling microscopy  ( EC - STM )  [52] , and laser 
electrodispersion  [53] , have also been used to allow fabrication of the stable mono-
dispersive nanoparticles.  

  2.3.6 
 Electrochemical Reduction 

 Compared to physical vapor deposition, electrochemical deposition can be used to 
produce uniform and homogeneous distributions of Cu - NPs of similar size. 
Because electrochemical processes involve very few chemicals, they are known as 



 ‘ green ’  reductants of electrode in that they are environmentally friendly. Cu - NPs 
have been prepared by the electroreduction of CuCl 2  powder in an ionic liquid 
of 1 - butyl - 3 - methyl - imidizolium chloride ([BMIM]Cl) and hexafl uorophosphate 
([BMIM]PF 6 )  [54] . It was postulated that the electroreduction of a solid insulator 
compound in contact with a solid electronic conductor and a liquid electrolyte 
should take place at the conductor/insulator/electrolyte  three - phase interlines  
( 3PIs )  [55] . The three phases consist of a  solid metal phase  ( SMP ), a  solid com-
pound phase  ( SCP ), and a  liquid electrolyte  ( LEP )  [56 – 59] . The deposition of Cu 
onto a boron - doped diamond electrode has been reported, whereby the denser the 
deposit the larger nanoparticle composite generated  [60] . 

 A new photo - irradiation procedure has been reported by Zen  et al.   [61 – 64]  dem-
onstrating that the size of copper particles on screen - printed carbon electrodes can 
be controlled by the density of the xenon light during amperometric depositing 
process (Figure  2.2 ). Strong light - irradiation can attenuate the Cu - NPs ( ∼ 100   nm) 

    Figure 2.2     (a) Conceptual representation of 
the plating method for the Cu  n   - SPE prepared 
with 49   klux light illumination; (b) Typical 
cyclic voltammogram (in pH 8 phosphate -
 buffered saline) of Cu  n   - SPE. The inset shows a 
 scanning electron microscopy  ( SEM ) image of 

the Cu  n   - SPE morphology. Reduction peaks at 
 ~     −    0.2V(C1, Cu 2 O    →    Cu 2  1 O) and  ~     −    0.25V(C2, 
Cu 2  1 O    →    Cu 0 ) with an anodic shoulder at 
E  ½      =     − 0.07   V vs. Ag/AgCl (A1  &  A2) were 
observed.  
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with smaller particles on the outer surface to further increase the surface area on 
electrode. The oxidation states of Cu can be controlled by the reductive potential 
such that a cupric copper oxide semiconductor could be easily formed to amelio-
rate the outgrowth of copper oxides during the synthesis of Cu - NPs  [65] . This 
approach offers a new direction to Cu - NP development, without expensive appa-
ratus and complicated procedures.   

 The modifi cation and functionalization of metal electrodes with self - assembled 
thiol adlayers  [66, 67]  opens up many possibilities for electrochemical applications. 
At present, this very active fi eld is centered on the studies of the electrochemical 
properties of  self - assembled monolayer s ( SAM s)  [68, 69] . In short, electrochemical 
deposition represents a promising technique for the preparation of Cu - NPs due 
to its ease of use, low cost, environmental friendliness and convenience of manu-
facture. In particular, the high sensitivity and low cost of the SPEs when using 
Cu - NPs should lead to their widespread use in a variety of scientifi c and medical 
fi elds, including medical diagnostics.   

  2.4 
 Applications of  Cu - NPs  in Medical Diagnosis 

  2.4.1 
 Medical Imaging 

  2.4.1.1   Magnetic Resonance Imaging 
 Nanocontrast agents have great potential in  magnetic resonance imaging  ( MRI ) 
for clinical diagnosis. Nanoparticle - based molecular imaging has set a unique 
platform for targeted diagnostic studies, cellular tracking and image - monitored 
therapy  [70 – 73] . Previously, Au 3 Cu 1  (gold and copper) nanoshells have been syn-
thesized and demonstrated a promising enhancement of MR signals when used 
as contrast agents  [74] . The anomalously high oxidation state of copper in Au 3 Cu 1  
hollow nanostructures highlights the fi rst bimetallic MR contrast agents. The 
Au 3 Cu 1  nanocontrast agent can enhance the contrast of blood vessels, and so holds 
great potential for use in MR angiography. The fabricated porous Au 3 Cu 1  hollow 
nanostructures have an average diameter of 48.9   nm  [75] ; when the Cu - NPs had 
been synthesized in 2 - propanol by laser ablation, HAuCl 4  (dehydrated) was added 
to the Cu colloidal solution to yield Au 3 Cu 1  nanoshells at room temperature. 
Because of their higher surface area relative to their solid counterparticles, porous 
Au 3 Cu 1  nanoshells with hollow interiors provide a greater number of inner - sphere 
water molecules that may be subject to high accessibility and interaction between 
the water molecules and the Au 3 Cu 1 . Currently, porous Au 3 Cu 1  nanoshells may 
be used as nanocapsules to carry biomolecules for cell targeting and controlled 
drug release. Both the nanocapsules and nanoshells were biocompatible  in vitro  
at dosages between 0.1   ng   ml  − 1  and 10    μ g   ml  − 1 . In theory, an effective MR contrast 
agent must have a strong effect either to accelerate the spin – lattice relaxation ( T  1 ), 
which produces bright or positive contrast images, or to shorten the spin – spin 



relaxation ( T  2 ), which produces dark or negative - contrast images. Au 3 Cu 1  nanocap-
sules were shown to brightly illuminate the cardiac region and blood vessels of 
the liver, with the signal level being increased for a 2   h period after injection and 
persisting for a total of 4   h. The Au 3 Cu 1  nanocapsules enhanced the signal contrast 
not only for  T  1  - weighted imaging but also for  T  2  -  weighted imaging, at lower doses. 
The increased brightness of  T  2  - weighted MR images also contributed to the poten-
tial development of this agent for MR angiography. Moreover, Cu - NPs with a 
diameter of 23.5   nm proved to be only moderately toxic  [76] .  

  2.4.1.2   Positron Emission Tomography (  PET  ) 
 Cu - containing NPs have also been developed as effi cient imaging agents. For 
example, dextranated and  diethylene triamine penta - acetic acid  ( DTPA ) - modifi ed 
magnetofl uorescent 20   nm - diameter NPs, when labeled with the tracer  64 Cu 
(10 mCi   mg  − 1  NPs), yielded an imaging agent that could be used for PET and 
magnetic resonance, and was also optically detectable. This novel agent accumu-
lated predominantly in macrophages, thus highlighting the ability of this novel 
trimodal NP for the direct detection of such cells in atherosclerotic plaques. The 
advantages of these NPs include: an improved sensitivity; a direct correlation of 
the PET signal with an established biomarker (CD68); an ability to readily quan-
tify the PET signal, to perform whole - body vascular surveys, and to spatially 
localize and follow the tri - reporter by using microscopy; and to allow  ‘ clinical 
translatability ’  of the agent, given similarities to MRI probes in clinical trials  [77] . 
In addition to macrophages, NPs targeting the  intercellular adhesion molecule 1  
( ICAM - 1 ) also show promise for the delivery of therapeutics to the pulmonary 
endothelium in patients with acute and chronic respiratory diseases. The use of 
 64 Cu - labeled polymer NPs, coupled to PET, was successfully demonstrated as a 
noninvasive method for imaging the lung uptake and distribution of NPs coated 
with an anti - ICAM antibody. A potential was also demonstrated for the preclinical 
screening of new NP drug delivery agents targeted at the lung endothelium and 
other tissues  [78] .   

  2.4.2 
 Diagnosis of Metabolic Disorders 

  2.4.2.1   Glucose 
 The development of inexpensive and simple    –    yet sensitive    –    glucose biosensors is 
of ongoing interest. To date, the detection of H 2 O 2  with oxygen as a mediator for 
the enzyme  glucose oxidase  ( GOD ) remains the most effective approach for 
glucose determination  [79 – 81] . The H 2 O 2  detection can be carried out on Pt, Pd, 
Rh and some alloy electrodes  [82 – 85] , or accompanied with  horseradish peroxidase  
( HRP ) and redox mediators  [86 – 89] . Although these metal electrodes are relatively 
stable and easy to prepare as disposable SPEs, their main drawbacks are the 
high cost of the noble metal materials and signifi cant interference at the relatively 
higher detection potential (i.e. 0.5 V versus Ag/AgCl). Recently, Zen ’ s group 
demonstrated a simple and inexpensive H 2 O 2  detection scheme based on a 
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nanocopper - plated SPE (Cu  n  SPE)  [90] . As the electrocatalytic process proceeds at 
an electrode potential of  − 0.05   V, it is possible to eliminate the discharge of inter-
fering species which cause erratic currents. The Cu n SPE provides a suitable cata-
lytic surface for the amperometric detection of H 2 O 2 . In this process, GOD is 
immobilized on top of the Cu  n  SPE to form a  ‘ glucose sensor ’ . Since the Cu  n  SPE 
with variable oxides such as Cu II O and Cu I  2 O apparently has a strong interaction 
with GOD (Figure  2.3 ), nanocopper - based screen - printed biosensors for glucose 
determination have been shown to perform well against other metal - type glucose 
sensors. The system employed low potentials in order to avoid interferences, while 
the sensitivity was shown to be better than that of some Pt - based systems. The 
continuous and accurate monitoring of urinary and blood glucose levels represents 
by far the universal strategy for the early diagnosis of diabetes and related meta-
bolic disorders; moreover, it is also a useful method for monitoring the prognosis 
of diabetic outpatients and evaluating their treatment.    

  2.4.2.2   Organic Acids 
 In recent years,  electrochemical  ( EC ) detection, which is typically operated in 
amperometric mode, has gained increasing popularity for the monitoring of 
underivatized sugars, sugar acids, alditols and uronic acids  [91 – 96] . One major 
shortcoming of amperometric detection when using noble metal electrodes (i.e. 
Pt and Au) for a constant applied potential has been the loss of activity during the 
anodic detection of organic substances. Pulsed amperometric detection based on 
a multistep waveform could overcome the problem of lost activity on noble metals 
by alternating cathodic and anodic polarizations to clean and reactivate the elec-
trode surface  [96 – 98] . However, the slow dissolution of metal particles    –    and hence 
higher background noise levels    –    can occur during applications of the multistep 
waveforms. Cu - based working electrodes have shown that various electroactive 
organic molecules can be determined with good sensitivity and reproducibility at 
a constant applied potential in  liquid chromatography  ( LC ) detection schemes 
 [92 – 95] . In particular, a copper oxide hydroxide fi lm was anodically electrodepos-

    Figure 2.3     Schematic representation of the transducing 
biosensor signals on the Cu  n   - SPE – glucose oxidase (GOD).  



ited onto a  glassy carbon  ( GC ) substrate from alkaline solutions containing cuprous 
cyanide ions  [99] . The Cu – GC modifi ed electrode showed a powerful catalytic 
activity towards the electro - oxidation of alditols, carbohydrates, amines and amino 
acids, and also served as an amperometric sensor in the detection of organic acids. 
In humans, the latter constitute one of the major families of urinary metabolites, 
and their clinical profi ling can be very important because they are involved in 
many biochemical, physiological or pathological processes. The analysis of human 
urinary organic acids and metabolites is important in the diagnosis of  ‘ inborn 
errors of metabolism ’   [100 – 105] . For example, an excess of  uric acid  ( UA ) in the 
urine is considered a key factor in the development of renal calculi (stones), while 
elevated levels of creatinine in the serum and urine are recognized as a sensitive 
and specifi c index for evaluating the glomerular fi ltration rate and, in general, for 
assessing renal, thyroid and muscular functions  [104] . The presence of  oxalic acid  
( OA ) and citric acids in the urine are also indicators of various disorders, the most 
well - known being the formation of renal stones  [101] . An abnormally high urinary 
level of cystine has been found in patients with urea cycle defects  [103] . Difference 
in the profi les and concentrations of human urinary metabolites between unhealthy 
and healthy individuals may reveal possible clinical indications in the diagnosis 
of disorders associated with the metabolism of these materials. By using a 
disposable Cu  n   - SPE, the presence of urinary organic acids and metabolites could 
be easily detected and quantitated, without any need for extensive clean - up and 
derivatization processes. The complexation mechanism at a copper electrode in a 
neutral medium has also been used to determine the presence of amino acids and 
amino alcohols  [106, 107] . Because of the insoluble behavior of copper ions in 
phosphate, the Cu  n   - SPE was found to be stable and free from electrode fouling 
and could thus be used in a simple, constant - potential amperometric detection 
form. 

 When developing a rational and effective approach to prevention and/or treat 
 urolithiasis  and its reoccurrence, it is important not only to recognize the types of 
urolith that might form, but also to create a favorable microenvironment to prevent 
such formation. In this respect, the disposable Cu  n   - SPE proved to be valuable for 
determining the major urolithic organic acids. High concentrations of some 
organic acids (of which the major uroliths consist) represent an important predis-
posing factor for urolith formation  [108]  and, indeed, excessive urinary UA and 
OA are known to closely correlate with urolithiasis  [109] . A comparison of urinary 
creatinine, cystine, UA, OA and citric acid levels in normal and urolithic humans 
revealed important differences that might be used in the early diagnosis of 
urolithiasis. Moreover, the simplicity and reproducibility of the Cu  n  SPE allows 
routine urinalyses to be performed in order to diagnose urolithiasis and other 
clinical conditions related to the excess secretion of organic acids (unpublished 
data).  

  2.4.2.3   Amino Acids 
 Baldwin and coworkers reported strong complexing properties of certain amino 
acids such as tyrosine, tryptophan, methionine and cysteine with copper ions, due 
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to the chelating properties of the N - terminal group  [110] . Based on these reported 
properties, a  high - performance liquid chromatography  ( HPLC ) method with elec-
trochemical detection using Cu  n   - SPE was developed to differentiate between food 
meat species of animal origin. Under appropriate chromatographic conditions, 
and with the simultaneous use of a Cu  n   - SPE, reliable detection is feasible without 
sample pretreatment  [111] . In this way 20 essential amino acids could each be 
detected and resolved in slightly modifi ed similar mobile phases, and therefore 
HPLC - EC detection was seen to represent a very attractive analytical scheme to 
detect electroactive peptides/amino acids as a basis for species differentiation. This 
method also provides a suitable EC application to supplement current methods 
for the differentiation of meat species, and provides a possible basis for the moni-
toring of degradative changes in meat - derived proteins. A two - step electrochemical 
mechanism has been proposed for amino acid interactions with the Cu  n   electrodes 
(Figure  2.4 ). Normally, amino acids possess a bidentate ligand, where the  – COO  −   
and  - N termini function as the chelating site. The two - step process for the Cu II (metal 
ion) – amino acid complexation could be represented as: Cu II    +   A  −     =   CuA +  (step 1)   +   
A  −     =   CuA 2 , where A denotes an  α  - amino acid. On the Cu  n   - SPE surface, in step 1, 
the bidentate amino acid ligand is fi rst chelated with Cu  n  , followed by a reversible 
reduction of Cu II O    →    Cu 2  I O. As soon as the reduced Cu 2  I O is regenerated back to 
Cu II O, the same cycle can be repeated. The reaction mechanism implies a weak 

    Figure 2.4     Reaction mechanism of copper(II) – amino acid complexation at the Cu  n   - SPE.  



adsorption of the amino acid onto the Cu  n   during the complexation process, where 
the Cu II O is electrogenerated on the surface. The adsorbed amino acid can be 
easily desorbed as the Cu II O layer is reduced to Cu 2  I O. The rate of adsorption/
desorption will signifi cantly determine the reaction rate and resultant EC signal. 
The geometric structure of the chelation on Cu  n   is also essential as Cu II O is less 
free on the electrode surface than the Cu II  metal ion in aqueous solution. Based 
on these mechanisms, the free amino acids would be more steadily accessible to 
the Cu II O reaction site than would peptides and proteins; and the density of func-
tional  – COO  −   and  – N termini, size and geometric folding of which could sterically 
hinder the Cu II A 2  structure at the Cu  n  SPE surface. Although not related directly 
to any medical diagnosis, this application may prove to be valuable in the diagnosis 
of congenital amino acid - associated disorders of tyrosine and phenylalanine 
metabolism.    

  2.4.2.4   Urate and Uric Acid 
 Urate has a long history in clinical analysis, and has served as an important diag-
nostic marker in several contexts. Today ’ s increasing interest in  ‘ metabolic syn-
drome ’  has led to urate being used in combination with other biomarkers to assess 
cardiovascular risk. Although commonly regarded as an indicator of  gout   [112] , 
urate has also been identifi ed as a versatile  ‘ handle ’  via which the progress of car-
diovascular  [113 – 117] , kidney diseases  [118 – 120]  and various diabetic complica-
tions can be gauged  [121 – 123] . It might be anticipated that an analysis of UA, 
when combined with other key biomarkers, would allow a more rounded evalua-
tion of physiological well - being. A key example would be the combined analysis 
of glucose and urate, where the latter could provide an indication of the early onset 
of potential cardiovascular complications common to diabetes  [121 – 123] . Uric acid 
arises within physiological fl uids as a result of various biochemical processes that 
involve the production/consumption of nucleic acids. Substantially increased UA 
levels have been recognized as symptomatic of several diseases, the most promi-
nent being cardiovascular  [112 – 117] , renal  [118 – 120] , arthritis  [124, 125] , stroke 
 [123, 126, 127]  and pre - eclamptic conditions  [128 – 130] . Running simultaneous 
detections of UA along with other analytes (typically creatinine, glucose and cho-
lesterol) enhances the diagnostic picture through which the clinician can view 
potential causes and treatments  [131] . The Cu  n   electrode is no doubt well posi-
tioned as one of the most economical and sensitive means of detecting UA, and 
may well be the best candidate for a system in the routine diagnosis of the above -
 mentioned disorders.   

  2.4.3 
 Other Medical Applications 

  2.4.3.1   Drug Delivery and Therapy 
 Nanotechnology provides a variety of nanoscale tools for medicine (nanomedi-
cine), with one such revolutionary fi eld being that of  drug delivery . Nanocarriers 
for drugs have the potential to enhance therapeutic effi cacy because they can be 

 2.4 Applications of Cu-NPs in Medical Diagnosis  85



 86  2 Spherical and Anisotropic Copper Nanomaterials in Medical Diagnosis

engineered not only to modulate both the release and stability of a drug but also 
to prolong its circulation time and protect it against elimination by phagocytic cells 
or premature degradation. Nanoscale carriers can also be tailored to accumulate 
in tumor cells and tissues, due to an enhanced permeability and a retention effect, 
or by active targeting using ligands designed to recognize tumor - associated anti-
gens. In future, synthetic materials that function as DNA - delivery systems for 
mammalian cells are expected to play critical roles in gene therapy. Several such 
new materials have been developed, including porous silica nanoparticles  [132]  
and gold nanoparticles  [133] . A new class of metal - mediated supramolecular mate-
rials using Cu can deliver large fragments of DNA into eukaryotic cells  [134] . Here, 
the molecular design comprises the formation of amphiphilic Cu II  complexes that 
self - assemble into metalloliposomes in water and condense DNA plasmids into 
deliverable structures programmed to react with intracellular components via 
redox -  and ligand - exchanged reactions. The metalloliposomes, which form bis -
 complexes with Cu II  ions, have the chemical formula [Cu II  (Ldt) 2 ](OTf) 2  and [Cu II  
(Lot) 2 ](OTf) 2 , where Ldt   =   1 - dodecyl - 1,4,7 - trazacyclononane, Lot   =   1 - ocatadecul -
 1,4,7 - triazacuclononane, and OTf   =   trifl uoromethanesulfonate  [134] . In contrast, 
some copper complexes may bind covalently to DNA and thus act as therapeutic 
agents. Regardless of these successes, there remain areas for the development of 
new, metal - based anticancer drugs with curative potential and minimal side 
effects, with their design depending on the ligand framework, the choice of metal 
ion, and its oxidation state. Copper has long been used in metal - based therapies 
 [135] , and its complexes are the preferred molecules for cancer inhibition  [136] . 
Copper has also been shown to accumulate in tumors due to the selective perme-
ability of cancer cell membranes to copper compounds. Several copper complexes 
have been screened for anticancer activity, and some have been found to be active 
both  in vitro  and  in vivo   [137, 138] . A novel Cu II  complex containing  L  - tryptophan 
as chiral auxiliary shows  in vitro  antitumor activity in human neuroblastoma cells 
 [139] . These trinuclear complexes, C 23 H 31 N 6 O 6 CuSn 2 Cl 5  and C 23 H 31 N 6 O 6 CuZr 2 Cl 5 , 
both show strong binding with DNA and have proved to have good cancer thera-
peutic properties.  

  2.4.3.2   Antibacterial Activity 
 Today, there is a considerable interest in the pharmacology of heterocyclic ligands 
and their metal chelates  [140, 141] , mainly because these nitrogen -  and sulfur -
 containing organic compounds and their metal complexes display a wide range of 
biological activities. For example, copper complexes have been used widely in 
metal - mediated DNA cleavage for the generation of activated oxygen species  [142, 
143] , while tetra - aza macrocyclic copper complexes have shown anti - HIV activities. 
The antibacterial activity of Cu has long been recognized, notably because it is very 
effective and, most importantly, has a low toxicity. Although very few reports have 
been made of the antibacterial properties of Cu - NPs  [75] , Cu - SiO 2  showed activities 
against  Staphylococcus aureus, Enterobacter cloacae, Penicillium citrinum, Candida 
albicans  and  Escherichia coli . It was also active against other fungi and yeasts, but 
notably less so than against Gram - negative bacteria. In the case of the Cu - SiO 2  



nanocomposite the antibacterial activity against Gram - negative bacteria is superior 
to that against Gram - positive bacteria. The [C 20 H 22 N 8 S 2 Cu]Cl 2  ionic complexes 
were seen to possess a square – planar geometry, while the Cu II  complex in aqueous 
solution exhibited a quasi - reversible redox wave corresponding to a Cu II /Cu I  redox 
couple; this was indicative of a DNA binding ability and corresponding antibacte-
rial and antifungal effects  [144] . Although the antimicrobial ability was reported 
as a biological phenomenon rather than a diagnostic application, the multiple 
antimicrobial effects of Cu - complexes are unique and worth further exploration. 
Clearly, the fl exibility and versatility of newly designed Cu - complexes should 
result in more developments in medical science, and possibly also in diagnostic 
medicine.    

  2.5 
 Conclusions 

 Nanomaterials have unique physico - chemical properties such as an ultra small 
size, a large surface area - to - mass ratio, minimal diffusional limitations and high 
reactivity, all of which may differ widely from the properties of micro -  or macro -
 sized materials with the same composition. Over the past decade, the ability to 
prepare well - defi ned nanomaterials has led to nanomedicine emerging as an area 
of great excitement, notably because the nanoscale - related properties can be used 
to overcome certain limitations associated with traditional therapeutic and medical 
applications. As a result, NP systems have become the promising new paradigm 
in pharmacotherapy and, indeed, are today being used in gene therapy, novel drug 
discovery, drug delivery, imaging technology and related clinical studies. Unlike 
conventional noble metals such as Au and Pt, Cu - NPs can be easily oxidized to 
form copper oxides (including CuO and Cu 2 O; see Figure  2.5 ), a characteristic 
which in fact may have hindered the early development of Cu - NPs among certain 
scientifi c disciplines. Nevertheless, there has been increasing interest in Cu - NPs 
not only because of their optical, catalytic, mechanical and electrical properties, 
but also because of their low cost and excellent availability, and this has resulted 
in a wide range of applications in the fi elds of metallurgy, catalysis, optoelectronics 
and sensors. With regards to the medical sciences, and in comparison to other 
noble metals, the application of Cu - NPs is still in its infancy, especially in the area 
of diagnosis. To date, other than some success in preclinical medical imaging 
systems using Cu - NPs as contrast agents for MRI or PET scanning, the available 
information pertaining to the use of Cu nanomaterials in medical or disease diag-
nosis is very limited. Nevertheless, some exciting developments with Cu  n   - SPEs 
have been reported, and have highlighted the potential use of Cu  n   as biosensors 
for detecting early changes in biological metabolites/elements that carry signifi -
cant implications in disease states. The active interactions between Cu - NP and 
various pathogens have extended the use of Cu nanomaterials as possible tools for 
the detection and diagnosis of infectious diseases. Some medical applications of 
Cu - nanomaterials are summarized in Table  2.1 .     
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    Figure 2.5     Transmission electron microscopy 
(TEM) images of Cu, CuO and Cu 2 O 
nanoparticles. (a) Spherical copper 
nanoparticles; (b) Irregular, sharp 
copper nanoparticles.  Reproduced with 
permission from corresponding publishers. 
(a) Left to right: (Cu): S. Kapoor, T. 
Mukherjee, Photochemical formation of 
copper nanoparticles in poly( N  -
 vinylpyrrolidone).  Chemical Physics Letters  
 2003 ,  370 , 83 – 7. (CuO): T. Premkumar, Kurt 
E. Geckeler, A green approach to fabricate 
CuO nanoparticles,  Journal of Physics and 

Chemistry of Solids   2006 ,  67 , 1451 – 6. (Cu 2 O): 
H. Yang, J. Ouyang, A. Tang, Y. Xiao, X. Li, X. 
Dong, Y. Yu, Electrochemical synthesis and 
photocatalytic property of cuprous oxide 
nanoparticles,  Materials Research Bulletin  
 2006 ,  41 , 1310 – 18. (b) Left to right: (Cu): N. 
A. Dhas, C. P. Raj, A. Gedanken, Synthesis, 
characterization, and properties of metallic 
copper nanoparticles,  Chemistry of Materials  
 1998 ,  10 , 1446 – 52. (Cu 2 O): H. Zhang, Z. Cui, 
Solution - phase synthesis of smaller cuprous 
oxide nanocubes,  Materials Research Bulletin  
 2008 ,  43 , 1583 – 9.   
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 Table 2.1     Summary of medical applications of  C  u  - nanomaterials. 

  Application    Type of Cu    Target analyte/tissue    Size (nm)    Reference(s)  

  Imaging    MRI    Au 3 Cu 1     Angiography    49     [70 – 76]   

  PET - CT     64 Cu    Macrophage, 
atherosclerosisICAM -
 1/pulmonary 
endothelium  

  20 
NA  

   [77]  
  [78]   

  Metabolic 
disorders  

  Glucose    Cu - GOD    H 2 O 2     100 – 200     [90]   

  Organic 
acid  

  Cu - SPE    Uric acid, oxalic acid, 
creatinine, citric acid/
urine, urolith  

  100 – 200     [99, 106, 107]   

  Amino 
acid  

  Cu - SPE     α  - Amino acid/
muscle  

  100     [110, 111]   

  Uric acid    Cu - SPE    Urate/cardiovascular, 
kidney  

  100     [106, 107]   

  Drug delivery and 
therapy  

  Cu - complexes    DNA delivery/
eukaryotic cell 
DNA/tumor cell  

  400     [134]  
  [136, 139]   

  Antimicrobial activity    Cu - complexes    DNA/bacteria, 
fungus  

  NA     [75, 144]   

   GOD    =    glucose oxidase; NA    =    data not available; SPE    =    screen - printed electrode.   

 In conclusion, on the basis of the expanding spectrum of detectable biological 
elements outlined in this chapter, it is reasonable to expect that Cu - NPs will soon 
achieve more widespread success in their applications in medical diagnosis.  
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  3.1 
 Introduction 

 In recent years, the veritable explosion in interest towards silver nanoparticles has 
been refl ected by the dramatic increase in the number of publications on this topic. 
Metal nanoparticles    –    and, in particular, silver nanoparticles    –    have proved to be 
good candidates for use in such areas as optoelectronics  [1 – 3] ,  surface - enhanced 
Raman scattering  ( SERS )  [4 – 6]  and, more recently, surface - enhanced fl uorescence 
 [7, 8] . Controlling the size, shape and surrounding media of metal nanoparticles 
is important because many of their intrinsic properties are determined by these 
factors. Particular emphasis has recently been placed on the control of shape, 
because in many cases this allows the properties to be fi ne - tuned with a greater 
versatility than can be achieved otherwise. It is only within the past decade that it 
has become possible to control the shape of silver nanoparticles synthesized in 
solution, and numerous methods have been developed subsequently. In this 
chapter we will discuss the approaches to the synthesis of both spherical and 
anisotropic silver nanoparticles. It is not within the scope of the chapter to provide 
an exhaustive review of the area; rather, we present different approaches that have 
been taken to prepare silver nanoparticles of various sizes and morphologies by 
solution - based chemical methods. The advantages of these methods over physical 
techniques such as lithography are that no specialized equipment is necessary, 
and scale - up of the procedure is relatively easy. This is important when the possi-
bility is considered of incorporating such nanoparticles into devices.  

  3.2 
 Optical Properties of Metal Nanoparticles 

 Although the optical properties of metal nanoparticles have attracted much atten-
tion during recent years, this interest is not new and can in fact be dated back to 
the mid - 1800s, when Michael Faraday made the fi rst investigations into colloidal 
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gold. However, it is only recently that the improvements to classical wet chemical 
techniques have been made that have enabled the production of noble nanoparti-
cles of varying shape, size and dielectric environments. 

 The optical properties of nanosized metallic particles are signifi cantly different 
to those of the bulk material. Absorption bands in the visible region are present 
in the UV - visible spectrum of gold, silver and copper nanoparticles, but these 
bands are absent when the spectrum of the bulk metal is recorded. These bands, 
which are known as  surface plasmon resonance  ( SPR ) bands, are the result of an 
interaction of the conduction electrons of the nanoparticles with an electromag-
netic fi eld. When a spherical nanoparticle is irradiated by light, the oscillating 
electric fi eld induces the coherent oscillation of the conduction electrons, and this 
results in a displacement of the electron cloud relative to the nuclei. Because there 
is a coulombic force of attraction between the electrons and nuclei, the electron 
cloud oscillates relative to the nuclear framework. The frequency of this oscillation 
is determined by four factors: the density of electrons; the effective electron mass; 
and the size and shape of the charge distribution. The collective oscillation of the 
electrons is called the  dipole plasmon resonance  of the particle; this process is 
depicted schematically in Figure  3.1   [9] .   

 In 1908, Mie presented a solution to the Maxwell equations that described the 
extinction spectra of spherical particles of arbitrary size  [10] . This theory is the only 
simple exact solution to Maxwell ’ s equations that is relevant to particles, and 
remains of great interest to this day. The extinction coeffi cient is taken as the  ‘ sum 
over all electric and magnetic multipole oscillations contributing to the absorption 
and scattering of the interacting magnetic fi eld ’ . This is the simplest theoretical 
model and is given by the equation
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where  k  is the extinction coeffi cient,  N  is the number of particles,  V  is the volume 
of the nanoparticle,  λ  is the wavelength of the absorbing radiation and  ε  m  is 
the dielectric constant of the surrounding medium (assumed to be frequency -

    Figure 3.1     Schematic of plasmon oscillation for a sphere, 
showing displacement of the conduction electron cloud 
relative to the nuclei.  Reprinted with permission from Ref.  [9] ; 
 ©  2003 The American Chemical Society.   



 independent).  ε  1  and  ε  2  represent the real and imaginary parts of the material 
dielectric function, respectively. 

 It must be noted that the Mie theory can only be directly applied to spherical 
particles of arbitrary size, so what happens when the optical properties of nons-
pherical particles are considered? El Sayed and coworkers  [11]  have shown that 
gold nanorods exhibit two distinct absorption bands, corresponding to oscillation 
of free electrons along and perpendicular to the long axis of the rods. The wave-
length of the transverse mode is located at 525   nm, while the longitudinal mode 
is located at wavelengths in the far visible or near infrared, depending on the aspect 
ratio of the nanorods. Spectral studies carried out on particles of varying morphol-
ogy have indicated that the number and position of SPR bands is strongly depen-
dent on the symmetry of the particles concerned  [12] . 

 Some numerically exact methods have been developed in recent years to describe 
these nonspherical metal nanoparticles. The most commonly used method is the 
 discrete dipole approximation  ( DDA ), and DDA calculations have been performed 
for a range of shapes including cubes, discs and triangular plates. Recent advances 
in colloid chemistry and also of lithographic techniques have made it possible to 
synthesize triangular prisms of silver. However, the distribution of sizes and 
shapes generated so far is fairly broad (see Section  3.4 ), and many of the particles 
have missing tips. Schatz and colleagues have used the DDA method to model 
spectra for both perfectly triangular particles and truncated triangles  [9] , while 
Wiley  et al.  have carried out calculations which illustrate the effect of nanoparticle 
shape on the optical properties of various shapes of silver nanoparticles (Figure 
 3.2 )  [13] . Studies conducted by Noguez and coworkers also highlight the infl uence 
of shape and physical environment on the surface plasmons of metal nanoparticles 
 [14 – 16] .    

  3.3 
 Preparation of Spherical Nanoparticles 

  3.3.1 
 Stability of Electrostatically Stabilized Nanoparticles 

 The stability of a dispersion of particles depends upon the interplay of repulsive 
and attractive interactions between the particles. The attractive interaction,  V  A , 
between particles arises from van der Waals interactions, while the repulsive 
interaction,  V  R , can arise either from the electric double layer of charged particles 
or from the steric repulsion from an organic layer surrounding the particles. If 
there is an energy barrier between particles that is greater than  ∼ 2    kT  then the 
dispersion is stable; otherwise, the dispersion is unstable and the particles fl occu-
late out of solution. 

 Particles that are charged attract ions of the opposite polarity towards the parti-
cle ’ s surface to maintain electrical neutrality. The concentration of these ions 
decays exponentially with distance away from the surface; this is known as the 
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    Figure 3.2     Calculated UV - visible extinction spectra (black), 
absorption spectra (red) and scattering spectra (blue), 
depicting the effect of nanoparticle shape on the spectral 
characteristics.  Adapted with permission from Ref.  [13] ; 
 ©  2006 The American Chemical Society.   

 electric double layer . The repulsive interaction between two particles,  V  R , arises 
from the interactions between these double layers, and includes the repulsion 
between the like charges on the particles; thus,  V  R    =    V  ELEC . Subsequently,  V  ELEC  
decays exponentially with interparticle separation, but it can also be decreased 
by increasing the electrolyte concentration and/or increasing the charge on the 
counterions.



   V V VTOT A ELEC= +   

 A common example of particles that are stabilized due to electrostatic repulsion 
is that of negatively charged citrate stabilized gold or sliver nanoparticles.  

  3.3.2 
 Aqueous Synthetic Methods 

  3.3.2.1   Chemical Reduction 
 This method was fi rst introduced by Turkevich and coworkers during the early 
1950s for the preparation of gold nanoparticles  [17] . It basically involves the heating 
of a dilution solution of HAuCl 4  to its boiling point, followed by reduction with 
trisodium citrate; the resultant nanoparticles were very uniform, with a diameter 
of approximately 20   nm. This method was further studied by other groups  [18 – 20]  
which, by varying the reaction conditions (e.g. the ratio of trisodium citrate to gold 
salt) were able to achieve a degree of control over the diameter of the resultant 
nanoparticles. The same procedure could be used to reduce silver salt, but the 
particles formed were larger, less uniform, and had a greater degree of polydis-
persity. This has been attributed to the fact that fewer seeds are formed initially 
and the growth of these seed particles is slow, leading to the formation of larger 
nanocrystals of varying shape and size. Despite this    –    or perhaps even because of 
it    –    this type of colloid is a popular substrate for SERS. 

 Another successful procedure is to use  sodium borohydride ; as this is a strong 
reducing agent, a larger number of nuclei are formed when it is used to reduce 
metal salts and therefore the resulting particles are typically small ( < 10   nm). Silver 
nitrate is reduced by sodium borohydride in the presence of trisodium citrate, 
where the citrate acts solely as the capping agent. These particles can then be used 
as seeds or nucleation centers for the preparation of nanoparticles with larger sizes 
and different shapes (this point is discussed further in Section  3.4 ). Briefl y, the 
seed particles act as catalysts for the reduction of silver ion by weaker reducing 
agents such as ascorbic acid. The reaction conditions    –    especially the ratio of seed 
particles to metal ions    –    must be controlled carefully so as to avoid any secondary 
nucleation events. The advantage of using seeding to prepare larger spherical 
particles is that a greater control can be achieved over the size of the grown 
nanoparticles. 

 Other reducing agents such as hydrazine  [21]  and hydroxylamine  [22, 23]  have 
also been used to prepare spherical silver nanoparticles in aqueous solution. 
Again, similar to the case of the citrate reduction, particles larger than 20   nm 
with a high degree of polydispersity were formed. It was reported that 
 poly(vinylpyrrolidone)  ( PVP ) may serve as a reducing agent and that, by varying 
the ratio of metal salt to PVP, the size and shape of the nanoparticle could be 
tuned  [24] . In addition to this, the reduction process is explained by two main 
reactions: (i) the direct abstraction of hydrogen atoms from the polymer by the 
metal ion; and (ii) subsequent reduction of the metal ion by the organic radical 
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formed by the former process. Another mechanism in which the end hydroxyl 
groups of PVP reduce silver ion has also been proposed by Washio  et al.   [25] ; this 
same mechanism has been used to explain the anisotropic growth of silver nano-
plates (see also Section  3.3 ). 

 Various sugars have also been used as reducing agents to prepare silver nanopar-
ticles, with the controllable sizes ranging from 45 to 380   nm  [26] . The nanoparticles 
were prepared by a reduction of the [Ag(NH 3 ) 2 ] +  complex with four structurally 
different sugars: xylose, glucose, fructose and maltose. The size distribution of the 
resultant particles was found to depend heavily on the concentration of ammonia 
present, and also on the nature of the reducing sugar.  

  3.3.2.2   Physical Methods 
 The method of   γ  - radiolysis , which is used to prepare spherical metal nanoparticles, 
was pioneered by Henglein and coworkers. This technique is based on the forma-
tion of hydrated electrons and organic radicals in solutions through  γ  - radiolysis; 
these species then act as reducing agents for the metal ions in the presence of tri-
sodium citrate, to yield metal atoms that then coalesce into larger nanoparticles 
 [27] . This is shown schematically in Figure  3.3 . The nanoparticles formed by this 
method are typically small, but these small nanoparticles can again be used as 
seeds to produce larger particles by the same technique  [28] . The authors proposed 
two possible growth mechanisms: (i) the condensation of small silver clusters; and 
(ii) the reduction of silver ions onto silver particles via radical to particle electron 
transfer.   

    Figure 3.3     Proposed growth mechanism for silver 
nanoparticles at low citrate concentration via  γ  - radiolysis. 
 Adapted with permission from Ref.  [27] ;  ©  2002 The 
American Chemical Society.   
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 More recently, Liu  et al.  have demonstrated that the quantity and dimensions of 
the Ag nanoparticles can be controlled by varying the  γ  - radiation dose applied to 
the silver nitrate solution, with good batch - to - batch reproducibility  [29] . These 
authors also highlighted the fact that the nanoparticles produced were  ‘ clean ’     –    that 
is, no polymer or surfactant is required to stabilize them. 

 In a similar method, the trisodium citrate can be replaced by PVP. In a study 
carried out by Shin  et al.   [30] ,  transmission electron microscopy  ( TEM ) fi ndings 
showed that both the amount and the molecular weight of the PVP in the irradi-
ated solution affected the average size of the nanoparticles produced. A three - step 
mechanism for the formation of these nanoparticles has been postulated. First, 
the silver ions interact with the PVP, after which nearby silver atoms that have 
been reduced by  γ  - radiation aggregate to form primary particles. Finally, nearby 
primary particles coalesce to form larger aggregates which are termed  secondary 
particles . 

 Another report which involves the use of PVP describes the comparison of silver 
nanoparticles prepared by  γ  - radiation and by chemical reduction  [31] . It was 
reported that the  γ  - radiation strategy produced silver nanoparticles with a narrower 
size distribution, with the fi nal size also being tuned by varying the concentration 
of the silver nitrate precursor. In contrast, the chemical reduction method does 
not allow such ease in tuning the particle size. 

 Bogle  et al.  recently reported a method for the synthesis of silver nanoparticles 
of different sizes in the range 60 – 100   nm, using electron irradiation of silver 
nitrate in the presence of  poly(vinyl alcohol)  ( PVA )  [32] . The process of formation 
of the silver nanoparticles appeared to be initiated at an electron fl uence of approxi-
mately 2  ×  10 13    e   cm  − 2 , and by varying this electron fl uence the size of the nanopar-
ticle could be controlled. Larger nanoparticles (in the 100 – 200   nm range) could 
be produced by removing the PVA and thereby promoting coalescence of the 
particles. 

  Microwave irradiation  has also been used to prepare silver nanoparticles, as 
described by Yin  et al.  In this method, the large - scale production of silver nanopar-
ticles was achieved from a silver nitrate and trisodium citrate solution, in the 
presence of formaldehyde as the reducing agent  [33] . 

 A method for the size control of silver nanoparticles involving the UV - irradia-
tion of  argentine – tungstosilicic acid  solution ( Arg - TSA ) was recently reported, 
with spherical nanoparticles between several nanometers and several hundred 
nanometers in diameter being produced  [34] . This size control was achieved by 
varying the reaction conditions such as the molar ratio of silver nitrate to TSA, pH 
and reaction temperature. The authors proposed that the Arg - TSA colloidal parti-
cles were a new type of organic – inorganic template for the synthesis of silver 
nanoparticles, with the Arg – TSA complex acting as a UV - switchable reducing 
agent. 

 Tan  et al.  have recently reported the UV - assisted reduction of silver ion in poly-
amine solutions, namely  branched poly(ethyleneimine)  ( BPEI ), at low concen-
trations of HEPES, that resulted in the formation of positively charged Ag 
nanoparticles  [35] . It was reported that the BPEI   :   silver nitrate   :   HEPES molar ratio 
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had a dramatic effect on nanoparticle size, with an increase in the BPEI   :   silver 
nitrate typically leading to a decrease in particle size. The size of the resultant 
nanoparticles could also be controlled by the BPEI molecular weight, there being 
an increase in particle diameter with increasing molecular weight of the polymer. 
The suggested reaction mechanism is shown in Figure  3.4 . It is suggested that 
formation of the silver nanoparticles involves the oxidative cleavage of BPEI chains, 
which in turn results in the formation of fragments with both primary amine and 
amide groups. During this fragmentation process, formaldehyde is formed, and 
it is this species and not the polyamine (as has been suggested by others) that 
reduces the silver nitrate.     

  3.3.3 
 Organic Solvents 

  3.3.3.1   Stability of Sterically Stabilized Nanoparticles 
 An organic monolayer gives rise to a repulsive interaction between particles, called 
a  steric repulsion . There are two contributions to the steric repulsion: fi rst, an 
osmotic term,  V  OSM , takes into account the thermodynamics associated with the 
exclusion of solvent molecules from interdigitating alkane chains on colliding 
particles (osmotic pressure); this depends greatly on the solvent. Second, an elastic 
term,  V  ELAS , considers the thermodynamics associated with the loss of possible 
confi gurations of the interdigitating alkane chains due to reduced available volume 
(entropy). The attractive interaction,  V  A , between particles arises form van der 
Waals interactions.

    Figure 3.4     Suggested mechanism for the formation of 
positively charged silver nanoparticles.  Reprinted with 
permission from Ref.  [35] ;  ©  2007 The American Chemical 
Society.   



   V V V VTOT A OSM ELAS= + +   

 A good example of particles stabilized by a monolayer of organic capping ligands 
is that of silver nanocrystals capped with dodecanethiol.  

  3.3.3.2   Reduction by the Solvent 
 Pastoriza - Santos and Liz - Marz á n reported the ability of  dimethylformamide  
( DMF ) to behave as a reducing agent. In fact, in the absence of any additional 
reducing agent, and even at room temperature, DMF was shown capable of reduc-
ing silver nitrate in the presence of 3 -  aminopropyltrimethoxysilane  ( APS ) to yield 
stable, silver nanoparticles  [36] . It was also shown that the rate of reduction of 
silver ions by DMF is strongly temperature - dependent and that, if the reaction 
was carried out at refl ux then the silver nanoparticles were found to be passivated 
by a thin layer of silica. In a later report the same group replaced APS with PVP, 
and this resulted in the formation of stable, PVP - protected silver nanoparticles 
 [37] . This reaction was also carried out under microwave irradiation, when it was 
shown that greater control could be achieved compared to conventional refl uxing. 
A one - pot procedure for the preparation of titania - coated silver nanoparticles has 
also been described  [38] . Liu  et al.  have also reported the preparation of silver 
nanoparticles using DMF as the reducing agent; in this case the authors investi-
gated the effectiveness of various macrocyclic compounds at capping the prepared 
nanoparticles  [39] . It was shown that macrocyclic, multidentate thiol ligands were 
more effective at capping stable silver nanoparticles than monodentate ligands 
with similar structures, resulting in the production of smaller, more - stable 
nanoparticles. 

  Dimethylsulfoxide  ( DMSO ) has also been used in the preparation of silver 
nanoparticles. Very stable capped nanoparticles of average diameters close to 
4.4   nm and with a narrow size distribution were prepared by the addition of 
silver 2 - ethylhexanoate to DMSO in the presence of trisodium citrate  [40] . It 
was proposed that reduction took place through the formation of a silver    –
    DMSO complex precursor, with both DMSO and trisodium citrate acting as 
reducing agents. 

 The  polyol process , which has been used widely to prepare anisotropic silver 
nanoparticles (see Section  3.4.1.2 ), has also been used to prepare stable dispersions 
of spherical silver nanoparticles  [41] . In general, silver nitrate is reduced by ethyl-
ene glycol in the presence of PVP. In a recent report by  Kim et al ., the experimental 
set - up in the polyol process was found to be important. For example, the precursor 
injection rate and temperature ramping rate were found to be key factors in the 
production of monodisperse silver nanoparticles  [42] .  

  3.3.3.3   Microemulsion Methods 
 This type of approach, which is also known as the  soft templating method , is typi-
cally carried out in aqueous surfactant systems such as  cetyltrimethylammonium 
bromide  ( CTAB ),  sodium dodecylsulfate  ( SDS ) or  bis(2 - ethylhexyl) sulfosuccinate  
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( AOT ). The Pileni group, in particular, has carried out signifi cant investigations 
in this area, with highly monodisperse silver nanoparticles being produced in the 
liquid phase, which starts from an initial synthesis in functionalized AOT micelles 
 [43, 44] . A size - selective precipitation is then carried out using dodecanethiol to 
cap the particles, with ethanol being added to induce aggregation. Highly mono-
disperse samples could also be prepared in this way. 

 Initially it was postulated that, due to the very small size of the micelles, they 
could act as microreactors capable of controlling the size of the particles as well 
as preventing them from aggregating. In more recent years, however, the trend of 
thought has moved away from these micelles behaving as physical templates 
towards the possibility of them acting as growth - directing adsorbates. While this 
topic will be discussed again in Section  3.4.1 , the exact nature of the growth 
mechanism remains a topic of debate. 

 The spherical nanoparticles prepared using the AOT reverse micelle method by 
Pileni ’ s group have been shown to undergo a morphological evolution  [45, 46] . 
The silver nanocrystals were deposited on a copper TEM grid which was covered 
by either an amorphous carbon or by  highly oriented pyrolitic graphite  ( HOPG ). 
When annealed at 50    ° C under atmospheric pressure, triangular single crystal 
nanoparticles were produced. An example of this is shown in Figure  3.5 . The size 
of the triangular nanocrystals depends on the initial order of the small spherical 
nanoparticles on the substrate. The single - crystal size is larger on HOPG than 
on amorphous carbon, as the ordering on the carbon substrate is local whereas 
it is more extended on the HOPG. In recent years, this microemulsion 
method has evolved into the use of supercritical fl uids for the preparation of silver 
nanoparticles  [47 – 49] .    

    Figure 3.5     (a) Assembly of spherical silver nanoparticles 
prepared by the microemulsion method on HOPG; (b) 
Sample after annealing at 50    ° C at atmospheric pressure for 8 
days.  Adapted with permission from Ref.  [45] ;  ©  2007 
MacMillan Publishers Ltd.   
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  3.3.3.4   Thiol - Stabilized Nanoparticles 
 This method for the synthesis of highly monodisperse gold nanoparticles was fi rst 
developed by Brust  et al.   [50, 51] , but has since been adapted to prepare silver 
nanoparticles. It involves the reduction of silver nitrate by sodium borohydride in 
a two - phase system, in the presence of an alkanethiol and a phase - transfer agent 
such as tetraoctylammonium bromide  [52, 53] . Size - selective precipitation using 
a solvent/nonsolvent pair can then be carried out to narrow the particle size dis-
tribution. A polar solvent is added to the nanoparticle dispersion, and this results 
in the preferential precipitation of larger particles. This method has received 
considerable attention because it allowed, for the fi rst time, the easy synthesis of 
small silver nanoparticles ( < 10   nm), which could be repeatedly isolated and resus-
pended in organic solvents, without aggregation or decomposition. The other 
advantage to particles prepared by this method is that the resultant nanoparticles 
can be treated and handled as common organic compounds. Ligand - exchange 
reactions have been utilized to introduce various different molecules such as thiol -
 functionalized oligonucleotides  [54, 55] , dithiols  [56]  and thioalkyated poly(ethylene 
glycol) compounds bearing amino or alcohol moieties  [57] . 

 A disadvantage of this method, however, is that the size of the nanoparticles 
produced is limited to below 25   nm. Also, in some cases the thiol ligands may 
be diffi cult to displace, making further surface functionalization diffi cult. Other 
groups have overcome these problems by preparing silver nanoparticles in a 
single - phase process in the presence of alkylamines  [58] , fatty acids  [59]  and car-
boxylates  [60 – 63] . Hence, nanoparticles of up to 32   nm have been prepared but, 
because the ligands are weaker, they are easily displaced by thiols bearing which-
ever functional group may be required. 

 One important area of research involving nanoparticles prepared by the above -
 described methods is the assembly of two -  and three - dimensional arrays, in which 
the nanoparticles are closely packed but uncontrollable aggregation is prevented. 
Thiol - stabilized silver nanoparticles, in particular, tend spontaneously to form 
highly ordered, hexagonal - packed superlattices when the solvent is slowly evapo-
rated on a suitable substrate  [53, 64 – 66] . It has been proposed that the hydrocarbon 
chains of the thiol ligands are necessary in the formation of superlattices through 
the interdigitation of chains on adjacent particles, as separation of the spheres is 
linearly dependent on the length of the alkyl chain  [67] . Bimodal systems have also 
been produced in which thiol - stabilized silver nanoparticles of 8 and 3   nm formed 
a two - dimensional structure analogous to NaCl crystal structure (see Figure  3.6 ). 
Further to this, a superlattice containing both gold and silver thiol - stabilized 
nanoparticles has also been prepared  [68] .      

  3.4 
 Synthesis of Anisotropic Silver Nanoparticles 

 The synthesis of nonspherical silver nanoparticles has attracted much interest 
in recent years. As discussed in Section  3.2 , the optical properties of silver 
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nanoparticles depend heavily on their shape; hence, controlling the morphology 
of the nanoparticle provides an easy route for controlling the optical properties. 
Some general strategies for the synthesis of silver nanoparticles of various mor-
phologies via solution - based methods are discussed in this section. For a general 
review on the shape - control of colloidal metal nanocrystals, the reader is directed 
to a recent article by Tao  et al.   [69] . 

  3.4.1 
 Nanorods and Nanowires 

 Initially, it is necessary to differentiate between nanorods and nanowires. The 
aspect ratio of a shape is defi ned as the  ‘ length of the major axis divided by the 
width of the minor axis ’ . Nanorods form a class of material that have a width of 
between 1 and 100   nm and an aspect ratio of greater than 1, but less than 20. 
Nanowires are similar materials but with an aspect ratio of greater than 20  [70] . 
Although this defi nition is by no means uniform in the literature, it is nevertheless 
a good guideline to use. 

 In the following sections, the main focus will be on the preparation of nanorods 
and nanowires via synthesis in solution. First, the surfactant - based aqueous method 
will be discussed, followed by the polyol, organic - based preparation. In both of 
these approaches the most important concept to understand is the preferential 
binding of an organic species or ion to a specifi c crystal face, usually a less - stable, 
higher - energy face. Calculations generally agree that the sequence of surface ener-
gies for low - index facets is  γ  (111)     <     γ  (100)     <     γ  (110)   [71] ; therefore the species interacts 
more strongly with crystal faces such as {100} (and in some cases the {110} if 

    Figure 3.6     TEM image of bimodal superlattice consisting of 8 
and 3   nm thiol - stabilized silver nanoparticles.  Reprinted with 
permission from Ref.  [68] ;  ©  2000 Wiley-VCH Verlag GmbH 
& Co. KGaA.   



present), promoting growth at the less - protected {111} faces and yielding one -
 dimensional (1 - D) structures. 

  3.4.1.1   Aqueous Surfactant - Based Methods 
 A large number of studies in this area have been conducted by the group of 
Murphy  [70, 72 – 75] , with the majority of the investigations being carried out on 
the synthesis of gold nanowires and rods. Typically, a metal salt of gold or silver 
is initially reduced by a strong reducing agent such as sodium borohydride (NaBH 4 ) 
to form spherical nanoparticles. These seed particles are then used to grow the 
nanorods. In the presence of more metal salt, surfactant CTAB and an additional, 
milder reducing agent (e.g. ascorbic acid), the metal reduced on the seeds grows 
into nanowires or rods. Although the surfactant is critical to achieving non-
spherical shapes, by changing various different synthetic parameters a degree 
of control can be achieved over the aspect ratio. For example, the lower the 
seed   :   metal ion ratio, the higher the aspect ratio of the resultant material. Silver 
nanorods of a different aspect ratio, prepared by this method are shown 
in Figure  3.7 . The fi nal state of the nanocrystals depends on a number of factors 
working both synergistically and dynamically  [76] . Thus, the nature of the 
counterion, the size of the surfactant head group, the length of the 

    Figure 3.7     (a) UV - visible absorption spectra of silver 
nanorods of aspect ratio (b) 1, (c) 3.5 and (d) 10, with 
corresponding TEM images. The scale bar is 100   nm for each 
image.  Adapted with permission from Ref.  [75] ;  ©  2006 PCCP 
Owner Societies.   
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surfactant tail group, the relative concentrations of all the reagents, pH, tempera-
ture, and the strength of the reducing agent, are all expected to play important 
roles, although a detail studied has yet to be carried out.   

 A number of different mechanisms have been proposed to explain the growth 
of 1 - D structures from apparently spherical seed particles. Initially, it was sug-
gested that the surfactant CTAB forms rod - like micelles in aqueous solution, creat-
ing dimensionally constrained waterpools that act as microreactors for a controlled 
synthesis  [72, 77] . However, it has been proposed more recently that the surfactant 
molecules potentially bind to specifi c crystal faces and direct nanocrystal growth 
in one dimension  [76, 78] . A schematic for this proposed mechanism is shown in 
Figure  3.8 .   

 Based on the results of studies carried out with gold nanorods and wires, the 
following sequence has been postulated. The initial seed particles appear to be 
single crystals and, at an early stage in the growth process, the face - centered cubic 
symmetry of the gold or silver is broken by twinning events that occur to these 
seeds as the additional metal salt is reduced, to produce multiply twinned particles. 
At this stage, the preferential binding of the surfactant CTAB on the {100} side 
faces leads to a blocking of these faces and an elongation of the rods  [72, 76, 78] . 

 In a similar synthesis,  cetyltrimethylammonium tosylate  ( CTAT ) has been used 
to produce pentagonal silver nanorods  [79] . It is worthy of mention here that only 
those seed particles with a multiple twinned decahedral structure could grow to 

    Figure 3.8     Mechanism proposed for the 
surfactant - directed growth of metallic 
nanorods. The single crystalline seeds develop 
facets to which there is differential adsorption 
of the surfactant. Addition of metal ions and a 

weak reducing agent leads to preferred growth 
on the exposed facets, resulting in growth 
in a one - dimensional fashion.  Adapted with 
permission from Ref.  [76] ;  ©  2005 The 
American Chemical Society.   
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form rods. A TEM image of such a multiple twinned particle is shown in Figure 
 3.9 . In the fcc lattice, the {111} planes have the highest atomic density, and are 
therefore less open to the binding of the hydrophobic ends of the CTAT molecule. 
The {100} planes have a lower atomic density, and the centers of octahedral inter-
stitial sites offer more open sites to pin surfactant molecules. The {100} faces are 
passivated by the CTAT molecules leaving the {111} planes, which have the lowest 
surface energy, accessible to adatoms.   

 Another mechanism, which also derives from the growth of gold nanorods and 
wires, has been suggested by P é rez - Juste  et al.   [80]  In this case, the gold(I) ions 
are bound to the CTAB micelles and transported to the growing seed particles; 
such transport is determined by the double - layer interaction, and is therefore 
dependent on the electric fi eld surrounding the particles. The fi eld at the tip of 
the nanorods is larger, which leads to a preferential binding of the ions on the 
tips, and causes elongation of the particles. This mechanism does not explain the 
initial change in morphology of the seeds, however, and it has been suggested that 
the presence of a stacking fault or twinning plane may also be necessary in the 
seed in order to create the initial electric fi eld asymmetry. At this stage, it is impor-
tant to highlight again that it is not only necessary to have a shape - directing organic 
species such as CTAB or CTAT present, but that the appropriate structure of the 
initial seed particles is also vital.  

  3.4.1.2   Organic (Polyol - Based) Methods 
 The majority of studies conducted in this area concern the polyol process, which 
involves heating a polyol with a precursor salt and a polymeric capping agent to 
generate a metal colloid. In the case of silver, this typically involves  ethylene glycol  
( EG ), silver nitrate (AgNO 3 ) and PVP, respectively. Here, the EG acts as both the 
solvent and the reducing agent. Although early studies involved the use of plati-
num seeds  [81] , further studies showed that such seeds were in fact dispensable. 
When the silver ions are reduced to atoms they come together to form nuclei; 
then when the nuclei are suffi ciently small ( < 5   nm diameter) the available thermal 

    Figure 3.9     (a) Typical TEM image of a multiple twinned 
decahedral particle; (b) Preferential binding of the CTAT 
to the lateral {100} plane of the nanorod.  Adapted with 
permission from Ref.  [79] ;  ©  2005 The American Chemical 
Society.   
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energy is suffi cient to cause the structure to fl uctuate, allowing defects to form 
 [82] . Twinned crystals are readily formed in silver and gold as well as in silver 
halides, as the stacking fault energy is lower than in most metals, decreasing the 
energy required to form a twin plane  [83] . The formation of twin defects is also 
thermodynamically favored for small sizes because they enable a greater surface 
coverage of the lowest energy {111} facets  [84] . As the nuclei grow, they become 
stuck in a given morphology when changes to the defect structure become too 
costly relative to the thermal energy. This process results in a distribution of mul-
tiply twinned, singly twinned and single crystal seeds, with the fi ve - fold twinned 
decahedron being the lowest in free energy. As a consequence, the fi ve - fold 
twinned particles are the most abundant morphology. By manipulating the struc-
ture of the seed particles and the growth conditions, one shape of particle can be 
formed as the dominant product  [85] . The possible seed structures are shown 
schematically in Figure  3.10 .   

 Multiply twinned decahedra are the most chemically reactive of the seed struc-
tures listed above  [86] , and this can be taken advantage of when trying to produce 
a single dominant morphology (for further discussions, see Section  3.3.2 ). Silver 
atoms add preferentially to the twin defects of the decahedra, and this leads to an 
elongation of the seeds in one direction (Figure  3.11 ). As the seeds grow into 
pentagonal rods, the PVP interacts more strongly with the {100} side facets than 
with the {111} ends  [87] ; this in turn causes the sides of the nanorods to become 
tightly passivated by the PVP, while the ends remain accessible for the addition 
of atoms.   

 An additional reason for the 1 - D growth of the decahedral seed particles is that 
they are strained. The twin boundaries represent areas of high energy because the 
preferred angle between them is 70.5    ° , yet 72    °  is available  [83] . This means that 
there is 7.5    °  that needs to be fi lled, and this may promote growth at the unpassiv-
ated ends in order to reduce the overall surface energy of the crystal. 

    Figure 3.10     Reduction of Ag +  by ethylene 
glycol produces small nuclei. The structure of 
these nuclei can fl uctuate due to the thermal 
energy available. As the nuclei grow they 
become stuck in a given morphology (i.e. 

single crystal, single or multiply twinned) 
which then grow into nanostructures with 
different morphologies.  Reprinted with 
permission from Ref.  [85] ;  ©  2005 The 
American Chemical Society.   



 As mentioned above, it was found that silver nanowires could be produced by 
the polyol process in the presence of platinum seeds. In a recent report by Tsuji 
 et al. , using Pt seeds, the polyol method was carried out under microwave irradia-
tion instead of refl ux conditions  [88] . Although the product of this reaction was 
a mixture of both 1 - D nanorods and wires and 3 - D spherical and triangular – 
bipyramidal particles, the reaction time was considerably shorter, taking just 
minutes, and the 1 - D and 3 - D structures could be easily separated by centrifuga-
tion. The fi nal morphology of particles produced was found to depend on various 
parameters, including the concentrations of reactants and heating time. Interest-
ingly, it was also found that 1 - D structures were favored when PVP of molar 
mass ca. 360   000   Da was used. 

 The addition of trace amounts of salts to the polyol synthesis has also been 
shown to infl uence the morphology of the resultant particles. For example, when 
Fe(acac) 3  and Fe(NO 3 ) 3  were added to the synthesis, they were seen to facilitate 
the formation of silver nanowires  [89] . It was deduced that the Fe(II)    –    either when 
added directly to the preparation or when resulting from the reduction of Fe(III) 
by EG    –    acted as an effi cient oxygen scavenger, preventing the etching of the 
multiply twinned particles by atomic oxygen and thus favoring the production of 
silver nanowires (see Figure  3.12 ). It was proposed that the higher number of 
defects on the surface of twinned particles led to their greater activity for oxidative 
etching. In a similar manner, CuCl and CuCl 2  were found to facilitate the forma-
tion of nanowires  [90] . However, in this case both the chloride anion and copper 
cation were found necessary for a successful formation of the wires, whereas the 
role of the counterion (be it nitrate or acac) in the Fe case discussed above was 
found to be negligible. The Cu(I) acts in a similar manner to the Fe(II), as an 
oxygen scavenger, while the chloride ion helps to reduce the initial concentration 
of Ag(I), effectively acting as a sink and controlling the rate of release of Ag(I), 
thereby promoting the formation of the more stable multiply twinned seed 
particles.   

     Figure 3.11     (a) SEM image of silver nanowires; (b) TEM 
image from microtomed sample.  Adapted with permission 
from Ref.  [87] ;  ©  2003 The American Chemical Society.   

(b)(a)
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 Studies performed by Chen  et al.  also highlighted the role of additives in the 
polyol process  [91] . Here, silver nanowires with adjustable diameters were synthe-
sized by introducing certain control agents into the conventional polyol process. 
The control agents were classifi ed into three groups: inorganic anions, metal 
cations and molecules, and the authors presumed that these species infl uenced 
the size of the initial seed either by forming silver salt colloids, or by varying the 
rate of silver ion reduction. 

 In another variation on the polyol process, Zhang  et al.  recently described a 
steel - assisted method for the production of silver nanowires  [92] . It was proposed 
that the  in situ  acidic etching of multiply twinned particles by nitric acid was one 
of the most harmful factors affecting the preparation of silver nanowires by the 
polyol process. As shown in Figure  3.13 , by including the steel pieces in the syn-
thesis, the nitric acid generated  in situ  is decomposed; consequently, the multiply 
twinned seed particles are not etched and the yield of nanowires is increased.   

 In order to investigate the nature of the interaction of PVP with nanowires 
and rods, the nanowires were incubated fi rst in a dilute solution of 1,12 - 
dodecanedithiol for 1   h, and then with gold nanoparticles (prepared by the Turkev-
ich method) for 10   h  [87] . The dithiol molecules allowed the gold nanoparticles to 
attach to the surface of the Ag nanowires, whereupon the latter were found to be 
decorated with the Au nanoparticles only on their ends, but not on their sides; this 
suggested that the PVP interacted more strongly with the {100} facets  [93]  than 
with the {111} facets. Further investigations were carried out by other groups 
using FT - Raman spectroscopy,  X - ray photoelectron spectroscopy  ( XPS ) and  ther-
mogravimetric analysis  ( TGA ) to elucidate the spatial conformation of the PVP 
molecules on the surface of the nanowires  [93, 94] . The results indicated that the 
one monolayer of PVP was probably adsorbed onto the surface of the nanowire 

    Figure 3.12     Schematic illustration depicting 
the role of Fe(II) salts in the growth of Ag 
nanowires. The Fe(II) scavenges the 
molecular oxygen that can adsorb on the 
silver seeds, thus preventing growth. 

Reduction by ethylene glycol competes with 
oxidation by atomic oxygen, setting up an 
equilibrium between Fe(III) and Fe(II). 
 Reprinted with permission from Ref.  [89] ; 
 ©  2005 The American Chemical Society.   



through an Ag – O coordination. The results from SERS indicated that the skeletal 
chain of the PVP was lying on the surface of the nanowire, while the pyrrolidone 
ring might have been tilted on the surface of the Ag nanowire.   

  3.4.2 
 Cubes 

  3.4.2.1   Aqueous Surfactant - Based Methods 
 To the best of our knowledge, only one aqueous synthesis of silver nanocubes has 
been reported in the literature  [95] , and this involves the reduction of Ag +  with 
glucose in the presence of CTAB. The reaction occurs in one pot, and there is no 
separate seeding step. CTAB is the key ingredient in this procedure, as the fi nal 
morphology of the particles is heavily dependent on the CTAB   :   Ag +  ratio. In this 
reaction it is proposed that fi rst, the bromide ion (from the CTAB) combines with 
the silver ion to produce AgBr, and this then effectively acts as a reservoir for Ag + , 
maintaining a low concentration in solution. Second, the CTAB stabilizes the 
higher - energy {100} faces (similar to the way that PVP does in the polyol synthesis 
of silver nanowires). Finally, the CTAB stabilizes the prepared nanocubes and 
prevents their agglomeration.  

  3.4.2.2   Organic Polyol - Based Methods 
 As in the synthesis of nanowires, the key to producing highly monodisperse nano-
cubes is to control the structure of the seed particles during the initial nucleation 
stage of growth. As mentioned in Section  3.4.1.2   , the polyol process results in a 
distribution of multiply twinned, singly twinned and single crystal seeds being 
formed. When trace amounts of salts are added to this process, the structure of 

    Figure 3.13     Schematic detailing the proposed steel - assisted 
polyol mechanism. MTPs   =   multiply twinned particles. 
 Reprinted with permission from Ref.  [92] ;  ©  2008 The 
American Chemical Society.   
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the seeds can be controlled  [13, 86, 89, 96 – 100] ; as an example, silver nanocubes 
resulting from the addition of Na 2 S to the polyol synthesis are shown in Figure 
 3.14 . Twinned particles are more active towards oxidative etching due to the 
greater density of surface defects present  [99] . These particles are dissolved and a 
situation develops where this oxidative etching competes with the reduction of Ag +  
by the EG; as a consequence this competing reaction slows the rate of nucleation, 
favoring the formation of single crystal seeds.   

 The single - crystal seeds have a cubo - octahedral geometry, which means they 
consist of a mixture of {111} and {100} faces. The higher - energy {100} faces are 
stabilized by the preferential binding of PVP to them, promoting growth on the 
{111} faces  [101] . Again, the structure of the initial seed, as well as the presence 
of an organic species capable of specifi cally binding to one face, is of vital impor-
tance. The PVP here is acting in a similar manner to when it is used to prepare 
silver nanowires. The cubo - octahedral seeds will not grow to form 1 - D structures 
under the same conditions, however, and herein lies the difference between the 
two polyol procedures. 

 The fi nal morphology of the cubes produced    –    that is, whether they are trun-
cated, or not    –    depends on the kinetics of the reduction process  [13] . Sharp cubes 
are formed when the reduction rate is relatively fast, these cubes being bounded 
almost entirely by {100} facets and being the most kinetically favored shape. When 
the reduction rate is reduced, truncated cubes are the dominant product; these 
take longer to form because time is required for any surface reconstruction to 
occur. The driving force behind surface reconstruction is the need to reduce the 
surface coverage of the high - energy {100} faces by replacing them with the lowest -
 energy {111} facets on the corners. These truncated cubes are the most thermo-
dynamically favored shape. 

    Figure 3.14     (a) SEM image of silver 
nanocubes resulting from the addition of 
Na 2 S to the polyol synthesis (scale bar 
100   nm); (b) TEM image of a single 
nanocube. Inset is the electron diffraction 
pattern indicating that the cube is a single 
crystal bounded by the {100} facet (scale bar 
50   nm); (c) XRD pattern taken from the same 

batch of silver nanocubes. All peaks can be 
indexed to face - centered cubic (fcc) silver, and 
the abnormal ratio of (200) peak to (111) 
peak can be ascribed to the texturing effect of 
these nanocubes on a fl at substrate.  Adapted 
with permission from Ref.  [96] ;  ©  2006 
Elsevier.   

(a) (b) (c)



 In a modifi cation of the synthetic procedure described above, Tao  et al.  reported 
a procedure in which nanocrystals with regular polyhedral shapes, bounded 
entirely by either the {100} or {111} facets, were produced  [102] . In this case the 
metal salt was reduced by a diol solvent at near - refl ux temperatures in the presence 
of PVP. By extending the polyol reaction for a given period of time, it was possible 
to obtain cubes, truncated cubes, cubo - octahedra, truncated octahedra and octahe-
dra in high yield, as shown in Figure  3.15 . It should be mentioned here that the 
authors stated that the stability of both {100} and {111} planes in the presence of 
PVP, especially for the cubo - octahedral and octahedral particles, indicated that 
shape control may not be explicitly dictated by the capping polymer. Rather, pref-
erential growth would be favored by a kinetically limited equilibrium infl uenced 
by the reaction conditions.     

  3.4.3 
 Other Morphologies Prepared by the Polyol Process 

  3.4.3.1   Right Bipyramids 
 This novel type of nanostructure (see Figure  3.16 ) consists of two right tetrahedra 
placed base - to - base, and is formed from seeds with a single twin. In order to 
selectively produce seeds with a single twin plane, the extent of etching is con-
trolled. In fact, the only difference between the synthesis of these right bipyramids 
and those that produce wires and cubes (as discussed above) is the incorporation 
of Br  −   instead of Cl  −   or Fe 3+ . As Br  −   is less corrosive than Cl  −  , there is enough 
etching to remove the multiply twinned seeds, while those containing only a single 
twin remain intact; growth then continues as with the previous nanostructures. 
The PVP binds preferentially to the {100} surfaces, thus promoting growth on the 
{111} faces. The presence of the single twin plane is signifi cant because it is the 
only factor that differentiates the bipyramid synthesis from that of the nanocube 
 [103] .    

    Figure 3.15     Schematic depicting the nucleation and growth 
process of polyhedral nanoparticles.  Reprinted with 
permission from Ref.  [102] ;  ©  2000 Wiley-VCH Verlag GmbH 
& Co. KGaA.   
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  3.4.3.2   Nanobeams 
 Single twinned crystals can also be grown into  nanobeams . This type of silver 
nanostructure (see Figure  3.17 ) is so named because it has a cross - sectional aspect 
ratio similar to that of a beam of wood  [104] . The synthesis of nanobeams is very 
similar to that of the right bipyramids described in Section  3.4.3.1 ; by decreasing 
the rate of addition of silver atoms to the single crystal seeds, nanobeams are 
produced. Although the growth mechanism of these nanostructures is not fully 
understood, it is proposed that defects at the twin boundary provide favorable sites 
for atomic addition. If there were to be a greater density of defects on one side of 
the seed particle, then beams could be produced.    

  3.4.3.3   Nanobars and Nanorice 
 The fi nal type of nanostructure that can be prepared by the polyol synthesis to 
date is  nanobars  (see Figure  3.18 ). Unlike rods, nanobars are single crystals 
bounded by the {100} facets; in essence, they are elongated cubes displaying the 
sharp corners and edges of a cube. Nanobars are produced by increasing the 
concentration of Br  −   added to the synthesis. The question as to how the single 
crystal seeds grow anisotropically has not been answered fully, though it has 
been suggested that all multiply twinned and single twinned crystals are etched 
away by the Br  −    [105] . In addition to promoting production of the single - crystal 
seeds, oxidative etching could cause anisotropic growth if it were to remove 
material from one side of the seed more than from the other sides. It is also 
possible that AgBr is formed due to the increased concentration of Br  −  , and that 
this has a critical effect on the growth, as has been suggested in the growth of 
silver nanoplates. In a post - synthesis step the corners and edges of the nanobars 
can be rounded to transform them into  nanorice , by immersing them in a solu-
tion of PVP.     

    Figure 3.16     (a) High - resolution TEM image of 
twinned seeds, with the twin plane indicated 
by the arrow. Inset: TEM image of a twinned 
seed with the twin plane clearly visible; (b) 
SEM image of bipyramids; (c) Model of the 
seed shown in (a); truncation of the corners 
is clearly seen, as are the re - entrant {111} 

surfaces at the twin boundary and the re -
 entrant {100} surfaces at the twin boundary 
corners.  Panels (a) and (b, c) adapted 
with permission from Refs  [13]  and  [103] , 
respectively;  ©  2006 The American Chemical 
Society.   
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    Figure 3.17     (a) SEM image and (b) TEM 
image of silver nanobeams; (c) SEM image of 
a nanobeam recorded at a 60    °  tilt, where the 
rounded tip can be clearly seen; (d) TEM 
image of a microtomed sample where the 

ellipsoidal cross - section bisected by a twin 
plane can be seen.  Reprinted with permission 
from Ref.  [104] ;  ©  2006 The American 
Chemical Society.   

(a) (b)

(c) (d)

    Figure 3.18     TEM image of silver nanobars. The inset includes 
the convergent beam electron diffraction pattern which 
indicates that the nanobars are single - crystal bounded by 
(100) facets.  Reprinted with permission from Ref.  [105] ; 
 ©  2007 The American Chemical Society.   
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  3.4.4 
 Nanoplates and Nanoprisms 

 Nanoplates, a term which includes  nanodisks  and  nanoprisms , are a classifi cation 
of material in which the lateral dimensions are larger than the height. Nano-
prisms, which usually have an equilateral triangle shape, have in recent years 
received considerable attention due to the ability to tune the position of the in -
 plane dipole SPR across the entire visible spectrum and into the near - infrared 
region, by controlling the edge length and thickness. 

 In general, the synthetic approaches used to prepared silver nanoplates can 
be split into two categories    –    photochemical and thermal    –    with both procedures 
having associated advantages and disadvantages. Although the photochemical 
methods are used to prepare probably the most monodisperse, highest quality 
samples, the process usually requires days for completion. In contrast, thermal 
methods are rapid but often produce samples with a large range of shapes and 
sizes. 

  3.4.4.1   Photochemical Methods 
 The fi rst report of the photochemical preparation of silver nanoprisms, which was 
published in 2001, consisted of a photoinduced method for converting large quan-
tities of silver nanospheres into triangular nanoprisms on exposure to a white light 
source  [106] . The method consists of photoconverting citrate - capped Ag spherical 
nanoparticles ( < 10   nm) into larger triangular particles (edge length  ∼ 100   nm) 
through irradiation of the small seeds with visible light in the presence of  bis(p - 
sulfonatophenyl)phenylphosphine dihydrate dipotassium salt)  ( BSPP ). The exact 
mechanism remains a subject of some controversy; initially, it was suggested that 
the BSPP played an important part in a two - step process, where the initial Ag seeds 
were converted into small clusters concurrent with the formation of small nano-
prisms. The small nanoprisms then grew at the expense of the small clusters 
through a light - induced Ostwald ripening process. When all of the spherical par-
ticles and small nanoclusters had been consumed, the reaction was terminated. 
However, the presence of BSPP was found not to be vital since, when it was 
replaced by PVP, similar results were obtained. Further to this, Sun and Xia 
claimed that it is in fact the presence of citrate ions that promote this morphologi-
cal evolution  [107] . 

 A deeper understanding of this process was gained through subsequent experi-
ments carried out by Jin  et al.  using narrow band light sources  [108] . Here, it was 
found that the excitation wavelength controlled the particle size so that, when 
longer wavelengths were used, particles with a larger edge length were produced. 
In these studies a dual - beam illumination was used since, when excitation with a 
single wavelength was carried out a bimodal distribution of nanoprism size was 
produced (types 1 and 2 nanoprisms). These two types of nanoprism are shown 
schematically in Figure  3.19 . This situation also arises when an inappropriate 
secondary beam was chosen. The observed bimodal growth process was seen to 
occur through an edge - selective nanoprism fusion mechanism, with four type 1 



nanoprisms coming together in a step - wise fashion to form a type 2 nanoprism 
(see Figure  3.19 d). When excitation of the samples with a secondary light source 
(corresponding to  λ  max  of the in - plane or out - of - plane quadrupole SPR) was carried 
out, nanoprism fusion was suppressed and only a unimodal growth process was 
observed. As shown in Figure  3.20 , nanoprisms with a monodisperse size distribu-
tion are produced. Recently, the same group has reported that this process can be 
controlled by adjusting the pH  [109] .   

 The suggested growth mechanism for the photoconversion process is that the 
secondary beam excitation suppresses the fusion of preformed type 1 nanoprisms, 
by inducing charge redistribution on the particles surface caused by the excitation 
of the dipole plasmon. (It was also suggested that plasmon excitation could facili-
tate ligand dissociation at the particle edges where the local fi elds are the most 
intense, allowing type 1 prisms to grow.) It is therefore easy to see how this nano-
prism fusion process might also be controlled by pH, in that electrostatic repulsive 
forces encountered by the nanoprisms may be tuned by varying the pH. 

 Another mechanism for the photoconversion of spherical seed particles into 
nanoprisms has been proposed by Callegari  et al.   [110] . In this case, a two - step 
irradiation process is involved whereby initially, the seed particles are irradiated 
by a conventional fl uorescent tube for 1   h. Different illumination conditions are 

    Figure 3.19     Bimodal growth. (a) TEM image of Ag 
nanoprisms formed by single - beam excitation; (b, c) SEM 
images of stacked type 1 and type 2 nanoprisms. Note that 
the thicknesses are almost identical; (d) Schematic illustrating 
the fusion process.  Reprinted with permission from Ref.  [108] ; 
 ©  2003 MacMillan Publishers Ltd.   
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then assigned by fi tting colored glass fi lters in front of the fl uorescent tube. 
According to this mechanism, in the initial irradiation period large spherical par-
ticles are formed by the aggregation of smaller seed particles, when the excess 
borohydride present is photo - oxidized, creating weak attractive forces around the 
Ag seeds. In the second irradiation period, light induces coalescence of these loose 
aggregates into solid particles, with subsequent growth. The transformation from 
aggregated to solid particles functions by excitation of the SPR, with the illumina-
tion conditions determining the fi nal size of the nanoprisms. 

 Recently, Bastys  et al.  used  light - emitting diode  ( LED ) illumination to prepare 
silver nanoprisms with high absorption coeffi cients well within the near - infrared 
red region (see Figure  3.21 )  [111] . Similar to previous studies, the illumination 
wavelength was observed to determine the particle edge length. The mechanism 
proposed differed to those discussed above, in that although the Ag nanoprisms 
were formed via the consumption of seed particles, Ostwald ripening was not 

    Figure 3.20     Unimodal growth. (a) A 
schematic of the experimental set - up; 
(b) Extinction spectra of nanoprisms with 
different edge lengths prepared by varying the 
primary excitation wavelength while keeping 
the secondary excitation wavelength constant; 
(c) Variation of edge length with primary 

beam excitation wavelength; (d – f) TEM 
images of different - sized nanoprisms 
prepared by varying the primary beam 
excitation wavelength.  Reprinted with 
permission from Ref.  [108] ;  ©  2003 
MacMillan Publishers Ltd.   

(a) (b) (c)

(d) (e) (f)



thought to play a role as no incomplete triangular plates were evident during the 
growth process. The type 1/type 2 nanoprism fusion mechanism was also ruled 
out, as a subsequent TEM analysis did not reveal the presence of any dimer or 
trimer intermediates.   

 In another plasmon - driven synthesis developed by Xue  et al. , triangular core -
 shell nanoprisms were produced from gold seeds  [112] . In a typical experiment, 
spherical gold and silver nanoparticles with diameters of 11 and 5   nm, respectively, 
were mixed together and irradiated with 550   nm light. A TEM analysis revealed 
that the resultant product consisted of nanostructures with a single gold particle 
core that had triangular sliver shells with average edge length  ∼ 70   nm (see Figure 
 3.22 ). During the initial irradiation period, the Au seeds were coated with silver 
shells of irregular shapes, but after an increased irradiation time the shells devel-
oped a triangular shape. As discussed above, the edge - length of the hybrid nano-
structure is determined by the excitation wavelength, and growth stops when the 
dipole plasmon resonance becomes red - shifted with respect to the plasmon 
excitation.   

 A recent report by An  et al.  described the photoinduced shape evolution of tri-
angular nanoplates to hexagonal nanoplates  [113] . In this study, citrate - stabilized 
silver seeds were irradiated with a conventional 70   W sodium lamp; this caused 
the initial silver seeds to be fi rst converted into triangular silver nanoplates (type 
1) with an average edge length of 76   nm. Some small silver nanoparticles ( ∼ 8   nm) 
were also present. On further irradiation, the type 1 particles evolved to a hexago-
nal shape, with a concurrent decrease in diameter and shape change of the small 
spherical particles to disks. The hexagonal plates then had an edge - length of 
26   nm, while the disks had a diameter of 11   nm. The mechanism of formation of 
the triangular nanoplates suggested here is thought to be similar to that described 
in Refs  [104]  and  [108] , although a detailed understanding of the truncation process 
was not provided. 

 An alternative light - induced method for Ag nanoprism formation is that of 
 photoinduced growth . The difference between this method and those described 

    Figure 3.21     (a) UV - visible - NIR spectra of 
seeds;  λ  max    =   397   nm, nanoprisms grown 
with red ( λ  max    =   1037   nm) and green 
( λ  max    =   1491   nm) LEDs in H 2 O and D 2 O, 
respectively. (b, c) TEM images of 

nanoprisms grown with red (b) and green 
(c) LED illumination.  Reprinted with 
permission from Ref.  [111] ;  ©  2006 Wiley-
VCH Verlag GmbH & Co. KGaA.   
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above is that the seeds are irradiated in the presence of additional Ag ions and 
trisodium citrate. In this method, which was devised by Maillard  et al.   [114] , the 
proposed mechanism is as follows. At the start of the reaction the seeds absorb 
light isotropically and, as a degree of inhomogeneity occurs in the deposited silver 
layer, the particle begins to become ellipsoidal and the plasmon resonance splits 
in the longitudinal and transverse modes. It is assumed that reduced atoms are 
deposited in proportion to the near - fi eld intensity enhancement at the surface 
position, while the longer axis grows preferentially. This process accelerates until 
the position of the longitudinal band shifts beyond the irradiation wavelength. A 
disk shape is produced because it is suggested that such a shape has a larger 
rotationally averaged absorption coeffi cient at the excitement wavelength than a 
rod. It is the concentration of silver ions that determines the fi nal particle size, 
and not the excitation wavelength; however, the aspect ratio is determined by the 
irradiation wavelength. For a more in - depth analysis into this growth mechanism, 
the reader is directed to two recent reports by Rocha and coworkers  [115, 116] , in 
which the formation kinetics and the role of structural defects in the growth of 
silver nanoprisms are discussed. It is proposed here that, although SPR excitation 
plays an important role in determining the fi nal edge - length of the nanoprisms, 
it is likely that a combination of suitable capping agents and the initial seed 

    Figure 3.22     (a) TEM image of silver 
nanoprisms with gold cores prepared with 
550   nm excitation. The inset includes a side 
view of the Au@Ag nanoprism; (b) Extinction 
spectrum of Au@Ag nanoprisms; (c) A high -
 resolution TEM image of the  [111]  face of the 

Au@Ag core - shell nanoprisms. The hexagonal 
lattice shows a spacing of 1.44    Å , indexed as 
{220} of fcc Ag; (d) Schematic illustrating the 
proposed growth mechanism.  Reprinted with 
permission from Ref.  [112] ;  ©  2007 Wiley-
VCH Verlag GmbH & Co. KGaA.   



nanoparticles ’  structure may be a crucial factor in determining the ultimate mor-
phology of nanoparticles prepared by this method. This combination of capping 
agent and seed structure is further discussed in Section  3.4.4.2 .  

  3.4.4.2   Thermal Methods 
 In a method similar to the polyol synthesis discussed earlier, one of the earliest 
approaches to successfully prepare silver nanoplates involved the reduction of 
silver nitrate by DMF in the presence of PVP under refl ux  [117] . The mechanism 
proposed by Liz - Marzan and coworkers involved the formation of small spheres 
which fi rst aggregated and then, through a melting process, recrystallized into 
particles with well - defi ned edges. A similar approach was used by Jiang  et al. , 
except that the reaction was exposed to high - intensity ultrasound irradiation 
instead of refl ux conditions  [118] . Seeds formed in the initial stage of the reaction 
quickly grew into larger crystals via Ostwald ripening. The presence of PVP is 
reported to be a key factor in the growth of silver nanoplates through a selective 
adsorption/desorption process. Such preparations usually result in a mixture of 
shapes being prepared, but these can be separated by careful centrifugation. More 
recently, Yang  et al.  reported that control of the molar ratio of silver ion to PVP 
can increase the percentage of one particular shape, and in the case of triangular 
plates a yield of 95% was reported  [119] . The silver ions were fi rst reduced into 
small Ag seeds, which then grew into circular, then hexagonal, and fi nally trian-
gular plates, in the presence of PVP. 

 Xiong  et al.  have reported a method in which the polyol method described above 
was directly modifi ed to prepare Ag nanoplates instead of nanowires  [120] . In this 
procedure, silver ions are reduced by EG when the PVP is replaced by 
 poly(acrylamide)  ( PAM ). In this protocol, the PAM has a dual role as it can act as 
a steric stabilizer, protecting the particles from aggregation, while also complexing 
the silver ions through its amido group. This coordination effect serves to signifi -
cantly reduce the rate of reaction, thereby dictating the end shape of the nanopar-
ticles by kinetic means. 

 Although the fi rst reported method for the preparation of silver nanoplates was 
made by Jin  et al.  and involved a photochemical route (as discussed above), the 
fi rst published report of a thermal method was by Chen and Carroll  [121, 122] . 
This solution - phase method is based on the reduction of silver ions with ascorbic 
acid on silver seeds in the presence of an alkaline solution of highly concentrated 
CTAB. The end product of the synthesis was truncated triangles, which could be 
converted to circular disks through aging at higher temperatures. These authors 
further showed that, by adjusting the CTAB concentrations and silver seed 
amounts, the lateral dimensions of these nanoplates could systematically be con-
trolled from 40 to 300   nm (see Figure  3.23 )  [123] . The growth mechanism sug-
gested by the authors involved the selective adsorption of CTAB on the (111) plane 
of the silver seeds, along with the formation of silver bromide on the seed particles. 
Although the exact mechanism was unclear, it had been suggested earlier (see 
Section  3.4.1.1 ) that, in the case of nanorods and wires, the CTAB would be selec-
tively adsorbed onto the {100} crystal faces, thus promoting growth in the  〈 111 〉  

 3.4 Synthesis of Anisotropic Silver Nanoparticles  127



 128  3 Approaches to the Synthesis and Characterization

direction, and contradicting the growth mechanism suggested for the case of 
nanoprisms.   

 Another group employing surfactant - based methods was that of Pileni 
and colleagues  [124] . In this case, truncated silver nanoplates were produced 
by the sonication of two reverse micellar solutions consisting of  silver di(2 - 
ethyl - hexyl)sulfosuccinate  ( Ag(AOT) ) and  sodium di(2 - ethyl - hexyl)sulfosuccinate  
( Na(AOT) ) isooctane with Na(AOT) and hydrazine. The nanoplate size could be 
tuned by the amount of reducing agent added during the synthesis. 

 In the above two syntheses, the particular products obtained were characterized 
as having a wide size and shape distribution, and also a low surface - to - volume 
ratio. Studies conducted by Jiang  et al.   [125] , which involved a self - seeding coreduc-
tion method in the presence of NaAOT, witnessed an improvement in the quality 
of the triangular nanoplates    –    and hence of the circular nanodisks produced. Trace 
sodium borohydride was injected rapidly into a solution containing silver nitrate, 
ascorbic acid and citric acid, and this resulted in the formation of a short burst of 
nuclei. Subsequent particle growth was then achieved by a combined reduction by 
the citric and ascorbic acids, after which the silver nanocrystal then developed 
facets and grew into the desired shape, stabilized by the NaAOT through an 
Ostwald ripening process. It was predicted (by using molecular dynamic simula-
tions) that the NaAOT molecules would be more apt to bind at the {111} plane, 
and this would lead to preferential growth of the other crystalline faces. The mor-
phology of the particles was seen to change upon aging such that, after 100   h, the 
dominant product was circular nanodisks. This morphological evolution is shown 
in Figure  3.24 . Although the exact mechanism of this transformation is not com-
pletely understood, the authors suggested that the small difference in interaction 

    Figure 3.23     Left: UV - visible - NIR absorption spectra of 
nanoplates prepared by varying the concentration of seed 
added: (a) 0.1   ml, (b) 0.25   ml, (c) 0.5   ml, (d) 1   ml, (e) 2   ml, 
(f) 3   ml. Right: TEM images of sols (a) to (d).  Reprinted with 
permission from Ref.  [123] ;  ©  2004 The American Chemical 
Society.   



energies between AOT - Ag{110} and AOT - Ag{100} might result in a possible atom 
migration with a reduction in the total surface free energy. In a later report, the 
same authors described a method for stopping this morphological change by using 
thiols  [126] . Here, thiols such as 1 - hexanethiol, 1 - octanethiol, 1 - dodecanthiol and 
1 - hexadecanethiol were shown (by molecular dynamic simulations) to exhibit 
larger interaction energies than AOT on the silver atomic surfaces and hence 
prevent the proposed atomic migration, thereby freezing the shape evolution.   

 The group of Xia have also prepared triangular nanoplates by using a thermal 
process  [127] . Here, small - seed silver nanoparticles prepared by the reduction of 
silver nitrate by sodium borohydride in the presence of both trisodium citrate and 
PVP were refl uxed in aqueous solution, under ambient conditions, instead of 
undergoing irradiation. After 10   h the predominant product was triangular nano-
plates, with approximately 5% wire - like nanostructures present. Although the 
exact mechanism of this transformation process is not fully understood, it is 
thought that the thermal treatment provided a mild driving force to facilitate the 
transport of atoms from the spherical colloids to the anisotropic plates in a process 
similar to Ostwald ripening. A similar method involving photoconversion was also 
reported by the same group  [107] , but on this occasion the presence of citrate was 
found to be crucial to this transformation process, possibly by preferential binding 
to the {111} planes, while the PVP served only as a particle stabilizer. 

 The same group have also prepared silver nanoplates with PVP playing a dual 
role as both reductant and stabilizer  [25, 128] . When silver nitrate and PVP were 
heated together in a capped vial to 60    ° C, the hydroxyl end groups of commercially 
available PVP reduced the silver nitrate at a slow enough rate so as to promote the 
growth of triangular plates, which are the kinetically favored product. The edge 
length of the plates could be controlled by adjusting the reaction time. Unlike the 

    Figure 3.24     (a, b) TEM images and illustrations showing the 
truncation procedure with time; (c) UV - visible absorption 
spectra of sol with time, showing the blue - shift of the in - plane 
dipole, consistent with truncation of the sharp nanoprisms. 
 Reprinted with permission from Ref.  [126] ;  ©  2007 Wiley-VCH 
Verlag GmbH & Co. KGaA.   
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refl ux method described above, light was found to have a negligible effect, and the 
presence of citrate was not vital for the production of nanoplates. This approach 
has been successfully adapted to prepare nanoplates of other noble metals such 
as gold, platinum and palladium. 

 In a recent report, the Xia group also suggested another mechanism for the 
formation of these triangular plates  [129] . Trimeric silver clusters, which are a 
common species in silver nitrate solutions, act as nucleation sites for the addition 
of the newly reduced silver atoms. Mass spectrometry was used to identify the 
presence of silver clusters. It is worthy of mention at this point that the authors 
emphasized that the end morphology of a nanocrystal is determined by the inter-
play of many parameters, all of which must be considered before an appropriate 
growth mechanism can be proposed. 

 The Mirkin group have developed a procedure for the production of triangular 
nanoplates in excellent yield through a solely thermal process  [130] . In a typical 
experiment, silver nitrate, trisodium citrate, PVP and H 2 O 2  were combined with 
sodium borohydride. The small nanoparticles formed initially (indicated by the 
presence of a pale yellow color) were transformed into nanoprisms (indicated by 
a vivid blue color) over a 30 - min period. The advantage of this procedure over other 
procedures is that it provides control (albeit limited) over the thickness of the 
nanoprism. This decrease in nanoprism thickness can be seen in the TEM images 
in Figure  3.25 . The concentration of sodium borohydride used controls not only 
the edge length of the particles but also their thickness. Again, similar to other 
procedures discussed above, the presence of citrate was found to be crucial to this 
transformation process, while the PVP served only as a stabilizer.   

 Other aqueous procedures that produce nanoprisms with reasonable control 
over the size are discussed below. Zou and Dong ’ s procedure involves the reduc-
tion of silver nitrate by hydrazine in the presence of seed particles and trisodium 
citrate  [6] . The size of the nanoplates is simply controlled by adjusting the concen-
tration of seed particles used    –    that is, larger nanoplates can be produced when a 

    Figure 3.25     TEM images of nanoprisms 
prepared with (a) 0.3   m M  and (b) 0.8   m M  
NaBH 4 , showing decreasing nanoprism 
thickness with increasing NaBH 4  
concentration; (c) Schematic detailing the 
preparation of silver nanoprisms. The inset 

shows solutions of nanoprisms prepared 
with (from left to right) 0.3   m M , 0.5   m M , 
0.67   m M  and 0.8   m M  NaBH 4 .  Reprinted with 
permission from Ref.  [130] ;  ©  2005 Wiley-
VCH Verlag GmbH & Co. KGaA.   
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smaller number of seeds are used. As can be seen in Figure  3.26 , the particles 
shown in image (b) were prepared with a smaller volume of seed particles and are 
therefore larger. The dominant morphologies present include truncated triangu-
lar, hexagonal and nanodisks.   

 Cao  et al.  have developed a method which involves reducing silver oxide with 
hydrazine in the presence of trisodium citrate and  ethylenediaminetetra - acetic acid  
( EDTA )  [131] . In this system, the citrate molecules serve only as colloid stabilizers, 
preventing aggregation, while the EDTA molecules complex with the silver ion 
and effectively act as a bank for the silver ions. The ratio of EDTA to silver ion, 
therefore signifi cantly affects the rate of reaction, and the end particle morphology 
can be tuned as this chelation - mediated process offers kinetic control over the 
growth, with triangular particles being the favored product. 

 The Kelly group have developed a number of seed - mediated procedures for the 
growth of silver nanoplates. The fi rst method involved the reduction of silver 
nitrate by ascorbic acid in the presence of seeds, followed by a seed - mediated 
reduction of silver nitrate by ascorbic acid in the presence of PVA  [3] . The group ’ s 
second method involved the reduction of silver nitrate by ascorbic acid in the pres-
ence of trisodium citrate and PVP  [132] . In this case, the position of the in - plane 
dipole SPR could be tuned by varying the concentration of citrate present. The 
reaction was carried out at room temperature but interestingly, as the temperature 
was increased, the monodispersity and uniformity of the particles was also 
increased. Another procedure has also been developed within the group which 
involved the silver seed - catalyzed reduction of Ag +  by ascorbic acid. Unlike the 
previous method, no additional citrate was required and the concentration of 

    Figure 3.26     (a, b) TEM images of silver nanoplates prepared 
by Zou and Dong, where the nanoplates in (a) were prepared 
with a larger volume of seed particles; the resultant particles 
are therefore smaller.  Reprinted with permission from Ref.  [6] ; 
 ©  2006 The American Chemical Society.   
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spherical nanoparticles produced was minimal  [133] . The nanoprisms were well -
 defi ned triangular plates, and the position of the in - plane dipole SPR could be 
tuned through the visible to the near - infrared simply by varying the concentration 
of seeds used (Figure  3.27 ). One important difference between the latter two 
reported procedures was the presence of a negatively charged polymer, 
 poly(styrenesulfonate) sodium salt  ( PSSS ), in the preparation of the seeds. Although 
the role that the PSSS played was not clear, its presence was crucial for the produc-
tion of highly shaped, monodisperse triangular plates.   

 Recently, some procedures involving biomolecules have been reported to 
produce silver nanoplates. For example, Yang  et al.  used the small biomolecule 
glycylglycine to produce larger nanoplates ( > 100   nm) in a hydrothermal process 
 [134] . For this, aqueous solutions of silver nitrate and glycylglycine were heated 
together to 160    ° C for 24   h. The authors suggested that the biomolecule could 
adhere selectively to the {111} planes of the Ag crystal, thereby directing growth. 
Although the yield of nanoplates was lower ( ∼ 80%) than in other reported proce-
dures, the interest in this procedure lay in the ability of the biomolecule to direct 
growth. The authors also stated that other similar peptides such as alanylglycine 
could also be used to prepare such nanoplates. 

 Another recently published report described the synthesis of Ag nanoplates 
using proteins extracted from the unicellular green alga,  Chlorella vulgaris   [135] . 
Hydroxyl groups in tyrosine residues and carboxyl groups in aspartic acid and/or 
glutamic acid residues were further identifi ed as the most active functional groups 
for the reduction of Ag ions, and for also directing the anisotropic growth of the 
nanoplates. A simple bifunctional peptide was designed which contained one 
tyrosine residue and two aspartic acid residues and which was able to produce 

    Figure 3.27     (a) Photograph of a series of 
nanoprisms obtained by varying the 
concentration of seeds used. (1) 650    μ l, (2) 
500    μ l, (3) 400    μ l, (4) 260    μ l, (5) 200    μ l, (6) 
120    μ l, (7) 90    μ l, (8) 60    μ l, (9) 40    μ l, (10) 20    μ l; 

(c) TEM images of fl at - lying and stacked 
nanoprisms of increasing edge length but 
with a constant thickness (scale bar 20   nm). 
 Reprinted with permission from Ref.  [133] ;  ©  
2008 Wiley-VCH Verlag GmbH & Co. KGaA.   
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silver nanoplates in high yields. Similar to the case where the hydroxyl groups at 
the end of the PVP control the rate of reduction  [25] , the formation of nanoplates 
was found to be kinetically controlled. Again, the yield of nanoplates was lower 
than in other reported procedures; however, this was the fi rst report of a biomol-
ecule specifi cally designed to aid the production of silver nanoplates.  

  3.4.4.3   Physical Aspects 
 Based on the discussion of the previous section, it is clear that the theory of pref-
erential adsorption of organic molecules such as polymers and surfactant onto 
specifi c crystal faces can result in a faster rate of addition of metal atoms to the 
more exposed faces, and therefore growth in a specifi c direction. This has recently 
been predicted computationally for the 1 - D growth of gold nanorods  [136] . However, 
it is also clear that the structure of the seed nanoparticles is of vital importance    –
    that is, whether the seeds are single crystals or possess any twin planes. In the 
case of such structures as nanoplates and prisms, the growth mechanism cannot 
be adequately explained by the selective adsorption of molecules on certain crystal-
lographic faces, and it is important to note that near - identical - shaped particles can 
be produced by very different methods. Also, if a specifi c molecule or surfactant 
were directing the growth of a given shape of nanoparticle, the presence of a 
sample containing a range of particle morphologies cannot be explained. 

 In order to propose any growth mechanism, it is of vital importance to under-
stand the structure of the nanoparticles. Extensive characterization    –    some exam-
ples of which are shown in Figure  3.28     –    has shown that the large fl at faces of the 
silver nanoprisms consist of the {111} fcc planes.  X - ray diffraction  ( XRD ) patterns 
show a dominant sharp peak for {111}, indicating the presence of relatively large 
{111} planes in the sample. Electron diffraction patterns show spots corresponding 
to diffraction from the {220} and {422} planes of an fcc crystal. Also present are 
the signals arising from formally forbidden 1/3{422} refl ections  [82, 83, 106, 137, 
138] . Lattice fringes associated with these forbidden refl ections have also been seen 
in high - resolution (HR) TEM studies, as have lattice spacing from other crystallo-
graphic faces  [111, 116, 119] . In summary, whilst the  〈 111 〉  orientation of silver 
nanoprisms is generally accepted, the identity of the crystal faces at the edge of 
the nanoplates has yet to be confi rmed.   

 Since the growth of the nanoplates cannot be adequately explained by the surface 
binding model, recent reports have suggested that there might be an underlying 
defect structure in the seeds that is a direct factor infl uencing particle growth. 
Some theories associating this defect structure with the presence of the above -
 mentioned  ‘ forbidden spots ’  have been proposed. Some authors state that the 
presence of these spots can be attributed to the presence of a local hexagonal - like 
structure, observed for silver structures that are atomically fl at. Yet, others explain 
the presence of these diffraction spots by the presence of twin planes parallel to 
each other. In these two situations the presence of these defects or twin planes 
can also direct the growth of anisotropic plate - like nanoparticles. 

 In recent years, the silver halide model has been used to explain the growth of 
silver and gold nanoprisms in a manner analogous to the growth of silver halide 
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    Figure 3.28     (a) TEM image of  〈 111 〉  - oriented 
silver nanoprism; (b) Electron diffraction 
pattern of an individual silver nanoprism, 
showing the assigned refl ection indices; (c) 
Edge - on view of silver nanoprisms; (d) Typical 
XRD pattern for a sample of nanoprisms. 

 Panels (a – c) and panel (d) reprinted with 
permission from Refs  [6]  and  [111] , 
respectively;  ©  2006 The American Chemical 
Society.  ©  2006 Wiley-VCH Verlag GmbH & 
Co. KGaA.   

plates  [83] . In this model, the presence of twin planes parallel to the fl at {111} face 
is used to explain the anisotropic growth of particles. These twin planes are formed 
readily in gold and silver systems, where the stacking fault energy is lower than 
in most metals, decreasing the energy required to form a twin plane. As shown 
in Figure  3.29 , twin planes form re - entrant grooves which are favorable sites for 
the attachment of adatoms.   

  Stacking faults  have also been used to explain the growth of silver nanoprisms 
 [137] . The Pileni group have proposed that, when the ABCABCABC …  stacking 
sequence of {111} layers, in an fcc structure, are disrupted by the removal 
of an A layer, there is a distortion in the stacking sequence. It is likely that the 
growth in parallel to the stacking fault plane is the fastest, and the existence 



of the stacking fault may be the key for the formation and growth of the diskette 
morphology. 

 Rocha and Zanchet  [116]  have studied the defect structure of silver nanoprisms 
in detail, and shown that the internal structure can be very complex, with many 
twins and stacking faults. It was shown that defects which are parallel to each 
other and to the {111} face of the nanoprism can give rise to local hexagonally 
close - packed regions. Recently, Aherne  et al.   [133]  have investigated this defect 
structure further, whereby TEM analysis provided direct evidence of a defect -
 induced arrangement of silver atoms that resulted not only in a hcp structure in 
the vicinity of the defects but also in multiple defects combining to yield a continu-
ous hcp lamellar region (see Figure  3.30 ). The presence of this hcp region was 
also confi rmed by XRD when two additional peaks, corresponding to predicted 
positions from theoretical diffractograms for a defect - induced hcp arrangement of 
silver atoms, were observed (Figure  3.31 ). Due to this lamellar defect structure of 
the nanoprisms, it is at these edges that the hcp crystal structure is exposed to the 

    Figure 3.29     (a) Silver halide model of a single 
twin plane containing type A and type B faces. 
Type A faces contain re - entrant grooves which 
facilitate the rapid growth of these faces, 
while type B faces consist of a convex - like 
surface. Growth of the nanoprism is arrested 
when the fast - growing type A sides grow 
themselves out to meet the slow - growing type 
B faces; (b) Silver halide model of a particle 

with two parallel twin planes. The second twin 
plane causes all six sides to contain A - type 
faces with re - entrant grooves. This leads to 
rapid growth in two dimensions, as each A -
 type face regenerates another A - type face 
adjacent to it as it grows out.  Adapted with 
permission from Ref.  [83] ;  ©  2005 Wiley-VCH 
Verlag GmbH & Co. KGaA.   
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    Figure 3.30     (a) TEM image of a stack of 
vertically oriented silver nanoprisms; (b) 
High - resolution TEM image of the nanoprism 
on the right - hand side of (a), showing the 
defect structure. This nanoprism is oriented 
such that the {110} plane is in the plane of 
the image    –    that is, the electron beam is along 
 〈 110 〉 ; (c) Analysis of the internal structure of 
the prism shown in (b). A series of intrinsic 

stacking faults has resulted in a hexagonally 
close - packed pattern emerging, and gives rise 
to an arrangement of atoms that is aligned 
perpendicular to the surface with a spacing of 
2.5    Å . The correct spacing of 2.35    Å  has been 
obtained for the {111} planes and also for the 
alternative ABAB … . layers of the hcp region. 
 Reprinted with permission from Ref.  [133] ;  ©  
2008 Wiley-VCH Verlag GmbH & Co. KGaA.   

    Figure 3.31     XRD data of silver nanoprisms. 
The peaks corresponding to fcc silver are 
labeled with the relevant Miller indices. Two 
additional peaks correspond to predicted 
positions from theoretical diffractograms for a 

defect induced hcp arrangement of silver 
atoms.  Reprinted with permission from Ref. 
 [133] ;  ©  2008 Wiley-VCH Verlag GmbH & Co. 
KGaA.   
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growth solution, and it is clear that the fl at morphology of the nanoprisms arises 
from much faster growth here than on any other crystal face.   

 At this stage it should be clear that the growth mechanism for silver nanoprism 
is not fully understood. However, it is also clear that growth of the nanoplates 
cannot be adequately explained by the surface binding model, and therefore 
a defect structure is a more likely model to explain the growth mechanism. In 



particular, the above lamellar defect structure could produce a region on the 
surface of a seed nanoparticle in which the defects are exposed to the growth 
medium, thereby accelerating two - dimensional growth.    

  3.5 
 Applications 

 Improvements in the shape - controlled synthesis of silver nanomaterials have 
expanded the applications in which they can be used. Spherical nanoparticles, such 
as citrate - reduced particles, have long been used as substrates for SERS  [4, 22, 23, 
26] . Whilst this enhancement is mainly due to the intense electromagnetic fi eld 
exhibited by silver nanoparticles, the intensity of enhancement is heavily depen-
dent on the shape of the nanostructure  [6, 119, 139, 140] . The Raman spectrum 
of adsorbed molecules can be enhanced several thousand - fold such that, in some 
cases, single - molecule detection is possible. Another area in which silver nanoma-
terials show great promise is that of  metal - enhanced fl uorescence  ( MEF ). Many 
experiments have been carried out highlighting the importance of parameters 
such as nanoparticle shape and size, and the distance between the nanoparticle 
surface and the fl uorophore that determine the degree of fl uorescence quenching 
or enhancement that occurs  [7, 8, 141 – 143] . The development of syntheses that 
provide control over the size and shape of the nanoparticles produced, combined 
with further investigations into the functionalization of such materials to control 
the distance and position of the fl uorophore relative to the nanoparticle surface, 
will aid in the development of both technologies. Van Duyne  [144 – 148]  and Schatz 
 [149]  have pioneered the use of Ag nanoprisms as sensitive nanoscale affi nity 
 localized surface plasmon resonance  ( LSPR ) nanobiosensors, the mode of opera-
tion of which is based on the shift in the SPR of a nanoparticle caused by a change 
in the refractive index of its surrounding medium. This change is induced by the 
specifi c binding of an analyte to the nanoparticles. Previously, the particles used 
in these biosensors have been prepared using lithographic techniques, but more 
recently the preparation of silver nanoparticles using solution - based techniques 
has improved and may prove to be a more cost - effective option. 

 In the past, silver has been used frequently to combat infections, and in this 
respect the antibacterial properties of silver, silver ions and other silver compounds 
have undergone extensive study. In recent years, silver nanoparticles have been 
shown to be good candidates for use in antimicrobial technologies, with some 
recent reports suggesting that their size, shape and surface chemistry are impor-
tant factors in determining their effi cacy as antibacterial agents  [150 – 155] .  

  3.6 
 Conclusions 

 Whilst the synthesis of silver nanoparticles of well - defi ned shape and size is not 
a trivial matter, recent developments in the production of metal nanoparticles via 
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solution - based methods have led to a remarkable range of morphologies and 
increasing control over the size of the particles produced. 

 A number of methods for the preparation of spherical silver nanoparticles have 
been developed. Organic - based procedures involving the steric stabilization of 
such nanomaterials with molecules such as alkanethiols have provided an excel-
lent route for the preparation of highly monodisperse, well - ordered nanoparticles, 
although one weakness of this method lies in the diffi culty in producing larger 
( > 25   nm) particles. Aqueous methods, such as citrate reduction, can produce larger 
nanomaterials, but the control over the distribution of particle size is limited. 

 In the case of anisotropic nanomaterials, as discussed above, a wide range of 
morphologies, including cubes, right bipyramids and nanobeams, can be pro-
duced via one synthetic process, with only small variations in the procedure 
required to alter the fi nal morphology of the product. However, while the growth 
mechanism from the seeds for most of these nanostructures can now be explained, 
the processes determining the initial seed formation are not yet fully understood. 
The achievement of a deeper understanding of this process would allow for greater 
control over the structure of the seed particles, and may open up the possibility of 
new shapes with higher yields being produced. 

 In addition to the structure of the seed particles, the coordination of organic 
species is usually required to maintain the stability of nanoparticles in solution. 
In many    –    but not all    –    cases, these molecules may selectively bind to higher - energy 
crystal faces, thus reducing the energy of the latter and directing crystal growth 
onto the more stable crystal faces. It is in this way that the anisotropic growth of 
nanostructures such as nanorods and nanowires may be explained. The defect 
structure    –    and in particular the lamellar defect structure of the seed nanoparti-
cles    –    can be used to explain the growth of nanoprisms. In this case, growth occurs 
that cannot be explained by the selective binding model. 

 In this chapter, only a few of the current applications of silver nanoparticles of 
well - defi ned size and shape have been described. Clearly, future studies must 
include the surface functionalization of nanoparticles that will, in turn, allow for 
their easier incorporation into useful assemblies, and ultimately into nanoscale 
devices.  

 Abbreviations 

  APS    =    3 - aminopropyltrimethoxysilane  
  AOT    =    bis(2 - ethylhexyl)sulfosuccinate or  
  AR    =    aspect ratio  
  BPEI    =    branched poly(ethyleneimine)  
  BSPP    =    bis( p  - sulfonatophenyl)phenylphosphine dihydrate dipotassium 
salt)  
  CTAB    =    cetyltrimethylammonium bromide  
  CTAT    =    cetyltrimethylammonium tosylate  
  DDA    =    discrete dipole approximation  



 References  139

  DMF    =    dimethylformamide  
  DMSO    =    dimethylsulfoxide  
  EDTA    =    ethylenediaminetetra - acetic acid  
  EG    =    ethylene glycol  
  FT - Raman    =    Fourier transform Raman  
  HEPES    =    4 - (2 - hydroxyethyl) - 1 - piperazineethanesulfonic acid  
  HOPG    =    highly oriented pyrolitic graphite  
  HRTEM    =    high - resolution TEM  
  LED    =    light - emitting diode  
  LSPR    =    localized surface plasmon resonance  
  PAM    =    poly(acrylamide)  
  PSSS    =    poly(styrenesulfonate) sodium salt  
  PVA    =    poly(vinylalcohol)  
  PVP    =    poly(vinylpyrrolidone)  
  SDS    =    sodium dodecylsulfate  
  SEM    =    scanning electron microscopy  
  SERS    =    surface - enhanced Raman scattering  
  SPR    =    surface plasmon resonance  
  TEM    =    transmission electron microscopy  
  TSA    =    tungstosilicic acid  
  TGA    =    thermogravimetric analysis  
  UV - vis    =    ultraviolet - visible  
  XPS    =    X - ray photoelectron spectroscopy  
  XRD    =    X - ray diffraction  
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  4.1 
 Introduction    

 Although throughout human history, silver has been very widely used, its main 
applications have lain mainly in nonmedical fi elds. Nonetheless, silver ’ s extremely 
potent disinfectant properties    –    in solution, a concentration of only one part per 
100 million of elemental silver shows effective antimicrobial activity    –    have been 
well documented. As with other heavy metals, the effi cacy of silver depends on 
the aqueous concentration of its ions. Silver ions are effective against a wide range 
of microbes, and conduct their antibacterial effi cacy in several ways. Whereas, in 
ancient times, metallic silver vessels were used to preserve water and wine, in 
medical practice it is mainly  silver compounds  that have been utilized; an example 
is the use, during the 19th century, of a 1% silver nitrate solution to prevent gono-
coccal eye infections  [1] . One of the major problems associated with the use of 
silver compounds is an irreversible pigmentation of the tissues after their pro-
longed exposure to silver or silver compounds  [2, 3] . Indeed, it is due to this 
problem, coupled with the advent of powerful antibiotics, that the role of silver as 
an antimicrobial agent has gradually diminished. Currently, the use of silver 
nitrate is limited to that of an effective cauterizing agent and as an infl ammation -
 inducing agent in pleurodesis  [4 – 6] . One other commonly used silver compound 
is that of  silver sulfadiazine , the cream formulation of which has long been a 
standard antibacterial treatment for serious burn wounds worldwide. Unfortu-
nately, although inherently nontoxic in its pure form, the use of silver compounds 
encounters problems due to side effects caused by the nonsilver components 
 [7 – 9] . 

 As science has advanced, the emergence of nanotechnology has provided new 
ways of producing silver in its pure form as silver nanoparticles, the sizes of 
which    –    as the name suggests    –    are measured in nanometers. Upon reaching 
nanoscale, silver particles    –    like other nanomaterials and primarily by virtue of 
their extremely small size    –    exhibit remarkably unusual physico - chemical proper-
ties and biological activities, and in recent years major research efforts in this area 
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have provided exciting and encouraging results  [10 – 13] . The ability to nanocrystal-
lize silver has led to the development of an extremely effective pure silver particles 
delivery system. A major advantage here is that, as the particles become smaller, 
their surface area - to - volume ratio increases. This means that, the larger the surface 
area, the more reactions can take place in a shorter time between molecules on 
the surface  [14 – 18] . Under conventional vapor deposition conditions, silver crystals 
produced by sputtering result in tightly adherent masses of 100 – 900   nm diameter. 
In contrast, by applying nanotechnology the particle size can be reduced to about 
10 – 22   nm (average 15   nm), and as a consequence the exposed surface area of the 
crystal is markedly increased. The result of this is that the application of silver 
nanoparticles within the healthcare sector has  ‘ exploded ’ , and current estimations 
are that, ultimately, silver nanoparticles will have the highest degree of commer-
cialization among all of the nanomaterials. Today, in the medical arena, wound 
dressings, contraceptive devices, surgical instruments and bone prostheses all 
coated or embedded with silver nanoparticles. In this chapter, we will fi rst discuss 
the current understanding of the actions of silver nanoparticles, after which their 
various uses in clinical medicine will be described.  

  4.2 
 Actions of Silver Nanoparticles    

  4.2.1 
 Antimicrobial Effects    

 It has been observed that, when silver nanoparticles come into contact with micro-
organisms, the speed of killing is almost instantaneous. Indeed, ionic silver begins 
to inhibit bacterial growth at a concentration equivalent to approximately 35   ppb. 
The effi cacy of microbe killing is not only based on the amount of silver ions 
present; it also depends on a sustained release of silver onto the microbe. Although 
the exact mechanism of action of killing by silver nanoparticles is not fully under-
stood, some insights have been derived from preliminary studies with silver ions. 
To date, three possible mechanisms may be considered: 

   •      Silver ions are small enough to be ingested by the microbe and, once inside the 
cell, the silver nanoparticles bind to the cell wall, blocking its energy transfer 
system.  

   •      Silver interrupts the RNA replication process of the microbe, thereby preventing 
cell multiplication.  

   •      Through an oxidation process, silver ions block respiration, effectively choking 
the microbe, but having no toxic effect on human cells  in vivo   [19 – 21] .    

 Indeed, by using a proteomic approach, Lok  et al.  found that treatment with silver 
nanoparticles destabilized the outer membrane of  Escherichia coli  by disrupting 
the outer membrane barrier components such as lipopolysaccharides or porins, 



and this culminated in a perturbation of the cytoplasmic membrane. Silver 
nanoparticles further elicited a rapid collapse of the proton motive force by induc-
ing a loss of intracellular potassium and thus decreasing the cellular  adenosine 
triphosphate  ( ATP ) levels.  [22, 23] . Silver is effective against a broad range of 
aerobic, anaerobic, Gram - negative and Gram - positive bacteria, yeast, fi lamentous 
fungi and viruses. It has also been shown to be effective against both methicil-
lin -  and vancomycin - resistant strains, whereas no strains resistant to silver have 
ever been encountered  [24, 25] . In the case of silver nanoparticles, the research 
investigations performed thus far have proved that the antibacterial activity is 
dependent not only on particle size but also on shape  [26 – 28] . As this is the case, 
the intrinsic problem of the aggregation of silver nanoparticles would lead to a 
loss of antibacterial activity. As a result, the stabilization of nanosilver, not only 
with various polymers but also with nonionic and anionic surfactants can enhance 
antibacterial activity, and this was indeed demonstrated in a recent study  [29] .  

  4.2.2 
 Anti - Infl ammatory Effects    

 In addition to its recognized antimicrobial properties, the question remains as to 
whether there are other cellular actions of silver. Indeed, further information on 
silver ’ s pro - healing and anti - infl ammatory effects have been suggested  [30, 31] . In 
several studies which compared silver released from the pure silver delivery system 
with other topical antibiotics, an increase in the rate of re - epithelialization of partial -
 thickness wounds and meshed skin grafts was demonstrated  [32, 33] . As bacterial 
growth was negligible in both wound groups, the faster re - epithelialization 
rate in the silver nanoparticles group strongly suggested a direct wound - healing 
effect of pure silver, but which was unrelated to its underlying antimicrobial prop-
erties. Preliminary fi ndings indicated that this acceleration in wound healing 
induced by the silver nanoparticles was associated with a reduction of local  matrix 
metalloproteinase  ( MMP ) activity, as well as with an increased incidence of neu-
trophil apoptosis within the wound. As an excess in MMP levels is known to 
increase infl ammation by increasing infl ammatory cell exudates, leading to a 
nonhealing chronic wound  [31, 34] , an anti - infl ammatory action of silver is thus 
suspected. Indeed, based on the results of our own experiments using a burn 
injury model in mice, the previous fi ndings were confi rmed of a faster healing 
when using silver nanoparticles. A reduction in the levels of pro - infl ammatory 
cytokines was also demonstrated both at the wound sites and in the systemic cir-
culation  [35] . In support of these fi ndings, a recent report examining the effects 
of silver nanoparticles on peripheral blood mononuclear cells also showed that 
such nanoparticles strongly inhibited    –    in concentration - dependent manner    –    the 
activities of  interferon - gamma  ( IFN -  γ  ) and  tumor necrosis factor - alpha  ( TNF -  α  ), 
both of which are cytokines associated with infl ammation  [36] . Taken together, 
these fi ndings suggest an anti - infl ammatory action of silver nanoparticles, and 
this may provide a novel pharmacological rationale for the treatment of infl am-
matory and immunologic diseases. Nonetheless, the underlying molecular - level 
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mechanism of action of the anti - infl ammatory effects of nanosilver remains to be 
determined.   

  4.3 
 Applications of Silver Nanoparticles in Medicine    

 Traditionally, as crystalline silver is relatively insoluble in both water and dilute 
acids, the concentration of silver ions normally available on a wound surface would 
be inadequate for use as an antimicrobial agent. In order to exert a bactericidal 
effect, silver ions must be available in solution at the bacterial surface and, indeed, 
their effi cacy depends on their aqueous concentration. To achieve this, silver 
compounds have been used in solution form as an antimicrobial for wound man-
agement for almost a century. In the past, silver has been used to treat a variety 
of conditions, including epilepsy, venereal infections, acne and leg ulcers. Silver 
foil was also applied to surgical wounds to improve healing and to reduce postop-
erative infections, while silver and  ‘ lunar caustic ’  (a pencil containing a mixture 
of silver nitrate and potassium nitrate) were used for wart removal and ulcer 
debridement  [37] . During the early 1920s, the method used was to pass a small 
electrical charge through a mixture of water and silver crystals in order to obtain 
an effective silver (electrocolloidal) ion solution that could be used topically on 
wounds and, indeed, some wound centers still use this approach today. However, 
due to the instability of the solution the method has been shown to be highly 
impractical for use on large wounds or for extended time periods. Today, with the 
advent of nanotechnology, the availability of silver in nanoparticle form has allowed 
the use of pure silver to become widely used in medical practice. As the size, shape 
and composition of the silver nanoparticles can have signifi cant effects on their 
antibacterial effi cacy, many extensive investigations have been conducted aimed 
at their synthesis and characterization. The application of nanosilver can, there-
fore, be broadly divided into diagnostic and therapeutic uses. 

  4.3.1 
 Nanosilver in Diagnosis, Imaging and Targeting    

 The early diagnosis of any disease condition is vital to ensure that treatment is 
prescribed early, thus ensuring a better chance for cure. For example, the risk of 
developing pulmonary complications is greater in patients undergoing surgery 
and requiring general anesthesia if they have upper respiratory tract viral infec-
tions. Yet, the patients ’  risk would be minimized if the viral infections could be 
detected before the presentation of any symptoms. As current antibody - based 
detection methods generally lack the sensitivity required for low - level virus detec-
tion,  surface - enhanced Raman spectroscopy  ( SERS ) has emerged as a powerful 
analytical tool which extends the possibilities of vibrational spectroscopy. SERS 
differs from standard Raman scattering in that the incoming laser beam interacts 
with the oscillations of plasmonic electrons in metallic nanostructures to enhance 



the vibrational spectra of molecules adsorbed to the surface. In a recent study, 
SERS was used to obtain the Raman spectra of  respiratory syncytial virus  ( RSV ), 
using substrates composed of silver nanorods (anisotropic silver). Here, the four 
virus strains tested were readily detected at low detection limits and classifi ed 
using the multivariate statistical methods  [38] . The power of SERS was further 
demonstrated in its use in immunoassays, where the detection level of immuno-
globulins was as low as 4   ng   ml  − 1   [39] . 

 In terms of detecting cancer, whilst many molecular probes can recognize the 
unique cell surface molecules on cancer cells, some of these probes have only rela-
tively weak binding affi nities. In a recent study, Au - Ag  nanorod s ( NR s) were used 
as a nanoplatform for multivalent binding by multiple aptamers to increase both 
the signal and binding strengths of the aptamers in cancer cell recognition. The 
molecular assembly of aptamers on the NR was shown to lead to a 26 - fold higher 
affi nity than the original aptamer probes  [40] . Thus, these NR – aptamer conjugates 
show great promise for use in specifi c cell targeting, as well as having the detection 
and targeting ability required for cell studies, disease diagnosis and therapy. 

 The use of silver nanoparticles has also been described in  matrix - assisted laser 
desorption/ionization  ( MALDI ), a powerful laser - based soft ionization technique 
for mass spectrometric analysis and the investigation of peptides, proteins, nucleic 
acids, pharmaceuticals, bacterial characterization and imaging studies. Here, 
liquid – liquid microextraction base - modifi ed silver nanoparticles were employed 
for the extraction of a hydrophobic peptide (gramicidin) from biological samples 
through hydrophobic interactions, prior to MALDI analysis (Figure  4.1 )  [41] . The 
application of silver nanoparticles was shown to provide an excellent sample clean -
 up procedure, and also assisted in the enhancement of signal of peptides and 
proteins.   

    Figure 4.1     Atmospheric pressure (AP) - MALDI - MS spectra 
of gramicidin obtained from a spiked urine sample with 
(a) conventional AP - MALDI - MS and (b) by using 
octadecanethiol - modifi ed silver nanoparticles.  (Reproduced 
with permission from Ref.  [41] ).;  ©  2008 ACS Publishing)   
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 Recently,  third - harmonic - generation  ( THG ) microscopy has emerged as an 
important noninvasive intravital imaging modality of  in vivo  biological research. 
The advantages of the technique include an intrinsic optical sectioning capability 
and no energy release, thus allowing a much improved cell viability. For this 
imaging modality, a recent study demonstrated the use of silver nanoparticles as 
exogenous contrast agents in cultured mouse bladder carcinoma cells  [42] . Here, 
by successfully conjugating anti - her2 antibodies with the citrated silver nanopar-
ticles, Her2/neu in the cancerous cell membranes was successfully imaged with 
THG microscopy.  

  4.3.2 
 Nanosilver in Therapeutics    

  4.3.2.1   Wound Dressings    
 The ability to incorporate silver nanoparticles into fabrics has been well demon-
strated  [43] , with perhaps the most well - documented and commonly used applica-
tion of nanosilver being that of  wound dressings   [44, 45] . In this regard, Acticoat ® , 
which is the fi rst commercial dressing made from two layers of polyamide ester 
membranes covered with nanocrystalline silver ions and a core absorption layer 
in the middle, has been studied extensively. In  in vitro  studies, the antimicrobial 
barrier properties of Acticoat ®  were compared to that of silver nitrate and silver 
sulfadiazine (Silvazine ® ; the traditional hydrophilic cream treatment for burn 
wounds in clinical settings), with the  minimum inhibitory concentration  ( MIC ) 
and  minimum bactericidal concentration  ( MBC ) being determined using fi ve 
clinically signifi cant bacteria:  Staphylococcus aureus, Staphylococcus epidermidis, 
Escherichia coli, Klebsiella pneumoniae  and  Pseudomonas aeruginosa . In these studies, 
Acticoat ®  was shown to have the lowest MIC and MBC values of the three silver -
 containing agents. Moreover, when the kill kinetics were studied, Acticoat ®  dem-
onstrated the fastest kill times for all fi ve bacteria with, in most instances, bacterial 
viability being lost in less than 30   min after inoculation with silver nanoparticles, 
whereas at least 2 – 4   h elapsed before loss of viability with either silver nitrate or 
silver sulfadiazine  [46, 47] . Although the silver particles are very quickly inactivated 
in the wound, the rapid bactericidal effect and sustained release of silver particles 
achieved with the nanosilver delivery system should minimize the likelihood of 
bacteria developing resistance to silver. Therefore, although the concentrations 
of aqueous silver ions released from the dressings were about 30 - fold lower than 
those found with silver nitrate and silver sulfadiazine, a more rapid killing rate 
was produced by the nanosilver - coated dressing  [48] . 

 In a randomized prospective clinical study involving 30 patients, with each 
group of patients having comparable burn wound size, depth and location, the 
wounds were treated with either a nanosilver dressing or a gauze soaked in 0.5% 
silver nitrate solution. The frequency of burn wound sepsis was shown to be less 
in wounds treated with nanosilver than in those treated with silver nitrate. Fur-
thermore, secondary bacteremia arising from infected wounds was also less fre-
quent  [49] . As well as burn wounds, there is now increasing evidence for the use 



of nanosilver in the treatment of chronic wounds such as leg ulcers, diabetic foot 
ulcers and pressure ulcers. Indeed, when using a contaminated wound model in 
diabetic mice, a faster healing was found in animals treated with nanosilver com-
pared to controls (Figure  4.2 ). In concurring with our fi ndings, Sibbald  et al.  con-
ducted a prospective study to evaluate the use of a nanosilver dressing on a variety 
of chronic, nonhealing wounds. These authors concluded that nanosilver dressing 
had a benefi cial effect of protecting the wound site from bacterial contamination 
 [50] . A further clinical study conducted in a burns unit in Australia showed that 
patients treated with Acticoat ®  had a decrease in wound cellulitis (55% versus 
10.5%), antibiotic use (57% versus 5.2%), length of stay (17.3 days versus 12.5 
days) and overall treatment costs compared to those treated with Silvazine ®   [51] . 
Taken together, the use of nanosilver in wound dressings appears to hold the 
greatest promise.    

  4.3.2.2   Silver - Impregnated Catheters    

  4.3.2.2.1   Central Venous Catheters      Central venous catheter s ( CVC s) are widely 
used in hospital practice; indeed it has been estimated that, in the United States 
alone, about 5 million of these units are inserted annually  [52] . The widespread 
use of CVCs is associated with potential infective complications, with the annual 
incidence of catheter - related bloodstream infection estimated at around 80   000 
cases in the US  [53, 54] . 

 Previous studies have suggested that, although the impregnation of catheters 
with antiseptics or antibiotics might reduce the rates of catheter colonization  [55 –
 57] , there would be a risk that the increasing use of such catheters could lead to 
greater antimicrobial resistance. Recently, a new generation of silver - impregnated 
catheters, based on the use of an inorganic silver powder in which silver ions are 
bonded with an inert ceramic zeolite (Agion), has become available for clinical 

    Figure 4.2     Times of wound closure (group 
mean  ±  SE) in diabetic and nondiabetic 
mice treated with nanosilver (shaded) and 
conventional dressing (nonshaded). A 
1    ×    1   cm 2  full - thickness wound was excised in 

genetically diabetic (C57BLKs/J - m+/db, db/
db) and non - diabetic control C57BLKs/J - m 
mice, and coated dressings were applied daily 
to each wound (n   =   5). The wounds were 
assessed daily to check for healing.  
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use. This combination releases silver ions from both the inner and outer surfaces, 
in continuous fashion. A recent study was performed comparing these silver -
 impregnated catheters with standard catheters, with the rate of colonization as the 
primary end point and catheter - related bloodstream infections as the secondary 
end point. The results showed the overall colonization rate to be signifi cantly lower 
for the silver - impregnated CVC tips than for control tips (58% versus 73%;  p   <  
0.025). In addition, there was a lower rate of tip colonization by coagulase - negative 
staphylococci in the silver zeolite - impregnated CVC tips as compared to control 
tips (34% versus 47%;  p   <  0.05)  [58] . As the concern of bacterial resistance is 
minimal with silver, it would appear that silver - impregnated catheters are destined 
for increased use in the future.  

  4.3.2.2.2   Vascular Prostheses     On a larger scale, vascular prosthetic grafts are 
used to repair diseased blood vessels, such as the aorta. Extensive research in vas-
cular surgery hence has focused on the development of infection - resistant pros-
thetic grafts. In a recent multicenter study evaluating the use of the InterGard 
Silver bifurcated polyester graft coated with collagen and silver, the silver - 
impregnated vascular grafts achieved excellent patency over a long - term period, 
with a low rate of graft infection  [59] . A randomized trial with this graft is 
awaited.  

  4.3.2.2.3   Urinary Catheters     The urinary tract is the most common site of noco-
somial infections in hospital patients. Indeed, it has been estimated that, in the 
United States, 25% of hospitalized patients undergo indwelling urinary catheter-
ization, and each procedure is associated with a risk of bacteriuria of approxi-
mately 5% per day of catheterization  [60, 61] . Catheter - associated infections 
result from an ascending bacterial colonization within the glycocalyx - enclosed 
biofi lm on the inner and outer surfaces of the catheter  [62] . With time, organ-
isms may also move up from the bladder to the ureters, and then to the kidneys, 
as well as invading the bloodstream and causing sepsis. With each  urinary tract 
infection  ( UTI ) resulting in 1 to 3.8 extra hospital days, a potential annual saving 
of US $  500 million could be made in hospital costs if UTIs were to be avoided 
 [63, 64] . Although systemic antibiotic therapy is effective for eliminating the 
bacterial population adherent to the bladder mucosa and in the urine, any bacte-
rial biofi lm on a Foley catheter could be eradicated only by a very high dose of 
antibiotics  [65] . Previously, an antibiotic - bonded nephrostomy catheter for use 
in percutaneous nephrostomies, as well as a catheter with a nitrofurazone 
matrix, have been designed; however, comparative studies showed no signifi cant 
differences in clinical outcome compared to the conventional catheter system 
 [66 – 68] . 

 The use of silver may prove to be a valuable alternative in the treatment of UTIs, 
as it is known to be highly active against a broad spectrum of bacteria commonly 
found in these conditions. Recently, when a new technology where the entire 
catheter was impregnated with silver nanoparticles (3 – 8   nm) was described, the 



safety of these catheters was determined and showed excellent results  [69, 70] . The 
antimicrobial activity of silver in a polyurethane matrix may also extend to prevent-
ing bacterial adherence on the surface of the catheter, thus preventing biofi lm 
formation. When the duration of silver release was investigated by continuous 
rinsing of the material with physiological saline, a steady state release of 35   ng   cm  − 2  
was revealed at day 10. Such a concentration would provide the antimicrobial 
activity observed in samples obtained between days 10 and 30. Indeed, a meta -
 analysis of data from prospective trials highlighted not only the effi cacy of these 
silver alloy/hydrogel - coated catheters but also their excellent cost - effectiveness 
 [71] .  

  4.3.2.2.4   Ventricular Drainage Catheters     The insertion of temporary  external ven-
tricular drainage  ( EVD ) is common in intensive care patients for the management 
of acute occlusive hydrocephalus. One very important complication of external 
 cerebrospinal fl uid  ( CSF ) drainage is bacterial colonization of the catheter, as this 
results in ventriculomeningitis and encephalitis. As with CVCs, the use of 
antimicrobial - impregnated catheters, although useful, can induce the emergence 
of bacterial multiresistance. Since 2004, silver - impregnated EVD catheters have 
been available commercially in the European Union and, indeed, a recent pilot 
study addressed their effi cacy in neurological and neurosurgical patients requiring 
external CSF drainage to treat acute occlusive hydrocephalus. It was found that 
CSF cultures, performed at least three times weekly, yielded 25% more positive 
cultures in control subjects compared to 0% in patients where silver catheters were 
used. Furthermore, reactive pleocytosis in CSF, which is an indicator of aseptic 
meningitis due to infl ammation, was not seen in patients where the silver - impreg-
nated biomedical material was used  [72] .   

  4.3.2.3   Orthopedic Applications    

  4.3.2.3.1   Bone Cement     In recent years,  artifi cial joint replacements  have become 
the  ‘ gold standard ’  treatment for many arthritic diseases. Today, bone cement 
based on  polymethylmethacrylate  ( PMMA ) is commonly used for the anchoring 
of artifi cial joints. Like all biomaterials, PMMA has an elevated risk of infection 
when implanted into the human body when compared to autogenous tissue  [73] . 
Whilst the loading of PMMA with antibiotics has been postulated to reduce the 
risk of joint infections  [74, 75] , an increasing number of joint infections with 
multiresistant bacteria means that an adequate prophylaxis against these organ-
isms becomes essential. For the same reasons as described above, silver nano-
particles seem here to be the obvious choice. In recent studies conducted to 
evaluate bone cement loaded with nanosilver  [76] , an absence of  in vitro  cytotoxicity 
of nanosilver - loaded bone cement was shown, as was a high antibacterial activity 
against all tested strains, including  methicillin - resistant  Staphylococcus aureus   
( MRSA ). In addition, no cytotoxicity towards osteoblasts grown  in vitro  was 
observed. Taking these results together, silver - loaded bone cement would 
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appear to be a potential candidate for the next generation of biomaterials in 
orthopedics.  

  4.3.2.3.2   Artifi cial Joints     The use of silver nanoparticles has also been studied in 
artifi cial joints where, for many years,  ultra - high - molecular - weight polyethylene  
( UHMWPE ) has been the material of choice for fabricating the bearing inserts for 
total joint replacement components. Despite being resistant to corrosion and 
abrasion, a major problem with the longevity of UHMWPE is that of wear and 
concomitant debris generation, which can lead to macrophage activation with 
subsequent infl ammation, and eventual failure of the artifi cial joint. In one study, 
the supercritical fl uids processing of UHMWPE and formation in silver nanopar-
ticles was shown to lead to both physical and chemical stabilization of the polymer 
surface layer towards friction oxidation and degradation (Figure  4.3 )  [77] . This 
procedure was shown to signifi cantly decrease the process of polymer/metal tri-
bochemical debris formation, and at the same time enhance UHMWPE biocom-
patibility and antimicrobial activity.     

  4.3.2.4   Surgical Mesh    
 Currently, the standard measures for protection against surgical infection include 
perioperative antibiotics, antiseptic skin preparations and sterile surgical tech-
nique. Nonetheless, in many instances surgical implants are unavoidable and 
carry a risk of infection due to the presence of foreign material. At present, one 
million nocosomial infections are seen each year in patients with implanted pros-

    Figure 4.3     Tapping mode atomic force 
microscopy height (a) and phase (b) images 
of UHMWPE with silver nanoparticles 
deposited. The images were collected from a 
cryomicrotomed surface; the crystalline 

regions of the polymer and nanoparticles 
can be clearly identifi ed in both images. 
 (Reproduced with permission from Ref.  [77] ; 
 ©  2007 Elsevier.)   



thetic materials  [78] .  Surgical meshes  are used commonly for bridging large 
wounds, as well as acting as reinforcements in tissue repair, of which the most 
common purpose is in the repair of  inguinal hernias . With the goal of creating a 
successful antibacterial coating for a prosthetic material, an analysis was carried 
out to examine the  in vitro  properties of a silver nanoparticle - coated polypropylene 
mesh. Similar to other studies using silver nanoparticles, the results here showed 
the nanosilver polypropylene mesh to have signifi cant bactericidal effi cacy against 
 S. aureus . It was further shown that the silver particles could diffuse from the mesh 
and had antibacterial activity that increased with increasing doses  [79] . These  in 
vitro  results clearly warranted further  in vivo  studies to determine whether 
nanosilver - coated polypropylene mesh could reduce the prosthetic infection rate 
and the host infl ammatory response within the clinical setting. It also remains to 
be seen if nanosilver particles might serve as an ideal coating for all surgically 
implanted devices.  

  4.3.2.5   Disinfectants    
 A more recent application of nanosilver is its addition to disinfecting agents. 
Contaminated surfaces can act as a reservoir for pathogenic microorganisms, and 
potentially exacerbate the risk of infection. Although surface disinfection provides 
bacterial killing, disinfected surfaces soon become recontaminated; hence, in 
order to improve on the current state an ideal disinfectant should also provide 
persistent antimicrobial action. Brady  et al.  described the use of a silver - based 
disinfectant technology designed to provide longlasting sanitization and disinfec-
tion  [80] . 

 These authors demonstrated silver to be active against household pathogens 
( E. coli, S. aureus, Klebsiella pneumoniae, Enterobacter aerogenes, Enterococcus faecium  
and  Salmonella choleraesuis ). The silver - based disinfectant also showed signifi cant 
and equivalent effi cacy against antibiotic - resistant bacteria. In addition, signifi cant 
residual activity was seen after 10   min against all organisms tested after fi ve cycles 
of water rinsing, abrasion and microbial contamination. A silver nanowire/meso-
porous silica composite was also shown to be highly effective antiseptic in another 
report  [81] . Taken together, these fi ndings highlighted the ability of a silver - based 
disinfectant to reduce the risk of infection within the home and healthcare 
settings.    

  4.4 
 Are Silver Nanoparticles Toxic?    

 As the widespread use of silver nanoparticles in medical appliances continues to 
expand, the exposure of the body to silver will clearly increase. Although, tradition-
ally, silver is believed to be relatively nontoxic to mammalian cells, in 2005 a review 
was conducted of the occupational risks of workers in the silver industry, when 
metallic silver was considered to represent a minimal health risk  [82] . It is not 
known, however, whether this holds true for silver nanoparticles. This is of 
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particular concern because, due to its small particle size, nanosilver may gain an 
increasing access to tissues, cells and biological molecules within the human 
body. Once achieving nanoscale, some materials do exhibit signifi cant toxicity to 
mammalian cells, an example being carbon nanotubes  [83, 84] . The underlying 
concern with nanoparticles is that their small size leads to an ultra - large surface 
area per mass, such that a large proportion of the atoms are in immediate contact 
and readily available for reaction. Already, some unique interactions with micro-
organisms have been demonstrated with silver nanoparticles of certain size ranges 
and shapes  [13, 22, 85] . A small size also confers a greater particle mobility and 
various electric charges within the body. These modifi cations of the intrinsic 
physico - chemical properties of silver thus give rise to various cellular uptakes, 
and interactions with other biological molecules within the human body. Silver 
nanoparticles can gain access to different body surfaces through both clinical and 
environmental routes and, at the sites of contact, can bind to and react with pro-
teins. It follows, therefore, that uptake through phagocytosis can also take place. 
Furthermore, nanoparticles may elicit a spectrum of tissue responses including 
cell activation, the generation of  reactive oxygen species  ( ROS ), infl ammation and 
cell death  [86, 87] . 

  4.4.1 
 Access via the Skin    

 As the most popular nanosilver products in clinical use today are wound dress-
ings, there will inevitably be an increase in interest in the potential adverse side 
effects of nanosilver due to its close contact with human skin. One of skin ’ s 
major roles is to provide protection to the underlying organs. The skin comprises 
an outer epidermis and dermis; the stratum corneum layer of the epidermis acts 
as a strict barrier, allowing only a limited penetration of particulate materials. 
However, the transdermal penetration of fi ne particles has been documented 
 [88] . Until now, the available data on nanosilver are few to none; nonetheless, 
as nanosilver wound dressings are applied to wounded skin    –    where the epider-
mal barrier is broken    –    it is to be expected that entry of the nanoparticles into 
the body would be easier. This, along with the observation that particles in the 
skin can be phagocytosed by macrophages and Langerhans cells, might lead to 
perturbations of the immune system. A case of activation of mast cells by silver 
nanoparticles in a patient with localized argyria has been reported  [89] , while one 
other clinical report described an abnormal elevation in the blood levels of silver 
and argyria - like symptoms following the use of nanosilver - coated dressings for 
burns. The absorption of nanosilver into the circulation has thus been indicated 
 [90] . 

 When cultured keratinocytes were exposed to extracts of silver - containing 
dressings, their proliferation was signifi cantly inhibited and cell morphology 
affected  [91] . In another study, nanosilver released from a commercially avail-
able dressing was found to be toxic to both keratinocytes and fi broblasts  [92] . 
Nonetheless, there was no increase in cell death in these experiments using 



keratinocytes. In contrast, when using an  in vitro  wounding model, nanosilver 
was found to increase the growth rate of these cells (K.K.Y. Wong, unpublished 
data). The obvious discrepancies between these data and those reported by 
others might be attributable to differences in laboratory conditions and the 
techniques employed, while the concentration of silver used in these experi-
ments might also be an important factor. Clearly, the establishment of a set of 
integrated and standardized evaluation protocols is necessary for these investiga-
tions. It should also be noted that most experiments were carried out using  in 
vitro  models, the fi ndings of which might differ from those performed  in vivo . 
Indeed, in a clinical situation wound exudation might also contribute towards 
the effect of nanosilver on wound healing, with the high protein content perhaps 
neutralizing the tissue toxicity.  

  4.4.2 
 Pulmonary Entry    

 Access via the respiratory system serves as a major route for ambient particulate 
materials. The deposition of inhaled particles  < 100   nm in size mainly occurs in 
the alveolar region. As healthcare and hygiene spray products containing silver 
nanoparticles continue to enter daily use, concern is increasing with regards to 
the fate of these nanoparticles in the respiratory system, as they may in time 
be channeled into the lungs. At the alveolar level, the particles are fi rst sub-
mersed into the surfactant lining of the alveoli before coming into contact with 
any cell. Results from studies using different types of particle have suggested 
that the surfactant  di - palmitoyl - phosphatidyl - choline  ( DPPC ) and surfactant 
protein are adsorbed to the particle surface, and that this may be a mediation 
mechanism for the toxicity of particulate matter  [93] . Based on the results of 
studies using silica, the surface structures were found to interact with the lining 
fl uid layer and to produce surface radicals and ROS, which were associated with 
silica particle ’ s specifi c toxicity, while a particle – surfactant lining interaction 
infl uenced any subsequent particle – cell interaction  [94] . Toxicological data on 
silver nanoparticles in this respect are limited, nonetheless. Furthermore, as 
silver has an oxidation state it can act as a catalyst; indeed, a high catalytic 
activity for oxidation has been demonstrated in silver nanoparticle - based cata-
lysts  [95] . It is thus sound to assume, that the huge surface area of silver 
nanoparticles may serve as an effi cient facilitator for the generation of radicals 
and ROS. Further, the phagocytosis of nanoparticles can lead to the activation 
of macrophages and the release of chemokines, cytokines and other mediators, 
which may result in a sustained infl ammation  [96 – 98] . In inhalation experi-
ments in rats, silver nanoparticles were shown to be taken up by alveolar mac-
rophages and to persist for up to 7 days. Nonetheless, the silver content in the 
lung decreased rapidly with time after the inhalation of a relatively low concen-
tration of ultrafi ne silver  [99] . Two recent articles addressed the effects of pro-
longed inhalation of silver nanoparticles on the lungs in rats  [100, 101] . At high 
doses of silver, there were detectable lung function changes as well as an abnor-
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mality of liver enzymes, which suggested that silver might indeed have adverse 
effects on the tissues. Clearly, additional studies aimed at examining these 
points are required.  

  4.4.3 
 Gastrointestinal Tract    

 As the gastrointestinal tract provides a large surface area for effi cient nutrient 
exchange, gastrointestinal ingestion may represent a common route for expo-
sure to nanosilver in the way of health supplements. For example, colloidal 
silver has been marketed by many commercial companies to have immune -
 boosting effects. Silver nanoparticles are also used in products for water disin-
fection and food stabilization. Despite such extensive (potential) exposure, 
reports on local or systemic adverse effects of orally ingested nanosilver are few 
in number. The mechanism of nanosilver translocation has been postulated as 
occurring either via the intestinal lymphatic tissues or transcellularly via normal 
enterocytes  [102] . Those nanoparticles which enter the capillaries become circu-
latory and very soon encounter the liver (via an hepatic fi rst - pass), perhaps 
causing the liver to be exposed to a high dose of silver nanoparticles. Although 
toxic effects of silver nanoparticles to liver cells have been reported  in vitro   [103] , 
the systemic toxicity of ingested nanosilver has scarcely been seen. In support 
of these data, when nanosilver particles were injected intravenously into experi-
mental mice, no overt systemic effects were observed, despite the nanosilver 
solution being used at a relatively high concentration of 100    μ  M  (K.K.Y. Wong, 
unpublished data).  

  4.4.4 
 Other Tissues    

 By taking into account the existence of silver nanoparticle - impregnated catheters 
for clinical use, hemocompatibility becomes a top safety concern. Previous reports 
have suggested that nanoparticles present in the blood were associated with throm-
bosis and the activation of immunological reactions. Various studies have provided 
evidence that exposure to ambient ultrafi ne particles elicits an infl ammatory 
response in vascular endothelial cells and blood cells  [104, 105] . In the case of 
silver, a recent study revealed that silver nanoparticles could greatly enhance the 
electron - transfer reactivity of myoglobin  [106] . 

 The recent identifi cation of the cytotoxicity of silver nanoparticles towards a 
spermatogonial stem cell line has aroused great concern over the biosafety of 
nanomaterials  [107] . As discussed previously, the liver appears to be an eventual 
accumulation site for circulatory silver nanoparticles, and similar patterns of 
cytotoxicity for silver nanoparticles (decreased mitochondrial function,  lactate 
dehydrogenase  ( LDH ) leakage and abnormal cell morphologies) were observed 
 in vitro . Nonetheless, during other experiments using nanosilver, a variety of 



organs (e.g. liver, spleen, lung, heart, kidney) were routinely harvested and, after 
trypsin digestion, analyzed for their silver content using  inductively coupled 
plasma mass spectroscopy  ( ICP - MS ). Thus far, in experiments with mice, and 
using therapeutic doses of nanosilver, only very low levels of silver ( < 0.5    μ g   g  − 1 ) 
were detected in the tissues, which suggested that nanosilver was safe at these 
concentrations.   

  4.5 
 Possible New Therapeutic Options    

  4.5.1 
 Anti - Infl ammatory Agents    

 The potential anti - infl ammatory action of nanosilver has been suggested in various 
studies. Initially, the anti - infl ammatory effects of nanocrystalline silver were exam-
ined in a rat model of  ulcerative colitis  induced by the intracolonic administration 
of dinitrobenzenesulfonic acid  [108] . Quantitative macroscopic and microscopic 
observations in this study revealed that intracolonic treatment with nanosilver at 
concentrations of 40 and 4   mg   kg  − 1  signifi cantly reduced the colonic infl ammation. 
Here, nanosilver was seen to signifi cantly suppress the protein expression of TNF -
  α ,  interleukin  ( IL ) - 12 and IL - 1 β , while a reduction in MMP - 9 was also seen. These 
cytokines and MMP - 9 were up - regulated in the colonic tissues of rats after the 
induction of colitis. The results suggested that nanosilver, when administered 
either intracolonically or orally, may have therapeutic potential for the treatment 
of infl ammatory bowel disease (Figure  4.4 ).   

 In contrast, infl ammation has been noted to play a signifi cant part in the forma-
tion of postoperative adhesions. In a mouse model, it was shown that an intraperi-
toneal injection of nanosilver signifi cantly reduced the degree of postoperative 
fi brous adhesions (Figure  4.5 ; also K.K.Y. Wong, unpublished data). Taken 
together, these results suggest that nanosilver can indeed reduce infl ammation, 
and its use in other infl ammatory conditions is eagerly anticipated.    

  4.5.2 
 Anti - Viral Drugs    

 The anti - viral properties of metal nanoparticles remain an undeveloped area 
which, potentially, is of major medical interest. With fi nding a cure for  human 
immunodefi ciency virus  ( HIV ) in mind, the postinfected anti - HIV - 1 activities of 
silver nanoparticles towards Hut/CCR5 cells were evaluated in a study conducted 
by our group  [109]  (Figure  4.6 ). Here, the silver nanoparticles were shown to 
possess a dose - dependent anti - retroviral activity and to exhibit a high potency at 
50    μ  M  (98%) in inhibiting HIV - 1 replication. Moreover, the nanoparticles did 
not show any acute cytotoxicity to either the Hut/CCR5 cells or to normal 
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(a) (b)

(c) (d)

    Figure 4.4     Histological sections of the colon 
showing the effects of oral nanocrystalline 
silver (NP) on a rat colitis model, 
where colitis was produced using a 
single intracolonic injection of 
 dinitrobenzenesulfonic acid  ( DNBS ). 
Treatment groups consisted of oral 
administration of nanosilver particles (40, 4 
or 0.4   mg   kg  − 1 ) or sulfasalazine suspension. 
Placebo and untreated groups served as 
controls. Colonic sections were stained with 
hematoxylin and eosin and examined 
microscopically. (a) Treated with NP; 
(b) Treated with sulfasalazine; (c) Treated 

with placebo; (d) Untreated. Generally, 
colonic damage consisted of transmural 
ulceration extending through the serosal 
surface, with the presence of edematous 
muscularis mucosa and submucosa, 
infi ltration of neutrophils, and lymphocytes 
(arrows). Note the healed mucosa and few 
residual infl ammatory infi ltrates in the 
sections of rats treated with NP and 
sulfasalazine (a, b), and the extensive 
ulceration and infl ammatory infi ltrates in the 
sections of placebo - treated and untreated rats 
(c, d).  (Reproduced with permission from Ref. 
 [108] ;  ©  2007 Springer.)   

 peripheral blood mononuclear cells  ( PBMC ). It remains to be seen whether 
silver nanoparticles have activities against other types of virus, and further 
experimental studies are clearly required before any clinical trial could be 
contemplated.     

  4.6 
 Conclusions    

 The recent advances in nanotechnology that have enabled us to utilize particles 
on a nanoscale basis have also created new therapeutic horizons. In the case of 



    Figure 4.5     Photograph showing the absence of peritoneal 
adhesions in a mouse 2 weeks after receiving an 
intraperitoneal injection of nanosilver in a postoperative 
adhesion model.  

    Figure 4.6     The TUNEL assay was performed 
with fl ow cytometry to assess the degree of 
cell death of Hut/CCR5 cells following the 
introduction of human immunodefi ciency 
virus 1 (HIV - 1)  in vitro . A comparison was 
made between cells pretreated with nanosilver 

particles (5    μ  M  and 50    μ  M ) and untreated 
controls. The silver nanoparticles were shown 
to have cytoprotective activity towards HIV - 1 
infection, refl ected by a much lower degree of 
cell death.  (Reproduced with permission from 
Ref.  [109] ;  ©  RSC Publishing.)   

vehicle 
control 
49%

nano silver 
5 µM
35%

nano silver 
50 µM
19%
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silver, the currently available data have merely  ‘ scratched the surface ’  of the poten-
tial benefi ts and wide range of applications of these materials. Although we have 
yet to elucidate the exact cellular pathway of nanosilver, it remains to be seen 
whether any potential complications for silver nanoparticles might surface after 
their prolonged clinical use. Nonetheless, a bright future holds for this precious 
metal.  



 166  4 Spherical and Anisotropic Silver Nanomaterials in Medical Therapy

  References 

   1       Russell ,  A.D.   and   Hugo ,  W.B.   ( 1994 ) 
 Antimicrobial activity and action of 
silver .  Progress in Medicinal Chemistry , 
 31 ,  351  –  70 .  

   2       Van de   Voorde ,  K.  ,   Nijsten ,  T.  , 
  Schelfhout ,  K.  ,   Moorkens ,  G.   and 
  Lambert ,  J.   ( 2005 )  Long - term use of 
silver containing nose - drops resulting 
in systemic argyria .  Acta Clinica Belgica , 
 60 ( 1 ),  33  –  5 .  

   3       Spencer ,  W.H.  ,   Garron ,  L.K.  ,   Contreras , 
 F.  ,   Hayes ,  T.L.   and   Lai ,  C.   ( 1980 ) 
 Endogenous and exogenous ocular and 
systemic silver deposition .  Transactions 
of the Ophthalmological Societies of the 
United Kingdom ,  100 ( Pt 1 ),  171  –  8 .  

   4       Wied ,  U.  ,   Andersen ,  K.  ,   Schultz ,  A.  , 
  Rasmussen ,  E.   and   Watt - Boolsen ,  S.   
( 1981 )  Silver nitrate pleurodesis in 
spontaneous pneumothorax . 
 Scandinavian Journal of Thoracic and 
Cardiovascular Surgery ,  15 ( 3 ),  305  –  7 .  

   5       Wied ,  U.  ,   Halkier ,  E.  ,   Hoeier - Madsen , 
 K.  ,   Plucnar ,  B.  ,   Rasmussen ,  E.   and 
  Sparup ,  J.   ( 1983 )  Tetracycline versus 
silver nitrate pleurodesis in 
spontaneous pneumothorax .  The 
Journal of Thoracic and Cardiovascular 
Surgery ,  86 ( 4 ),  591  –  3 .  

   6       Quitkin ,  H.M.  ,   Rosenwasser ,  M.P.   and 
  Strauch ,  R.J.   ( 2003 )  The effi cacy of 
silver nitrate cauterization for pyogenic 
granuloma of the hand .  The Journal of 
Hand Surgery ,  28 ( 3 ),  435  –  8 .  

   7       Fox ,  C.L. ,  Jr   ( 1975 )  Silver sulfadiazine 
for control of burn wound infections . 
 International Surgery ,  60 ( 5 ),  275  –  7 .  

   8       Fraser ,  G.L.   and   Beaulieu ,  J.T.   ( 1979 ) 
 Leukopenia secondary to sulfadiazine 
silver .  The Journal of the American 
Medical Association ,  241 ( 18 ),  1928  –  9 .  

   9       Caffee ,  H.H.   and   Bingham ,  H.G.   ( 1982 ) 
 Leukopenia and silver sulfadiazine .  The 
Journal of Trauma ,  22 ( 7 ),  586  –  7 .  

   10       Lee ,  K.S.   and   El - Sayed ,  M.A.   ( 2006 ) 
 Gold and silver nanoparticles in sensing 
and imaging: sensitivity of plasmon 
response to size, shape, and metal 
composition .  The Journal of Physical 
Chemistry B ,  110 ( 39 ),  19220  –  5 .  

   11       Evanoff ,  D.D.   Jr   and   Chumanov ,  G.   
( 2005 )  Synthesis and optical properties 

of silver nanoparticles and arrays . 
 Chemphyschem ,  6 ( 7 ),  1221  –  31 .  

   12       Makarava ,  N.  ,   Parfenov ,  A.   and   Baskakov , 
 I.V.   ( 2005 )  Water - soluble hybrid 
nanoclusters with extra bright and 
photostable emissions: a new tool for 
biological imaging .  Biophysical Journal , 
 89 ( 1 ),  572  –  80 .  

   13       Elechiguerra ,  J.L.  ,   Burt ,  J.L.  ,   Morones , 
 J.R.  ,   Camacho - Bragado ,  A.  ,   Gao ,  X.  ,   Lara , 
 H.H.    et al.  ( 2005 )  Interaction of silver 
nanoparticles with HIV - 1 .  Journal of 
Nanobiotechnology ,  3 ,  6 .  

   14       Birringer ,  R.   ( 1989 )  Nanocrystalline 
materials .  Materials Science and 
Engineering A ,  117 ,  33  –  43 .  

   15       Sant ,  S.  ,   Gill ,  K.   and   Burrell ,  R.   ( 2000 ) 
 Novel duplex antimicrobial silver fi lms 
deposited by magnetic sputtering . 
 Philosophical Magazine Letters ,  148 , 
 249  –  56 .  

   16       Djokic ,  S.  ,   Burrell ,  R.   and   Field ,  P.   ( 2001 ) 
 An electrochemical analysis of thin silver 
fi lms produced by reactive sputtering . 
 Journal of the Electrochemistry Society ,  148 , 
 791  –  6 .  

   17       Ovington ,  L.   ( 2001 )  Nanocrystalline silver: 
where the old and familiar meets a new 
frontier .  Wounds ,  13 ,  5  –  10 .  

   18       Fu - Ren ,  F.   and   Bard ,  A.   ( 2002 )  Chemical, 
electrochemical gravimetric and 
microscopic studies on antimicrobial 
silver fi lms .  Journal of Physical Chemistry , 
 106 ,  279  –  87 .  

   19       Modak ,  S.M.   and   Fox ,  C.L. ,  Jr   ( 1973 ) 
 Binding of silver sulfadiazine to the 
cellular components of  Pseudomonas 
aeruginosa  .  Biochemical Pharmacology , 
 22 ( 19 ),  2391  –  404 .  

   20       Cervantes ,  C.   and   Silver ,  S.   ( 1996 )  Metal 
resistance systems in  Pseudomonas  . 
 Revista Latinoamericana de Microbiologia , 
 38 ( 1 ),  45  –  64 .  

   21       Nikawa ,  H.  ,   Yamamoto ,  T.  ,   Hamada ,  T.  , 
  Rahardjo ,  M.B.  ,   Murata ,  H.   and 
  Nakanoda ,  S.   ( 1997 )  Antifungal effect of 
zeolite - incorporated tissue conditioner 
against  Candida albicans  growth and/or 
acid production .  Journal of Oral 
Rehabilitation ,  24 ( 5 ),  350  –  7 .  

   22       Lok ,  C.N.  ,   Ho ,  C.M.  ,   Chen ,  R.  ,   He ,  Q.Y.  , 
  Yu ,  W.Y.  ,   Sun ,  H.    et al.  ( 2006 )  Proteomic 



 References  167

analysis of the mode of antibacterial 
action of silver nanoparticles .  Journal of 
Proteome Research ,  5 ( 4 ),  916  –  24 .  

   23       Lok ,  C.N.  ,   Ho ,  C.M.  ,   Chen ,  R.  ,   He , 
 Q.Y.  ,   Yu ,  W.Y.  ,   Sun ,  H.    et al.  ( 2007 ) 
 Silver nanoparticles: partial oxidation 
and antibacterial activities .  Journal of 
Biological Inorganic Chemistry ,  12 ( 4 ), 
 527  –  34 .  

   24       Lansdown ,  A.B.   ( 2002 )  Silver. I: its 
antibacterial properties and mechanism 
of action .  Journal of Wound Care ,  11 ( 4 ), 
 125  –  30 .  

   25       Lansdown ,  A.B.   ( 2002 )  Silver. 2: toxicity 
in mammals and how its products aid 
wound repair .  Journal of Wound Care , 
 11 ( 5 ),  173  –  7 .  

   26       Baker ,  C.  ,   Pradhan ,  A.  ,   Pakstis ,  L.  , 
  Pochan ,  D.J.   and   Shah ,  S.I.   ( 2005 ) 
 Journal of Nanoscience and 
Nanotechnology ,  5 ,  244 .  

   27       Panacek ,  A.  ,   Kvitek ,  L.  ,   Prucek ,  R.  , 
  Kolar ,  M.  ,   Vecerova ,  R.  ,   Pizurova ,  N.  , 
  Sharma ,  V.K.  ,   Nevecna ,  T.   and   Zboril , 
 R.   ( 2006 )  Journal of Physical Chemistry 
B ,  110 ,  16248 .  

   28       Pal ,  S.  ,   Tak ,  Y.K.   and   Song ,  J.M.   ( 2007 ) 
 Applied and Environmental Microbiology , 
 73 ,  1712 .  

   29       Kvitek ,  L.  ,   Panacek ,  A.  ,   Soukupova ,  J.  , 
  Kolar ,  M.  ,   Vecerova ,  R.  ,   Prucek ,  R.  , 
  Holecova ,  M.   and   Zboril ,  R.   ( 2008 ) 
 Effect of surfactants and polymers on 
stability and antibacterial activity of 
silver nanoparticles (NPs) .  Journal of 
Physical Chemistry ,  112 ( 15 ),  5825  –  34 .  

   30       Demling ,  R.H.   and   Leslie DeSanti , 
 M.D.   ( 2002 )  The rate of re -
 epithelialization across meshed skin 
grafts is increased with exposure to 
silver .  Burns ,  28 ( 3 ),  264  –  6 .  

   31       Wright ,  J.B.  ,   Lam ,  K.  ,   Buret ,  A.G.  , 
  Olson ,  M.E.   and   Burrell ,  R.E.   ( 2002 ) 
 Early healing events in a porcine model 
of contaminated wounds: effects of 
nanocrystalline silver on matrix 
metalloproteinases, cell apoptosis, and 
healing .  Wound Repair and Regeneration , 
 10 ( 3 ),  141  –  51 .  

   32       Guerrero ,  R.  ,   Menezes ,  J.  ,   Reilly ,  D.A.   
 et al.  ( 2000 )  Wound care with Acticoat ®  
in patients with non - burn skin loss . 
 Journal of Investigative Medicine ,  48 ( 1S ), 
 322 .  

   33       Olson ,  M.E.  ,   Wright ,  J.B.  ,   Lam ,  K.    et al.  
( 2000 )  Healing of porcine donor sites 
covered with silver - coated dressings . 
 European Journal of Surgery ,  166 ( 6 ), 
 486  –  9 .  

   34       Kirsner ,  R.  ,   Orsted ,  H.   and   Wright ,  B.   
( 2001 )  Matrix, metalloproteases in normal 
and impaired wound healing: a potential 
role of nanocrystalline silver .  Wounds , 
 13 ( 5C ),  5  –  10 .  

   35       Tian ,  J.  ,   Wong ,  K.K.  ,   Ho ,  C.M.  ,   Lok ,  C.N.  , 
  Yu ,  W.Y.  ,   Che ,  C.M.    et al.  ( 2007 )  Topical 
delivery of silver nanoparticles promotes 
wound healing .  ChemMedChem ,  2 ( 1 ), 
 129  –  36 .  

   36       Shin ,  S.H.  ,   Ye ,  M.K.  ,   Kim ,  H.S.   and 
  Kang ,  H.S.   ( 2007 )  The effects of nano -
 silver on the proliferation and cytokine 
expression by peripheral blood 
mononuclear cells .  International 
Immunopharmacology ,  7 ( 13 ),  1813  –  18 .  

   37       Klasen ,  H.J.   ( 2000 )  A historical review 
of the use of silver in the treatment of 
burns. II. Renewed interest for silver . 
 Burns ,  26 ( 2 ),  131  –  8 .  

   38       Shanmukh ,  S.  ,   Jones ,  L.  ,   Zhao ,  Y.P.  , 
  Driskell ,  J.D.  ,   Tripp ,  R.A.   and   Dluhy , 
 R.A.   ( 2008 )  Identifi cation and 
classifi cation of respiratory syncytial virus 
(RSV) strains by surface - enhanced 
Raman spectroscopy and multivariate 
statistical techniques .  Analytical and 
Bioanalytical Chemistry ,  390 ( 6 ),  1551  –  5 .  

   39       Zhang ,  M.L.  ,   Yi ,  C.Q.  ,   Fan ,  X.  ,   Peng , 
 K.Q.  ,   Wong ,  N.B.  ,   Yang ,  M.S.  ,   Zhang , 
 R.Q.   and   Lee ,  S.T.   ( 2008 )  A surface -
 enhanced Raman spectroscopy substrate 
for highly sensitive label - free 
immunoassay .  Applied Physics Letters , 
 92 ( 4 ),  04136/1  –  04136/3 .  

   40       Huang ,  Y.F.  ,   Chang ,  H.T.   and   Tan ,  W.H.   
( 2008 )  Cancer cell targeting using 
multiple aptamers conjugated on 
nanorods .  Analytical Chemistry ,  80 ( 3 ), 
 567  –  72 .  

   41       Shrivas ,  K.   and   Wu ,  H.F.   ( 2008 ) 
 Modifi ed silver nanoparticle as a 
hydrophobic affi nity probe for analysis 
of peptides and proteins in biological 
samples by using liquid - liquid 
microextraction coupled to AP - MALDI -
 Ion trap and MALDI - TOF mass 
spectrometry .  Analytical Chemistry ,  80 ( 7 ), 
 2583  –  9 .  



 168  4 Spherical and Anisotropic Silver Nanomaterials in Medical Therapy

   42       Tai ,  S.P.  ,   Wu ,  Y.  ,   Shieh ,  D.B.  ,   Chen , 
 L.J.  ,   Lin ,  K.J.  ,   Yu ,  C.H.  ,   Chu ,  S.W.  , 
  Chang ,  C.H.  ,   Shi ,  X.Y.  ,   Wen ,  Y.C.  ,   Lin , 
 K.H.  ,   Liu ,  T.M.   and   Sun ,  C.K.   ( 2007 ) 
 Molecular imaging of cancer cells using 
plasmon - resonant - enhanced third -
 harmonic - generation in silver 
nanoparticles .  Advanced Materials , 
 19 ( 24 ),  4520  –  3 .  

   43       Kong ,  H.   and   Jang ,  J.   ( 2008 ) 
 Antibacterial properties of novel 
poly(methyl methacrylate) nanofi ber 
containing silver nanoparticles . 
 Langmuir ,  24 ( 5 ),  2051  –  6 .  

   44       Fong ,  J.   and   Wood ,  F.   ( 2006 ) 
 Nanocrystalline silver dressings in 
wound management: a review . 
 International Journal of Nanomedicine , 
 1 ( 4 ),  441  –  9 .  

   45       Leaper ,  D.J.   ( 2006 )  Silver dressings: 
their role in wound management . 
 International Wound Journal ,  3 ( 4 ), 
 282  –  94 .  

   46       Wright ,  J.B.  ,   Lam ,  K.   and   Burrell ,  R.E.   
( 1998 )  Wound management in an era 
of increasing bacterial antibiotic 
resistance: a role for topical silver 
treatment .  American Journal of Infection 
Control ,  26 ( 6 ),  572  –  7 .  

   47       Yin ,  H.Q.  ,   Langford ,  R.   and   Burrell , 
 R.E.   ( 1999 )  Comparative evaluation of 
the antimicrobial activity of ACTICOAT 
antimicrobial barrier dressing .  The 
Journal of Burn Care and Rehabilitation , 
 20 ( 3 ),  195  –  200 .  

   48       Coombs ,  C.J.  ,   Wan ,  A.T.  ,   Masterton , 
 J.P.    et al.  ( 1992 )  Do burn patients have 
a silver lining?   Burns ,  18 ( 3 ),  179  –  84 .  

   49       Tredget ,  E.E.  ,   Shankowsky ,  H.A.  , 
  Groeneveld ,  A.    et al.  ( 1998 )  A matched -
 pair, randomized study evaluating the 
effi cacy and safety of Acticoat ®  silver -
 coated dressing for the treatment of 
burn wounds .  The Journal of Burn Care 
and Rehabilitation ,  19 ( 6 ),  531  –  7 .  

   50       Sibbald ,  R.G.  ,   Contreras - Ruiz ,  J.  , 
  Coutts ,  P.  ,   Fierheller ,  M.  ,   Rothman ,  A.   
and   Woo ,  K.   ( 2007 )  Bacteriology, 
infl ammation, and healing: a study of 
nanocrystalline silver dressings in 
chronic venous leg ulcers .  Advances in 
Skin and Wound Care ,  20 ( 10 ),  549  –  58 .  

   51       Cuttle ,  L.  ,   Naidu ,  S.  ,   Mill ,  J.  ,   Hoskins , 
 W.  ,   Das ,  K.   and   Kimble ,  R.M.   ( 2007 )  A 

retrospective cohort study of Acticoat ®  
versus Silvazine ®  in a paediatric 
population .  Burns ,  33 ( 6 ),  701  –  7 .  

   52       Raad ,  I.   ( 1998 )  Intravascular - catheter -
 related infections .  Lancet ,  351 ( 9106 ), 
 893  –  8 .  

   53       Pittet ,  D.  ,   Tarara ,  D.   and   Wenzel ,  R.P.   
( 1994 )  Nosocomial bloodstream infection 
in critically ill patients. Excess length of 
stay, extra costs, and attributable 
mortality .  The Journal of the American 
Medical Association ,  271 ( 20 ),  1598  –  601 .  

   54       Mermel ,  L.A.   ( 2000 )  Prevention of 
intravascular catheter - related infections . 
 Annals of Internal Medicine ,  132 ( 5 ), 
 391  –  402 .  

   55       George ,  S.J.  ,   Vuddamalay ,  P.   and   Boscoe , 
 M.J.   ( 1997 )  Antiseptic - impregnated 
central venous catheters reduce the 
incidence of bacterial colonization 
and associated infection in 
immunocompromised transplant 
patients .  European Journal of 
Anaesthesiology ,  14 ,  428  –  31 .  

   56       Tennenberg ,  S.  ,   Lieser ,  M.  ,   McCurdy ,  B.   
 et al.  ( 1997 )  A prospective randomized 
trial of an antibiotic -  and antiseptic - coated 
central venous catheter in the prevention 
of catheter - related infections .  Archives of 
Surgery ,  132 ,  1348  –  51 .  

   57       Sheng ,  W.H.  ,   Ko ,  W.J.  ,   Wang ,  J.T.    et al.  
( 2000 )  Evaluation of antiseptic -
 impregnated central venous catheters for 
prevention of catheter - related infection in 
intensive care unit patients .  Diagnostic 
Microbiology and Infectious Disease ,  38 ,  1  –  5 .  

   58       Khare ,  M.D.  ,   Bukhari ,  S.S.  ,   Swann ,  A.  , 
  Spiers ,  P.  ,   McLaren ,  I.   and   Myers ,  J.   
( 2007 )  Reduction of catheter - related 
colonisation by the use of a silver zeolite -
 impregnated central vascular catheter in 
adult critical care .  The Journal of Infection , 
 54 ( 2 ),  146  –  50 .  

   59       Ricco ,  J.B.   ( 2006 )  InterGard silver 
bifurcated graft: features and results of a 
multicenter clinical study .  Journal of 
Vascular Surgery ,  44 ( 2 ),  339  –  46 .  

   60       Haley ,  R.W.  ,   Hooten ,  T.M.  ,   Culver ,  D.H.  , 
  Stanley ,  R.C.  ,   Emori ,  T.G.   and   Hardison , 
 C.D.    et al.  ( 1981 )  Nosocomial infections 
in U.S. hospitals, 1975 – 1976: estimated 
frequency by selected characteristics of 
patients ,  The American Journal of 
Medicine ,  70 ,  947  –  59 .  



 References  169

   61       Garibaldi ,  R.A.  ,   Mooney ,  B.R.  ,   Epstein , 
 B.J.   and   Britt ,  M.R.   ( 1982 )  An 
evaluation of daily bacteriologic 
monitoring to identify preventable 
episodes of catheter - associated urinary 
tract infection .  Infection Control ,  6 , 
 466  –  70 .  

   62       Haley ,  R.W.  ,   Culver ,  D.H.  ,   White ,  J.W.  , 
  Morgan ,  W.M.   and   Emory ,  T.G.   ( 1985 ) 
 The nationwide nosocomial infection 
rate: a new need for vital statistics . 
 American Journal of Epidemiology ,  121 , 
 159  –  67 .  

   63       Saint ,  S.  ,   Veenstra ,  D.L.  ,   Sullivan ,  S.D.  , 
  Chenoweth ,  C.   and   Fendrick ,  A.M.   
( 2000 )  The potential clinical and 
economic benefi ts of silver alloy urinary 
catheters in preventing urinary tract 
infection .  Archives of Internal Medicine , 
 160 ,  2670  –  5 .  

   64       Plowman ,  R.  ,   Graves ,  N.  ,   Esquivel ,  J.   
and   Roberts ,  J.A.   ( 2001 )  An economic 
model to assess the cost and benefi ts of 
the routine use of silver alloy coated 
urinary catheters to reduce the risk of 
urinary tract infection sin catheterized 
patients .  The Journal of Hospital 
Infection ,  48 ,  33  –  42 .  

   65       Olson ,  M.E.  ,   Nickel ,  J.C.  ,   Khoury ,  A.E.  , 
  Morck ,  D.W.  ,   Cleeland ,  R.   and 
  Costerton ,  J.W.   ( 1989 )  Amdinocillin 
treatment of catheter associated 
bacteriuria in rabbits .  The Journal of 
Infectious Diseases ,  159 ,  1056  –  72 .  

   66       Huajijin ,  C.   ( 1988 )  Manufacture and 
clinical employment of an antibiotic 
silicone rubber catheter .  European 
Urology ,  14 ,  72  –  4 .  

   67       Sakamoto ,  I.  ,   Umemura ,  Y.   and   Kitano , 
 T.   ( 1988 )  Effi cacy of an antibiotic coated 
indwelling catheter: a preliminary 
report .  Journal of Biomedical Materials 
Research ,  19 ,  1031  –  41 .  

   68       Johnson ,  J.R.  ,   Berggren ,  T.   and 
  Conway ,  A.J.   ( 1993 )  Activity of 
nitrofurazone matrix urinary catheter 
against catheter - associated 
uropathogens .  Antimicrobial Agents and 
Chemotherapy ,  37 ,  2033  –  66 .  

   69       B ö swald ,  M.  ,   Mende ,  K.  ,   Bernschneider , 
 W.  ,   Bonakdar ,  S.  ,   Ruder ,  H.  ,   Kissler ,  H.   
 et al.  ( 1999 )  Biocompatibility testing of a 
new silver impregnated catheter in vivo . 
 Infection ,  27 ,  38  –  42 .  

   70       Lundeberg ,  T.   ( 1986 )  Prevention of 
catheter - associated urinary tract 
infections by use of silver impregnated 
catheters .  Lancet ,  2 ,  1031 .  

   71       Saint ,  S.  ,   Elmore ,  J.G.  ,   Sullivan ,  S.D.  , 
  Emerson ,  S.S.   and   Koepsell ,  T.D.   ( 1998 ) 
 The effi cacy of silver alloy - coated urinary 
catheters in preventing urinary tract 
infection: a meta - analysis .  The American 
Journal of Medicine ,  105 ( 3 ),  236  –  41 .  

   72       Galiano ,  K.  ,   Pleifer ,  C.  ,   Engelhardt ,  K.  , 
  Brossner ,  G.  ,   Lackner ,  P.  ,   Huck ,  C.    et al.  
( 2008 )  Silver segregation and bacterial 
growth of intraventricular catheters 
impregnated with silver nanoparticles in 
cerebrospinal fl uid drainages .  Neurological 
Research ,  30 ( 3 ),  285  –  7 .  

   73       Gristina ,  A.G.   ( 1987 )  Biomaterial -
 centered infection; microbial adhesion 
versus tissue integration .  Science ,  237 , 
 1588  –  95 .  

   74       Josefsson ,  G.  ,   Gudmundsson ,  G.  , 
  Kolmert ,  L.   and   Wijkstrom ,  S.   ( 1990 ) 
 Prophylaxis with systemic antibiotics 
versus gentamicin bone cement in total 
hip arthroplasty. A fi ve - year survey of 
1688 hips .  Clinical Orthopaedics ,  253 , 
 173  –  8 .  

   75       Josefsson ,  G.   and   Kolmert ,  L.   ( 1993 ) 
 Prophylaxis with systemic antibiotics 
versus gentamicin bone cement in total 
hip arthroplasty. A 10 - year survey of 1688 
hips .  Clinical Orthopaedics ,  292 ,  210  –  14 .  

   76       Alt ,  V.  ,   Bechert ,  T.  ,   Steinr ü cke ,  P.  , 
  Wagener ,  M.  ,   Seidel ,  P.  ,   Dingeldein ,  E.  , 
  Domann ,  E.   and   Schnettler ,  R.   ( 2004 )  An 
in vitro assessment of the antibacterial 
properties and cytotoxicity of 
nanoparticulate silver bone cement . 
 Biomaterials ,  25 ( 18 ),  4383  –  91 .  

   77       Morley ,  K.S.  ,   Webb ,  P.B.  ,   Tokareva ,  N.V.  , 
  Krasnov ,  A.P.  ,   Popov ,  V.K.  ,   Zhang ,  J.  , 
  Roberts ,  C.J.   and   Howdle ,  S.M.   ( 2007 ) 
 Synthesis and characterization of 
advanced UHMWPE/silver 
nanocomposites for biomedical 
applications .  European Polymer Journal , 
 43 ( 2 ),  307  –  14 .  

   78       Darouiche ,  R.O.   ( 2004 )  Current concepts: 
treatment of infections associated with 
surgical implants .  The New England 
Journal of Medicine ,  350 ,  1422  –  9 .  

   79       Cohen ,  M.S.  ,   Stern ,  J.M.  ,   Vanni ,  A.J.  , 
  Kelley ,  R.S.  ,   Baumgart ,  E.  ,   Field ,  D.    et al.  



 170  4 Spherical and Anisotropic Silver Nanomaterials in Medical Therapy

( 2007 )  In vitro analysis of a 
nanocrystalline silver - coated surgical 
mesh .  Surgical Infections ,  8 ( 3 ),  397  –  403 .  

   80       Brady ,  M.J.  ,   Lisay ,  C.M.  ,   Yurkovetskiy , 
 A.V.   and   Sawan ,  S.P.   ( 2003 )  Persistent 
silver disinfectant for the environmental 
control of pathogenic bacteria .  American 
Journal of Infection Control ,  31 ( 4 ), 
 208  –  14 .  

   81       Zhang ,  D.Q.  ,   Wan ,  Y.  ,   Li ,  G.S.  ,   Zhang , 
 J.   and   Li ,  H.X.   ( 2007 )  Synthesis of silver 
nanowire/mesoporous silica composite 
as a highly active antiseptic .  Studies in 
Surface Science and Catalysis ,  165 , 
 841  –  6 .  

   82       Drake ,  P.L.   and   Hazelwood ,  K.J.   ( 2005 ) 
 Exposure - related health effects of silver 
and silver compounds: a review .  The 
Annals of Occupational Hygiene ,  49 , 
 575  –  85 .  

   83       Shvedova ,  A.A.  ,   Kisin ,  E.R.  ,   Mercer ,  R.  , 
  Murray ,  A.R.  ,   Johnson ,  V.J.  ,   Potapovich , 
 A.I.  ,   Tyurina ,  Y.Y.  ,   Gorelik ,  O.  ,   Arepalli , 
 S.  ,   Schwegler - Berry ,  D.  ,   Hubbs ,  A.F.  , 
  Antonini ,  J.  ,   Evans ,  D.E.  ,   Ku ,  B.K.  , 
  Ramsey ,  D.  ,   Maynard ,  A.  ,   Kagan ,  V.E.  , 
  Castranova ,  V.   and   Baron ,  P.   ( 2005 ) 
 Unusual infl ammatory and fi brogenic 
pulmonary responses to single - walled 
carbon nanotubes in mice .  American 
Journal of Physiology. Lung Cellular and 
Molecular Physiology ,  289 , L 698  –  708 .  

   84       Magrez ,  A.  ,   Kasas ,  S.  ,   Salicio ,  V.  , 
  Pasquier ,  N.  ,   Seo ,  J.W.  ,   Celio ,  M.  , 
  Catsicas ,  S.  ,   Schwaller ,  B.   and   Forro ,  L.   
( 2006 )  Cellular toxicity of carbon - based 
nanomaterials .  Nano Letters ,  6 ,  1121  –  5 .  

   85       Jose ,  R.M.  ,   Jose ,  L.E.  ,   Alejandra ,  C.  , 
  Katherine ,  H.  ,   Juan ,  B.K.  ,   Jose ,  T.R.   and 
  Miguel ,  J.Y.   ( 2005 )  The bactericidal 
effect of silver nanoparticles . 
 Nanotechnology ,  16 ,  2346  –  53 .  

   86       Ahn ,  M.H.  ,   Kang ,  C.M.  ,   Park ,  C.S.  , 
  Park ,  S.J.  ,   Rhim ,  T.  ,   Yoon ,  P.O.  ,   Chang , 
 H.S.  ,   Kim ,  S.H.  ,   Kyono ,  H.   and   Kim , 
 K.C.   ( 2005 )  Titanium dioxide particle -
 induced goblet cell hyperplasia: 
association with mast cells and IL - 13 . 
 Respiratory Research ,  13 ( 6 ),  34 .  

   87       Xia ,  T.  ,   Kovochich ,  M.  ,   Brant ,  J.  ,   Hotze , 
 M.  ,   Sempf ,  J.  ,   Oberley ,  T.  ,   Sioutas ,  C.  , 
  Yeh ,  J.I.  ,   Wiesner ,  M.R.   and   Nel ,  A.E.   
( 2006 )  Comparison of the abilities of 
ambient and manufactured 

nanoparticles to induce cellular toxicity 
according to an oxidative stress paradigm . 
 Nano Letters ,  6 ,  1794  –  807 .  

   88       Lademann ,  J.  ,   Weigmann ,  H.  ,   Rickmeyer , 
 C.  ,   Barthelmes ,  H.  ,   Schaefer ,  H.  ,   Mueller , 
 G.   and   Sterry ,  W.   ( 1999 )  Penetration of 
titanium dioxide microparticles in a 
sunscreen formulation into the horny 
layer and the follicular orifi ce .  Skin 
Pharmacology and Applied Skin Physiology , 
 12 ,  247  –  56 .  

   89       Kakurai ,  M.  ,   Demitsu ,  T.  ,   Umemoto ,  N.  , 
  Ohtsuki ,  M.   and   Nakagawa ,  H.   ( 2003 ) 
 Activation of mast cells by silver particles 
in a patient with localized argyria due to 
implantation of acupuncture needles .  The 
British Journal of Dermatology ,  148 ,  822 .  

   90       Trop ,  M.  ,   Novak ,  M.  ,   Rodl ,  S.  ,   Hellbom , 
 B.  ,   Kroell ,  W.   and   Goessler ,  W.   ( 2006 ) 
 Silver - coated dressing Acticoat ®  caused 
raised liver enzymes and argyria - like 
symptoms in burn patient .  Journal of 
Traumatology ,  60 ,  648  –  52 .  

   91       Paddle - Ledinek ,  J.E.  ,   Nasa ,  Z.   and 
  Cleland ,  H.J.   ( 2006 )  Effect of different 
wound dressings on cell viability and 
proliferation .  Plastic and Reconstructive 
Surgery ,  117 ,  110S  –  18S .  

   92       Poon ,  V.K.   and   Burd ,  A.   ( 2004 )  In vitro 
cytotoxicity of silver: implication for 
clinical wound care .  Burns ,  30 ,  140  –  7 .  

   93       Kendall ,  M.  ,   Brown ,  L.   and   Trought ,  K.   
( 2004 )  Molecular adsorption at particle 
surfaces: a PM toxicity mediation 
mechanism .  Inhalation Toxicology ,  16  
(Suppl.),  99  –  105 .  

   94       Fubini ,  B.   ( 1997 )  Surface reactivity 
in the pathogenic response to 
particulates .  Environmental Health 
Perspectives ,  5  (Suppl.),  1013  –  20 .  

   95       Zhai ,  H.J.  ,   Sun ,  D.W.   and   Wang ,  H.S.   
( 2006 )  Catalytic properties of silica/silver 
nanocomposites .  Journal of Nanoscience 
and Nanotechnology ,  6 ,  1968  –  72 .  

   96       Hubbard ,  A.K.  ,   Timblin ,  C.R.  ,   Shukla ,  A.  , 
  Rincon ,  M.   and   Mossman ,  B.T.   ( 2002 ) 
 Activation of NF - kappa B - dependent gene 
expression by silica in lungs of luciferase 
reporter mice .  American Journal of 
Physiology. Lung Cellular and Molecular 
Physiology ,  282 , L 968  –  75 .  

   97       Brown ,  D.M.  ,   Donaldson ,  K.  ,   Borm ,  P.J.  , 
  Schins ,  R.P.  ,   Dehnhardt ,  M.  ,   Gilmour ,  P.  , 
  Jimenez ,  L.A.   and   Stone ,  V.   ( 2004 ) 



 References  171

 Calcium and ROS - mediated activation 
of transcription factors and TNF - alpha 
cytokine gene expression in 
macrophages exposed to ultrafi ne 
particles .  American Journal of Physiology. 
Lung Cellular and Molecular Physiology , 
 286 , L 344  –  53 .  

   98       Kang ,  C.M.  ,   Jang ,  A.S.  ,   Ahn ,  M.H.  , 
  Shin ,  J.A.  ,   Kim ,  J.H.  ,   Choi ,  Y.S.  ,   Rhim , 
 T.Y.   and   Park ,  C.S.   ( 2005 )  Interleukin -
 25 and interleukin - 13 production by 
alveolar macrophages in response to 
particles .  American Journal of 
Respiratory Cell and Molecular Biology , 
 33 ,  290  –  6 .  

   99       Takenaka ,  S.  ,   Karg ,  E.  ,   Roth ,  C.  ,   Schulz , 
 H.  ,   Ziesenis ,  A.  ,   Heinzmann ,  U.  , 
  Schramel ,  P.   and   Heyder ,  J.   ( 2001 ) 
 Pulmonary and systemic distribution of 
inhaled ultrafi ne silver particles in rats . 
 Environmental Health Perspectives ,  4  
(Suppl.),  547  –  51 .  

  100       Sung ,  J.H.  ,   Ji ,  J.H.  ,   Yoon ,  J.U.  ,   Kim , 
 D.S.  ,   Song ,  M.Y.  ,   Jeong ,  J.  ,   Han ,  B.S.  , 
  Han ,  J.H.  ,   Chung ,  Y.H.  ,   Kim ,  J.  ,   Kim , 
 T.S.  ,   Chang ,  H.K.  ,   Lee ,  E.J.  ,   Lee ,  J.H.   
and   Yu ,  I.J.   ( 2008 )  Lung function 
changes in Sprague - Dawley rats after 
prolonged inhalation exposure to silver 
nanoparticles .  Inhalation Toxicology , 
 20 ( 6 ),  567  –  74 .  

  101       Kim ,  Y.S.  ,   Kim ,  J.S.  ,   Cho ,  H.S.  ,   Rha , 
 D.S.  ,   Kim ,  J.M.  ,   Park ,  J.D.  ,   Choi ,  B.S.  , 
  Lim ,  R.  ,   Chang ,  H.K.  ,   Chung ,  Y.H.  , 
  Kwon ,  I.H.  ,   Jeong ,  J.  ,   Han ,  B.S.   and   Yu , 
 I.J.   ( 2008 )  Twenty - eight - day oral toxicity, 
genotoxicity, and gender - related tissue 
distribution of silver nanoparticles in 
Sprague - Dawley rats .  Inhalation 
Toxicology ,  20 ( 6 ),  575  –  83 .  

  102       Jani ,  P.  ,   Halbert ,  G.W.  ,   Langridge ,  J.   
and   Florence ,  A.T.   ( 1990 )  Nanoparticle 
uptake by the rat gastrointestinal 

mucosa: quantitation and particle size 
dependency .  The Journal of Pharmacy and 
Pharmacology ,  42 ,  821  –  6 .  

  103       Hussain ,  S.M.  ,   Hess ,  K.L.  ,   Gearhart ,  J.M.  , 
  Geiss ,  K.T.   and   Schlager ,  J.J.   ( 2005 )  In 
vitro toxicity of nanoparticles in BRL 3A 
rat liver cells .  Toxicology In Vitro ,  19 , 
 975  –  83 .  

  104       Andrea ,  G.  ,   Bing ,  G.  ,   Rama ,  S.K.  ,   John , 
 C.R.  ,   Ian ,  M.K.   and   Abdul ,  I.B.   ( 2007 ) 
 Induction of infl ammation in vascular 
endothelial cells by metal oxide 
nanoparticles: effect of particle 
composition .  Environmental Health 
Perspectives ,  115 ,  403  –  9 .  

  105       Regina ,  R.  ,   Richard ,  P.P.  ,   Alexandra ,  S.  , 
  Mark ,  F.  ,   Josef ,  C.  ,   G ü nther ,  O.  ,   Erich , 
 W.   and   Annette ,  P.   ( 2007 )  Ultrafi ne 
particles and platelet activation in 
patients with coronary heart disease    –
    results from a prospective panel study . 
 Particle and Fibre Toxicology ,  4 ,  1 .  

  106       Gan ,  X.  ,   Liu ,  T.  ,   Zhong ,  J.  ,   Liu ,  X.   and   Li , 
 G.   ( 2004 )  Effect of silver nanoparticles on 
the electron transfer reactivity and the 
catalytic activity of myoglobin . 
 Chembiochem ,  5 ,  1686  –  91 .  

  107       Braydich - Stolle ,  L.  ,   Hussain ,  S.  ,   Schlager , 
 J.J.   and   Hofmann ,  M.C.   ( 2005 )  In vitro 
cytotoxicity of nanoparticles in 
mammalian germline stem cells . 
 Toxicological Sciences ,  88 ,  412  –  19 .  

  108       Bhol ,  K.C.   and   Schechter ,  P.J.   ( 2007 ) 
 Effects of nanocrystalline silver (NPI 
32101) in a rat model of ulcerative colitis . 
 Digestive Diseases and Sciences ,  52 ( 10 ), 
 2732  –  42 .  

  109       Sun ,  R.W.  ,   Chen ,  R.  ,   Chung ,  N.P.  ,   Ho , 
 C.M.  ,   Lin ,  C.L.   and   Che ,  C.M.   ( 2005 ) 
 Silver nanoparticles fabricated in Hepes 
buffer exhibit cytoprotective activities 
toward HIV - 1 infected cells .  Chemical 
Communications ,  28 ( 40 ),  5059  –  61 .   

           
      



 Spherical and Anisotropic Silver Nanomaterials in 
Medical Diagnosis  
  Yiping   Zhao   and   Ralph A.   Tripp   

   173

Metallic Nanomaterials Vol. 1. Edited by Challa S. S. R. Kumar
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32151-3

5

  5.1 
 Introduction 

 The convergence of scales for which diagnostic applications are becoming avail-
able has produced a paradigm shift in biological diagnostics. Recent advances in 
the development of diagnostic devices based on nanometer - scale systems and 
novel nanoparticles with unique chemical and physical properties have been used 
as biosensing systems and helped to improve older or existing technology in the 
development of new and novel diagnostic methods. A range of nanomaterial - based 
diagnostic applications range from optical imaging tags to help identify pathogens 
and diseases to the development of nanomaterials being utilized to develop more 
sensitive and specifi c point - of - care diagnostics. In addition, nanotechnology has 
realized the potential to revolutionize cancer diagnosis and therapy by allowing 
for the rapid and sensitive detection of cancerous cells and tissues, as well as in 
prognosis by determining the relationship between biomarkers of disease. 

 There are several major areas where nanomaterials have advanced or improved 
medical diagnosis. One area is the development of  biochips   [1 – 4] . The use of 
various nanomaterials in a lab - on - a - chip format has refi ned the detection of biolog-
ics, and is becoming an indispensable tool for molecular diagnostics. However, 
there are limitations to this technology as it is a format which often relies on 
species - specifi c reagents for detection that restrict the breadth of detection capabil-
ity and often require labeling of the analytes for detection. Further, species - specifi c 
reagents as a means of detection can lead to the detection of false - positives or 
failure to detect analytes    –    that is, false - negatives. Newer nanotechnologies can 
provide label - free detection and are being applied to overcome some of these 
limitations. 

 By using new nanomaterials for molecular diagnostics that embody new optical 
instrumentation and methods, a broader diagnostic lab - on - chip platform has been 
developed  [5 – 7] . These new devices place molecules at defi ned locations on a 
surface with nanometer spatial resolution and use customized  atomic force 
microscopy  ( AFM ) for reading the chips. The use of AFM as a readout method 
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not only optimizes the analysis with the advantages of not needing a secondary 
reporter system (e.g. a fl uorophore), but also reduces the materials used (several 
thousand molecules can be covered with one test) and increases the sensitivity 
with single - molecule detection potential. Other optical detection methods also 
include a sensitive technique using nanogold particle - labeled molecules on protein 
microarrays that apply  surface plasmon resonance  ( SPR ) - based detection  [8] . The 
particles can be analyzed using mass spectrometry, where knowledge of the masses 
of the bound proteins provides an indication of their identity. Unfortunately, this 
is a cumbersome and equipment - intense method of detection and has multiple 
limitations in broad applications for medical diagnosis. 

 Other extrinsic diagnostic approaches employ nanogold particles attached to 
DNA or antibodies that require Raman - active dyes for detection  [9 – 12] . These gold 
nanoparticles are particularly good labels for sensors because a variety of analytical 
techniques can be used to detect them, including optical absorption, fl uorescence, 
Raman scattering and atomic and magnetic forces. An advantage of this nanoma-
terial is that, when it is exposed to a light, scanner detection is facilitated because 
the Raman band is narrower than other bands (e.g. fl uorescence bands), and 
therefore it allows for a more sensitive detection. The narrow emission spectra of 
certain nanomaterials, such as  quantum dot s ( QD s) have also been used to aid 
medical diagnosis  [13 – 16] . QDs are nanoscale crystals of semiconductor material 
that fl uoresce when excited by a laser light source. They have signifi cant advan-
tages over conventionally used fl uorescent markers as they have broad excitation 
spectra that can be tuned, depending on their size and composition. This provides 
the QDs with narrow emission spectra, making it possible to resolve the emissions 
of different nanoparticles simultaneously and with minimal overlap. In addition, 
QDs can be attached to other reagents that aid the specifi city of detection; examples 
are antibodies or oligomers that provide a process which allows for a wide range 
of applications in medical diagnostics. A more versatile diagnostic tool, particularly 
for  in vivo  diagnostic applications, may be  nanoparticles , as these can be used in 
magnetic imaging techniques to detect pathogenesis. These nanoparticles, when 
conjugated similarly to QDs, target molecules or disease - causing organisms and 
produce magnetic signals on exposure to a magnetic fi eld. In this way, those anti-
bodies bound to targets can be identifi ed, while any unbound antibodies remain 
dispersed. However, as the functionality of the QDs or magnetic nanoparticles in 
detection relies on their coupling to species - specifi c detection reagents, their utility 
and sensitivity is limited by the availability and sensitivity of the detection 
moieties. 

 Nanomaterials capable of identifying individual DNA elements with single - base 
resolution have been described  [17 – 19] . These types of biosensor consist of an 
individual oligonucleotide attached within the inside of an alpha - hemolysin pore 
to form a  ‘ DNA - nanopore ’ . The binding of  single - stranded DNA  ( ssDNA ) to the 
DNA nanopore strand causes changes in the ionic current fl owing through a 
nanopore, and these changes can be detected. Although this technology is rela-
tively new, its indicated speed and apparent simplicity might facilitate the develop-
ment of molecular diagnoses. An issue that remains to be resolved is whether the 



nanopore technology is actually useful for molecular diagnosis, as single - strand 
nucleic acids are readily degraded  in vivo  by exogenous and endogenous nucleases; 
hence, the technology may have a very narrow window of application. Routine 
DNA analysis will also require a robust nanopore to accommodate different con-
formational states possible with ssDNA. 

 One area in nanomaterial development that may lead to a potentially useful 
diagnostic tool is the development of  cantilevers   [20, 21] . Cantilevers are similar 
to those used in AFM to screen biological samples for the presence of genetic 
sequences. The cantilever surface is coated with an oligomer that can bind to one 
particular target sequence, and upon exposure of the sample to beams, the surface 
stress bends the beams to indicate target detection in the sample. The current 
cantilever technology is similar to DNA microarray methods, and potentially supe-
rior to other diagnostic methods noted above, as it involves nanomechanical detec-
tion without the need for extrinsic labels; moreover, it is rapid, specifi c and 
sensitive. There are, however, some limitations in sensitivity that are related to the 
nanofabrication methods and application of the analyte to the sensor. Given that 
cantilevers can be manufactured in microarrays  [22, 23]  to monitor up to a 1000 
integrated events, and individual cantilevers may (potentially) be coated with dif-
ferent detection agents such as antibodies to oligomers, this technology offers the 
potential for high - throughput molecular diagnostics. However, the caveat of the 
need for species - specifi c detection reagents may ultimately limit its applicability 
in medical diagnosis. 

 The advent of  biobarcode technology   [24 – 26]  may help to improve medical 
diagnostics. Nanobarcodes are metallic barcodes with unique patterns prepared 
by the sequential electrochemical deposition of metal ions. The different refl ectiv-
ity of the individual metallic barcodes enables identifi cation of analyte. This 
method has shown promise for detecting protein analytes where the technology 
relies on magnetic nanoprobes with antibodies that specifi cally bind a target of 
interest  [27] . 

 The use of  surface - enhanced resonant Raman spectroscopy  ( SERRS ) beads has 
been validated for some aspects of diagnostics  [28, 29] . The SERRS technology 
focuses on the use of nanoparticles with fl uorescent dyes having excitation peaks 
that overlap with a metal plasmon frequency to amplify the signal intensity of 
detection. At the center of the detection method is a Raman - active substrate that 
provides surface - enhancement of the signal with that of the dye specifi c to the 
detection bead. In order to protect the SERRS - active complex from degradation, 
the aggregate is encapsulated in a polymer coating containing the dye. The polymer 
coating is then surrounded by a polymer shell for conjugation to a variety of bio-
logically relevant probes that include antibodies and oligomers. This highly sensi-
tive and specifi c method extrinsic detection offers great potential but, like all 
extrinsic methods of medical diagnosis, suffers from a need for species - specifi c 
detection reagents. 

  Raman spectroscopy  has also been applied for the extrinsic diagnostic detection 
of medically relevant pathogens. The use of  surface - enhanced Raman spectroscopy  
( SERS ) has been shown to be a powerful tool for the rapid, near - real - time detection 
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of potentially subattomolar concentrations of an analyte in limiting volumes, 
without the need for amplifi cation of the analyte  [30, 31] . The method relies on 
the analysis of a molecule in close proximity to a roughened silver surface, which 
has been shown to enhance the intensity of the Raman signal by as much as six 
orders of magnitude  [32, 33] . In SERS, the incident laser photons couple to free 
conducting electrons within the metal, and this causes the electron cloud to reso-
nate. The resultant surface plasmon fi eld provides a pathway for the transfer of 
energy to the molecular vibrational modes of a molecule within the fi eld, thereby 
generating Raman spectra that can be collected and analyzed. The result is a 
 ‘ molecular fi ngerprint ’  of the analyte. Although the metal employed may be any 
 ‘ coin ’  metal, silver nanorods of approximately 100   nm appear optimal for generat-
ing a surface plasmon fi eld  [32, 33] . SERS has been shown capable of both rapidly 
and sensitively detecting RNA and DNA viruses in media and their biological 
matrix, and does so without utilizing intrinsic methods that involve dyes or related 
detection agents. The extreme sensitivity of SERS using silver nanorods has been 
demonstrated by its ability to detect differences between virus types, virus strains, 
viruses with gene deletions, as well as differences between bacteria. Perhaps, more 
than any other method, this technique has great potential for use as an enabling 
platform technology to detect a range of viral and bacterial pathogens, as well as 
specifi c proteins and nucleic acids. 

 Today, other nanobased materials and systems are under development but, 
given their breadth and often overlapping nature with the methods discussed here, 
they will not be discussed at this point. However, it is clear that nanotechnology 
offers not only refi nements and improvements in conventional diagnostic tech-
niques but also new platform technologies. Currently, advances in nanotechnology 
are continuing to provide new fabricated devices that are small and sensitive, and 
may one day be used commonly in the fi eld and at point - of - care facilities. The 
rapid development of new nanomaterials provides new opportunities and tools in 
all fi elds of biology, including virology, bacteriology, cell biology, genomics, pro-
teomics, molecular diagnostics and  high - throughput screening  ( HTS ).  

  5.2 
 Silver Nanostructure - Based Diagnostic Techniques 

 Most metallic nanostructure - based diagnostic techniques, especially for silver or 
gold, are based on the physical phenomenon of SPR. Surface plasmons are coher-
ent oscillations of electrons that occur at the interface between conductors and 
dielectrics. When such a thin fi lm is excited by different wavelengths of light, there 
will be an absorbance maximum that occurs at a specifi c measurement confi gura-
tion. The resonant wavelength for a nanostructured thin fi lm depends on the 
dielectric constant of the material, the fi lm thickness, the morphological or topo-
logical structure, and the dielectric constant of the environment surrounding the 
thin fi lm. Any changes in these parameters could induce a shift in the SPR reso-
nant wavelength, thus give a sensing response. For most chemical and biological 



sensing, such a change usually occurs in the surrounding environment of the thin 
fi lm (e.g. the binding of antibody or proteins on the surface), and this causes an 
alteration in the dielectric constant of the environment. This is the well - known 
principle for the SPR sensor, a commercially available version of which is available 
from Biocore. For nanoparticles, the surface plasmon oscillations are confi ned by 
the dimensions of the particle, and cannot propagate along the extended surface, 
as can those in a metallic thin fi lm. Thus, the charge oscillations become local-
ized    –    a situation referred to as  localized surface plasmon resonance  ( LSPR ). The 
optical absorbance spectroscopy also shows a maximum strength at the so - called 
 localized surface plasmon resonance wavelength  ( LSPRW ). For LSPR, the LSPRW 
depends on the dielectric constant of the material, the size, shape and topological 
structure of the particle, as well as the dielectric constant of the environment sur-
rounding the particle. When compared to SPR, LSPR has two additional unique 
features: 

   •      When the nanoparticle is excited by its LSPRW, the local electric fi eld near the 
surface of the particle can be greatly enhanced, which provides a way of enhancing 
the vibration of the molecules attached to that surface.  

   •      When two or more nanoparticles are in close approximation, the coupling of the 
electric fi eld during external light excitation might also shift the LSPRW and 
change the strength of the local electric fi eld.    

 These two unique features have been used to develop advanced nanostructured 
biosensors for diagnostics. 

  5.2.1 
 Surface Plasmon Resonance ( SPR ) 

 One popular SPR sensor confi guration is shown in Figure  5.1 . This comprises a 
laser, a prism, a thin metal coating ( < 100   nm thickness, usually Au or Ag) on one 
side of the prism, and the analyte. The laser light is  p  - polarized in order to excite 
the SPR, and the refl ectivity of the laser as a function of the incident angle is 
measured. Under the SPR condition, the refl ectivity versus incident angle curve 
will show a dip, as shown in Figure  5.2 . When the targeted molecule is immobi-
lized on the metal surface, the location of the refl ectivity minimum will shift to a 
higher incident angle, as shown in Figure  5.2 , and this produces the detection 
signal. When the metal surface is immobilized with different recognition mole-
cules, the SPR sensor can be used to selectively detect desired analyte molecules. 
The system ’ s sensitivity is less than 100 degree RIU  − 1 , and depends on the dielec-
tric constant of the detecting molecules: the larger the dielectric constant, the 
better the sensitivity. In order to further enhance the sensitivity of SPR, metal 
nanoparticles (especially Au or Ag) have been used  [34 – 39] . By inserting a metal 
nanoparticle layer (particularly Au or Ag) in between the recognition molecule 
layer and the analyte molecules (Figure  5.3 ), due to the large dielectric constant 
of metal, the detection signal can be amplifi ed by the presence of metal nanopar-
ticles. Figure  5.4  shows the Au - nanoparticle - enhanced SPR and conventional SPR 

 5.2 Silver Nanostructure-Based Diagnostic Techniques  177



 178  5 Spherical and Anisotropic Silver Nanomaterials in Medical Diagnosis

    Figure 5.1     A typical surface plasmon resonance (SPR) set - up. 
The laser is incident near the critical angle of a prism, to the 
bottom of which is attached a thin metal (Ag or Au) layer. The 
surface of the metal interacts with the analyte, which causes 
an angular shift in the refl ection peak.  

Optical wave 
  Prism 
coupler

Metal layer 

Analyte 

    Figure 5.2     A typical SPR profi le from Ag thin fi lm before 
(black) and after (red) interaction with the analyte. Note that 
the refl ection dip in the red curve shifts to a higher angle 
compared to the black curve.  

41.0 41.5 42.0 42.5 43.0 43.5 44.0 44.5

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

Incident angle

Rods
 MUAN

or
m

al
iz

ed
 r

ef
le

ct
iv

it
y

detections of DNA molecules  [38] . The Au nanoparticle can greatly enhance the 
angular shift for the same DNA concentrations. These SPR - based biosensors have 
been used widely in medical diagnostics, and further information can be found in 
some recent review articles  [40 – 52] .    

  5.2.2 
 Localized Surface Plasmon Resonance ( LSPR ) 

 The shift of the LSPR absorbance peak from metallic nanoparticles can also be 
used to detect the dielectric constant change of the environment, in very similar 
manner to the SPR detection technique  [53] . However, the set - up for LSPR sensor 
is fairly simple. There are two basic measurement confi gurations: nanoparticle 



    Figure 5.3     A typical confi guration for nanoparticle - enhanced 
SPR detection. First, the metal fi lm captures the analyte 
molecules, which in turn capture metallic nanoparticles 
immobilized with complementary molecules or functional 
groups to the analyte molecules.  

    Figure 5.4     Enhanced SPR detection of the DNA hybridization 
process. The solid curve indicates the nanoparticle - enhanced 
SPR results; the dashed curve indicates conventional SPR 
results  [38] .  
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assay and nanoparticle substrates, as shown in Figure  5.5   [54] . The surfaces of 
uniform nanoparticles of various shapes, either in solution or on the substrate 
surface, can be coated with identifi cation agents. For example, Figure  5.6 a shows 
a substrate uniformly coated with Ag nanoparticles. The optical absorbance spec-
troscopy before the analyte is present is fi rst measured and the LSPRW  λ  LSPR  
identifi ed (Figure  5.6 b). After addition of the analyte to the solution, and due to 
an interaction of the analyte and identifi cation agents on nanoparticle surfaces, 
the local dielectric constant of some nanoparticles is changed; this mediates a 
red - shift LSPRW,  Δ  λ  LSPR  (Figure  5.6 b). The magnitude of the LSPRW shift,  Δ  λ  LSPR , 
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    Figure 5.5     LSPR detection schemes. (a) nanoparticle assay 
and (b) nanoparticle substrate. Usually, the incident light is 
a white light; the optical absorbance spectra through the 
particles before and after analyte interaction are measured.  

(a) Nanoparticle assay

(b) Nanoparticle substrate

Before analyte
interaction

After analyte
interaction

    Figure 5.6     Changes in the LSPR curves of Ag 
nanoparticle arrays on a glass substrate after 
treatment with different biological agents. 
(a) A representative atomic force microscopy 

image of the Ag nanoparticle array; (b) LSPR 
absorbance curves of an Ag nanoparticle array 
treated with different agents; (c) Shift of the 
LSPR peaks after such treatments  [54] .  

300 400 500 600 700 800

0.0

0.1

0.2

0.3

0.4

0.5

A
b

s
o
rp

ti
o

n

Wavelength λ (nm)

afterBiotin

afterWater24h

afterBSA

afterNeutrAvidin

asDeposited

1 2 3 4 5
440

450

460

470

480

490

500

510 After NeutrAvidin

After BSA

After Water 24h
After Biotin

As Deposited

S
P

R
W

λ p
(n

m
)

Treatments

d = 50 nm, θ = 85o

(a) (b) (c)

changes monotonically with the concentration of the analyte (Figure  5.6 c); hence, 
by varying the recognition agents on the nanoparticle surfaces one can selectively 
detect different bioagents. The sensor set - up can be as simple as a hand - held 
spectrometer, and the current detection limit for this sensor platform is typically 
100 – 200   nm   RIU  − 1 , which is better than SPR. The key requirement for the LSPR -
 based sensor is to tune the LSPRW into a desired wavelength range and to syn-



thesize the nanoparticles as uniformly as possible so as to make the absorbance 
peak sharp. A large number of investigations have been conducted, concentrating 
on the particle fabrication and shape engineering. Applications for biodiagnostics 
have been demonstrated recently, such as DNA hybridization  [55 – 59]  and 
Alzheimer ’ s disease  [60 – 62] .   

 Both, SPR -  and LSPR - based sensors utilize the property that nanostructured 
thin fi lm or particles are very sensitive to the dielectric constant change of their 
local environment, and the enhanced detection sensitivity really depends on how 
the nanostructures respond to such change. Although some of these techniques 
(especially SPR) are already available commercially, their sensitivity and specifi city 
are relatively poor, especially for trace amounts of biomolecules or complicated 
systems such as viruses and bacteria. As stated above, metallic nanostructures    –   
 especially particles    –    may also enhance the local electric fi eld when the incident 
wavelength is close to the LSPRW, and this provides yet another means of design-
ing enhanced spectroscopic sensors, especially the so - called  surface - enhanced 
vibrational spectroscopy  ( SEVS ) sensors.  

  5.2.3 
 Metal - Enhanced Florescence 

 In the past, fl uorescent dyes have been used extensively for biodetection, imaging 
and diagnostics. When an organic dye molecule is placed on top of a metal surface, 
its fl orescence signal would be quenched due to charge transfer between the dye 
molecule and the metal surface. However it has been discovered that, when 
placing the dye molecule a small distance (a few tens of nanometers) away from 
the metal surface, the fl orescence signal can be greatly enhanced (Figure  5.7 ). 
Depending upon the distance and geometry, metal surfaces or particles can cause 
either a quenching or an enhancement of the fl uorescence by factors of up to 1000 
 [63 – 75] . The effects of this so - called  metal - enhanced fl orescence  ( MEF ) on fl uoro-
phores are due to at least three mechanisms  [65] : 

   •      The energy transfer is quenched by these metals with a  d   − 3  dependence; such 
quenching is due to a damping of the dipole oscillation by the nearby metal.  

    Figure 5.7     The experimental set - up for metal - enhanced fl uorescence.  
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   •      There is an increase in intensity due to the metal concentrating the incident 
fi eld.  

   •      There is a fl uorophore – metal interaction, which results in an increase in the 
intrinsic radiative decay rate of the fl uorophore.      

 The MEF is usually observed by separating the fl uorophore molecules from the 
metal surface by a distance of 10   nm, or more. Many of the reported MEF studies 
have used Ag islands, colloids, Ag surfaces or fi lms, or mirrors, with the more 
dramatic effects having been found for islands and colloids rather than for con-
tinuous metallic surfaces. Recently, a 50 - fold enhancement in fl orescence was 
reported on a fractal - like Ag nanorod structure by Lakowicz ’ s group  [75] . A com-
parison of fl uorescence intensity of ICG - HSA on a glass surface and on Ag nano-
structure surfaces is shown in Figure  5.8   [75] . This technique has been widely 
used to study DNA hybridization and imaging - related diagnostics  [63 – 75] .    

  5.2.4 
 Surface - Enhanced Infrared Absorbance Spectroscopy 

 When the frequency (wavelength) of incident light is the same as the vibration 
frequencies of a molecule, the light will be strongly absorbed. As most of the 
molecular vibration occurs in the infrared wavelength region, this is referred to 
as  infrared absorbance spectroscopy  ( IRAS ). The different vibrational frequencies 
of the molecule are caused by different chemical bonds (or a group of chemical 
bonds) in the molecule, and are considered as characteristic absorbance peaks for 
that particular molecule (or the  fi ngerprint peaks  of that molecule). Based on this 
unique characteristic, IRAS has become one of the most popular techniques for 
identifying molecules. Unfortunately, it is very diffi cult to utilize IRAS as a practi-
cal sensor as it requires either a signifi cant amount of sample or a special detection 

    Figure 5.8     (a) Atomic force microscopy image of the surface 
with a high Ag nanorod load; (b) Fluorescence emission 
intensity of ICG - HSA on silver nanorods with low (0.10) and 
high (0.48) loading densities  [75] .  

14 000

12 000

10 000

8000

6000

4000

2000

0

780

0 2.5 5.0 7.5 10.0
0

2.5

5.0

7.5

10.02000.0 nm

(a) (b)

1000.0 nm

0.0 nm

μm

800

IGlass = 250

ISN / IGlass = 50

ISN / IGlass = 10

Silver nanorods

A650 = 0.10

Silver nanorods

A650 = 0.48

Glass

820 840

Wavelength (nm)

F
lu

o
re

s
c
e
n
c
e
 i
n
te

n
s
it
y
 (

A
U

)

860 880



confi guration. However, it has been found that when the molecules are attached 
to particular nanostructured Ag or Au surfaces, the IRAS can be enhanced. This 
so - called  surface - enhanced IRA  ( SEIRA ) involves an enhancement of the infrared 
band intensities for molecules adsorbed onto metal surfaces and composed ideally 
of shaped nanoparticles. The enhancement predicted for SEIRA by the local 
enhanced electric fi eld mechanism may be as large as 10 3 , although in practice 
most enhancements are in the range of 10 – 100  [76 – 78] . The improved sensitivity 
provided by SEIRA compared to traditional infrared analysis allows for the quan-
titative and qualitative determination of chemical species in the picogram to micro-
gram range  [79] . Recently, Ag nanorod arrays were used in the infrared external 
refl ection mode in order to evaluate their SEIRA characteristics (Figure  5.9 ). The 
SEIRA enhancement factor was calculated for chemisorbed organic fi lms of   para  -
 nitrobenzoic acid  ( PNBA ), and found to be 30.6    ±    8.9 compared to a standard 
infrared refl ection – absorption spectrum of PNBA obtained using a 500   nm Ag fi lm 
substrate. The estimated SEIRA detection limit for PNBA for the Ag nanorod 
arrays was  ∼ 1   ng  [80] . As yet, this technique has not been widely applied for 
medical diagnostics.    

  5.2.5 
 Surface - Enhanced Raman Spectroscopy 

 When monochromatic light passes through a group of molecules, a very small 
portion of that light will shift its wavelength due to an interaction with different 
vibrational modes of the molecules. This type of light – molecule interaction phe-
nomenon is known as  Raman scattering . Like IRAS, the locations of the Raman 

    Figure 5.9     (a) External refl ection SEIRA of a rinsed monolayer 
of PNBA on Ag nanorod array (32 scans); (b) IRAS of rinsed 
monolayer of PNBA on planar isotropic Ag surface (500 
scans)  [80] .  
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 Table 5.1     Comparison of different metallic nanostructure - based detection techniques. 

      Incident light    Detection signal    Enhancing 
nanostructures  

  Specifi city  

  SPR    White light    Refl ection 
wavelength  

  Nanoparticles    Recognition agent 
required  

  Laser    Refl ection angle  

  LSPR    White light    Absorbance    Nanoparticles 
 Nanoparticle surfaces  

  Recognition agent 
required  

  MEF    Laser    Fluorescence    Nanoparticle surfaces 
 Fractal structures 
 Nanostructure arrays  

  Recognition agent 
required  

  SEIRA    IR light    Absorbance    Particles 
 Nanostructure array  

  Intrinsic fi ngerprints  

  SERS    Laser    Scattering    Nanoparticles 
 Nanoparticle aggregates 
 Nanostructure arrays  

  Intrinsic fi ngerprints; 
Recognition agent 
required  

peaks refl ect certain vibration bonds in the molecules, and these can be used as 
fi ngerprint to identify or differentiate different molecules. The Raman scattering 
technique is also one of the most useful methods in materials research. Usually, 
the Raman scattering cross - section is extremely small compared to fl orescence 
spectroscopy, and is not suitable for low - concentration analyte detection. However, 
during the 1970s it was found that the Raman scattering intensity could be 
enhanced 10 6  - fold when molecules were placed near roughened Ag surfaces  [81 –
 83] . Since then, SERS has emerged as a powerful analytical tool that extends the 
possibilities of vibrational spectroscopy to solve a vast array of chemical and bio-
chemical problems. SERS is another SEVS technique that provides detailed infor-
mation about the materials under investigation, often at the molecular level  [84, 
85] . As has been reviewed in detail elsewhere  [86 – 94] , two primary mechanisms 
are believed to be responsible for the SERS enhancement: (i) a long - range classical 
 electromagnetic  ( EM ) effect  [94] ; and (ii) a short - range  chemical  ( CHEM ) effect 
 [95] . These two mechanisms contribute simultaneously to the overall enhance-
ment; the EM mechanism is proposed to contribute the most ( ∼ 10 4  – 10 7 ) to the 
observed intensity enhancement, while the CHEM mechanism is thought to con-
tribute a lesser amount ( ∼ 10 – 10 2 ). A detailed discussion of the applications of 
SERS in biosensing, bioimaging and medical diagnostics is presented later in this 
chapter. 

 A summary of the different nanodiagnostics techniques is presented in 
Table  5.1 .     



  5.3 
 Overview of  Ag  Nanostructure Synthesis and Fabrication 

 In the case of the above - mentioned diagnostic techniques, metallic nanostructures 
(especially Ag nanoparticles or nanostructures) play an essential role in determin-
ing sensitivity, specifi city and application. In order to obtain the best sensitivity, 
some detection techniques (e.g. SERS and SEIRA) require stringent Ag nanostruc-
tures, and it is for this reason that most such methods have not yet been com-
mercialized. As many of the detection or enhancement phenomena are associated 
with the LSPR of the metallic nanostructures, the quest for the  ‘ ideal ’  nanostruc-
tured substrate to provide the best response has been central to the situation. In 
general, however, the following three confi gurations of metallic nanostructures 
have undergone extensive exploration. 

  5.3.1 
 Individual Metallic Nanoparticles 

 The optical absorbance of individual nanoparticles has been studied extensively 
 [96 – 114] . The LSPR depends heavily on the shape and structure of the nanoparti-
cles, including the diameter  [115] , aspect ratio  [116] , shape  [99, 117] , construction 
(e.g. core - shell, or hollow)  [114] , and the dielectric constant of the host medium 
 [118 – 120] . The tunability of the optical properties of metallic nanoparticles has 
enabled the development of several important applications, such as environmental 
sensors  [121, 122] , Raman sensors  [122, 123] , optical triggers for drug delivery 
implants  [124 – 126]  and resonant photo - oxidation inhibitors  [127] . The most 
popular means of fabricating metallic nanoparticles is through chemical synthesis 
 [128 – 130] , although other methods  [131]  such as laser ablation, combustion and 
electrochemistry have also been used. A variety shapes of Ag nanostructures can 
be fabricated through different techniques; the example of wet chemical synthesis 
is shown in Figure  5.10   [129] .    

    Figure 5.10     Ag nanostructures with different shapes. 
(a) Wires; (b) Cubes; (c) Truncated cubes and tetrahedral; 
(d) Triangular plates  [129] .  
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  5.3.2 
 Aggregates of Metallic Nanoparticles 

 Aggregates of metallic nanoparticles are normally seen to demonstrate a large 
fi eld - enhancement effect. For example, a SERS enhancement factor of 10 14  has 
been reported for aggregates of Ag nanoparticles, and single - molecule detection 
has been achieved  [132 – 134] . Several studies have demonstrated an enhanced 
electric fi eld due to a coupling effect between metal nanoparticles placed in close 
proximity to one another  [97, 135 – 137] . Thus, nanostructures have been intensely 
investigated as substrates for SEVS, such as SERS  [138 – 140] , SEIRA  [79]  and MEF 
 [64, 73, 74] .  

  5.3.3 
 Arrays of Metallic Nanoparticles 

 Regular arrays of metallic particles have shown some extraordinary optical 
properties. For example, a linear chain of Au or Ag nanoparticles can channel 
the fl ow of electromagnetic energy over distances of hundreds of nanometers, 
without signifi cant loss  [55] , a property which has become the foundation for 
a new concept of integrated nanoscale photonic devices  [56] . It has also been 
found that a double periodic array of pairs of parallel Au nanorods may 
show a negative refractive index in the optical range  [57] . In addition, the 
regular array of metallic nanoparticles has a signifi cant effect on SERS. The 
variation of shape, size and lattice spacing of regular arrays of Au nanodiscs 
signifi cantly affects the Raman enhancement factor  [58 – 60] . Usually, nanopar-
ticle arrays are fabricated by using techniques such as electron - beam lithog-
raphy, focused ion beam lithography or scanning probe microscope 
lithography. 

 From a practical sensing point of view, regardless of the specifi c detection tech-
nique, the Ag nanostructures that best fi t the diagnostic purpose should meet the 
following requirements: 

   •      Produce extremely high sensitivity  
   •      Provide good specifi city  
   •      False alarms caused by the sensors should be within limits of tolerance  
   •      Be produced routinely with uniform response, in large quantity, and relatively 

cheaply  
   •      Sustain different biological environments and have a relatively long shelf - life.    

 In the case of SERS, for example, practical application of the remarkable analyti-
cal sensitivity of SERS has not been widely accepted as a viable diagnostic tech-
nique due to problems in preparing robust substrates of the correct surface 
morphology to provide maximum SERS enhancements  [94] . Some of the most 
important requirements for an ideal SERS substrate in practical diagnostic applica-
tions are that the substrate: (i) produces a high enhancement; (ii) generates a 



reproducible response; (iii) provides a uniform response; (iv) has a stable shelf - life; 
and (v) is simple to fabricate. 

 Many substrate preparation techniques exist that can form the roughened metal 
surfaces required for ideal SERS enhancement. These include roughening of the 
surface by  oxidation – reduction cycles  ( ORC )  [81] , metal colloid hydrosols  [141] , 
laser ablation of the metals by high - power laser pulses  [142] , chemical etching 
 [143] , roughened fi lms prepared by Tollen ’ s reagent  [144] , photodeposited Ag fi lms 
on TiO 2   [144] , and vapor - deposited Ag metal fi lms  [145 – 148] . While the majority 
of substrate preparation techniques reported in the literature have focused on the 
problem of achieving a large SERS enhancement, the other requirements listed 
above for the production of a practical SERS sensing substrate are seldom 
addressed. Currently, there are fi ve fabrication techniques that could potentially 
produce desired SERS substrates meeting these requirements, namely  electron -
 beam lithography  ( EBL ), nanosphere lithography, template method, hybrid 
methods and an oblique angle vapor - deposition method. 

 The EBL method is ideal for producing uniform and reproducible SERS sub-
strates (Figure  5.11 )  [149 – 153] . However, it is very expensive to produce large - area 
substrates using EBL, unless it is combined with a nanoimprint lithography 
method  [154] . The nanosphere lithography method pioneered by Van Duyne and 

    Figure 5.11     Regular Ag nanopatterns generated through 
electron - beam lithography.  (Reproduced with permission from 
Ref.  [150] ;  © 2005, Society of Applied Spectroscopy.)   
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coworkers involves evaporating Ag on preformed arrays of nanopore masks by 
colloid particles; the masks are subsequently removed, leaving behind the Ag 
metal deposited in the interstices to form a regular Ag nanoparticle array (Figure 
 5.12 )  [155 – 162] . The template method utilizes a nanotube - like array such as anod-
ized aluminum oxide as a template to directly deposit Ag or Au nanorods into the 
channels via an electrochemical plating method (Figure  5.13 )  [163 – 169] . Hybrid 
methods fabricate SERS substrates by depositing metal particles onto nanoporous 
scaffolds such as porous silicon, nanorod arrays, and so on  [170 – 177] .   

    Figure 5.12     Different shapes of Ag nanoparticle arrays 
generated using the nanosphere lithography method  [162] .  

    Figure 5.13     Ag nanorod arrays synthesized through template 
growth. Here, the template was anodized alumina  [168] . 
(a) Top view of the template; (b – d) Cross - sectional views of 
templates with Ag nanorods grown at different heights.  



 Recently, we have found that an Ag nanorod array substrate fabricated by a so -
 called  oblique angle deposition  ( OAD ) method can serve as an excellent SERS 
substrate  [178 – 180] . This particular Ag nanorod structure is shown in Figure  5.14 . 
Our group has demonstrated that the SERS enhancement factor closely depended 
on the nanorod length. The SERS  surface enhancement factor  ( SEF ) of  trans  - 1,2 -
  bis(4 - pyridyl)ethene  ( BPE ) calculated from the 1200   cm  − 1  band increased from 10 5  
to  ∼ 10 9  when the Ag nanorod length was increased from 190 to 1000   nm. The 
intense SERS enhancement factors observed were orders of magnitude larger than 
those obtained from previously published methods of forming nanoparticle arrays 
by vapor deposition ( ∼ 10 4 )  [181, 182] , and compared favorably with the best SEFs 
that have been reported using very elaborate nanolithography procedures (10 8 ) 
 [183] . Only near - fi eld SERS measurements (10 13 )  [184]  or substrates with specifi -
cally engineered nanometer - scale  ‘ hot spots ’  (10 14 )  [132, 133]  have demonstrated 
larger SEFs.   

 This extremely high SERS response can be used to detect very low levels of 
chemical molecules, down to the subfemtomole (0.1   f M  BPE) regime  [180] . The 
spectra were recorded using a laser power of 15   mW and an integration time of 
1   s, yet the  signal - to - noise ratio  ( SNR ) was very large at the characteristic Raman 
peaks of BPE (1200   cm  − 1 , 1610   cm  − 1  and 1640   cm  − 1 , respectively). For the 0.1   f M  
spectrum, it is estimated that there were only about 120 BPE molecules inside the 
microscope focus. With these Ag nanorod array substrates, it was also shown that 
SERS could distinguish between trace amount of viruses, including  respiratory 
syncytial virus  ( RSV ), rhinovirus, adenovirus,  human immunodefi ciency virus  
( HIV ) and infl uenza virus  [185] . The system could also be used to detect minor 

    Figure 5.14     (a) A schematic illustration of oblique angle 
deposition; (b) Top and (c) cross - sectional scanning electron 
microscopy images of the Ag nanorod array SERS substrates.  
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spectral differences within strains of single virus types such as infl uenza virus 
strains A/HKx31, A/WSN/33 and A/PR/8/34. This suggests that such technology 
could be applied to detect genetically modifi ed viruses that may be used as agents 
of bioterrorism. It has also been shown that similar substrates can be used for 
MEF and SEIRA  [80] . 

 The benefi ts and limitations of the different methods used to prepare SERS -
 active substrates are summarized in Table  5.2 .     

  5.4 
 Applications 

 Although the above - described diagnostics techniques have been widely used in 
medical diagnostic - related studies, each of the different methods has not only 
unique advantages but also certain limitations. Among the detection techniques 
discussed here, SERS is considered to show the most promise and, in comparison 
to other methods, has the following advantages: 

  1.     Because many molecules have their own Raman spectroscopic fi ngerprints, for 
most SERS detections no chemical modifi cation is required, either to the 
substrate or to the analyte.  

 Table 5.2     Comparison of different  SERS  substrate fabrication 
techniques that could potentially generate uniform and large 
area  SERS  substrates. 

      Fabrication method  

  EBL    NSL  [161]     Template 
method  

  Hybrid method    OAD  

  Enhancement 
factor  

  NA    10 7  – 10 9     10 6  – 10 7   [165, 
168, 169]   

  10 6  – 10 8   [175]      > 10 8   [180]   

  Substrate area    Typically    <    0.1   
 ×    0.1   mm2  

   ∼ 1    ×    1   cm 2      > 2.5    ×    2.5   cm 2      > 2.5    ×    5.0   cm 2      > 2.5    ×    7.5   cm 2   

  Uniformity    NA    NA     < 15%  [166]     NA     < 10%  [180]   

  Reproducibility     < 20%  [150]     NA    NA    NA     < 15%  [180]   

  Shelf life    NA    NA    NA     > 40 days (for 
Au)  [176, 177]   

   ∼ 7 days (for 
Ag)  

  Fabrication steps     ≥ 3 steps    3 steps    3 steps     > 2 steps    1 – 2 steps  

  Cost    Expensive    Inexpensive    Inexpensive    Inexpensive    Moderate  

   NA   =   no data available in the literature; NSL   =   nanosphere lithography; OAD   =   oblique angle deposition.   



  2.     The excitation wavelength can vary from near - UV to IR, especially when 
excited at IR or near - IR wavelengths; for most biological systems this elim-
inates the fl uorescence from the biological background, which gives a better 
SNR.  

  3.     When using SERS, it is very easy obtain molecular specifi city due to the specifi c 
Raman fi ngerprints of the different molecules.  

  4.     SERS can provide a very high detection sensitivity in a very short time 
(30 – 60   s).    

 Since SERS is useful for determining molecular structural information, and also 
provides ultrasensitive detection limits (including single - molecule sensitivity  [186, 
187] ), it has been widely used for biosensing, imaging and diagnostics  [188 – 192] . 
Two principal SERS confi gurations have been used in biosensing, namely  ‘ intrin-
sic ’  or  ‘ extrinsic ’  (see Figure  5.15 ).   

    Figure 5.15     Different SERS detection confi gurations. 
(a) Direct intrinsic detection; (b) Indirect intrinsic detection; 
(c) Extrinsic detection.  
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 In the case of  intrinsic detection , the analyte can be directly applied to the nano-
structured surfaces and the inherent Raman spectrum of the biomolecule directly 
measured to identify the specimen. In order to allow for capture and to aid the 
specifi city of detection, antibodies, aptamers or related molecules can be immobi-
lized onto nanostructured surfaces, as shown in Figure  5.15 b; the Raman spectral 
differences before and after capture of the specimen can then be used to identify 
the species. 

 In  extrinsic detection , a Raman reporter molecule is used to generate a signal 
for detection. For example, as shown in Figure  5.15 c, either an Au or Ag nanopar-
ticle may be used as the SERS - active substrate to which a Raman reporter molecule 
is immobilized. By coating this structure with another layer of dielectric (e.g. SiO 2 , 
TiO 2  or polymer), a core - shell complex is formed in which the outer - shell may be 
decorated with captured molecules, such as antibodies. In this way the specimens 
may be captured and detected via a sandwich structure, as shown in Figure  5.15 c. 
This extrinsic SERS detection method has been used successfully for the  in vivo  
SERS imaging of unique or rare cancer cells  [193 – 195] . Some specifi c applications 
of SERS based on different Ag nanostructures are outlined in the following 
section. 

  5.4.1 
 Small Biomolecule Detection 

 Raman scattering technique is a well - known and sophisticated chemical analysis 
technique which enables the detection and identifi cation of different types of bio-
molecule, and especially of small biomolecules such as metabolite or drug mole-
cules, or certain biomarkers. The method has been widely used in the analysis of 
drug mixtures and active ingredients, the identifi cation of contaminants, and the 
exploration of drug – excipient interactions  [196] . Likewise, SERS has been used to 
identify different vitamins  [197 – 211] , alkaloids  [203, 212 – 216] , antimicrobial agents 
 [217 – 219]  and antitumor agents  [220 – 227] , under different environments and 
conditions such as pH - dependence, solvent - dependence and surface interaction. 
Most of those studies have been based on Ag nanoparticle substrates, or Ag sol. 
A recent review on drug application can be found in Ref.  [196] . The application of 
biomolecule detection to disease research has helped enhance the understanding 
and treatment of many human diseases through the identifi cation of molecular 
profi les associated with each condition. These biomarkers of disease offer the 
utility of prognoses or detection of disease states. A sensitive and rapid detection 
of disease biomarkers also provides insight into the cellular processes involved in 
pathogenesis, disease progression and resolution; consequently, small biomole-
cules detection is also relevant to the direction of clinical management. In most 
cases, biomarkers are relatively small molecules, and thus serve as excellent ana-
lytes for SERS detection. In fact, the SERS detection of biomarkers has recently 
focused on cancer biomarkers, such as  lysophosphatidic acid  ( LPA ) for ovarian 
cancer  [228] , the  phospholipase C γ 1  ( PLC γ 1 ) biomarker protein  [229] , and  inter-
leukin  ( IL - 10 ) and  osteopontin  ( OPN )  [230] . In particular, Seballos  et al.  have used 



Ag nanoparticles as a SERS substrate for the selective, reproducible and sensitive 
detection of 16   :   0 LPA versus 18   :   0 LPA  [228] . The SERS spectra of 16   :   0 LPA versus 
18   :   0 LPA are shown in Figure  5.16 ; here, very strong similarities between the 
spectra of the two LPA molecules are noted, in particular the 889   cm  − 1 , 1294   cm  − 1 , 
1060   cm  − 1  and 1128   cm  − 1  bands. However, the 16   :   0 LPA is distinguishable from 
the 18   :   0 LPA by the shift of the C – C vibration of the gauche - bonded chain, from 
1097   cm  − 1  for 16   :   0 LPA to 1101   cm  − 1  for 18   :   0 LPA. In addition to biomarkers for 
diseases, SERS has also been used to detect other biomarkers, such as  calcium 
dipicolinate  ( CaDPA ) for  Bacillus anthracis   [231, 232] , and glucose for diabetes  [122, 
189, 232] . Although the use of SERS to detect biomarkers has not been widely 
studied, the method holds great potential for future diagnostics.    

  5.4.2 
 Detection of Micro RNA  s  as Biomarkers of Disease 

  MicroRNAs  ( miRNAs ) are 19 – 25 nucleotide noncoding RNAs that regulate gene 
expression through mRNA degradation or translation inhibition  [233 – 235] . Recent 
studies have shown that some miRNAs have key roles in regulatory pathways, 
including development, apoptosis, cell proliferation and differentiation, organ 
development and cancer  [234, 236 – 239] . The recognized roles of miRNAs suggest 
that the patterns of miRNAs expressed may serve as biomarkers for disease, par-
ticularly in the development of some cancers. For example, miR - 15 and miR - 16 
are frequently deleted and/or downregulated in B - cell chronic lymphocytic 
leukemia  [240, 241] , while levels of miR - 143 and miR - 145 are reduced in 
colorectal cancer  [242] . The fi ndings that miRNAs are associated with aspects of 
cancer suggest that miRNA expression profi les may be useful to classify and diag-
nose human cancers  [243] . Thus, the development of rapid and sensitive miRNA 

    Figure 5.16     SERS spectra of dried samples 
from solutions of 100    μ  M  16   :   0 LPA and 18   :   0 
LPA on silver nanoparticles. The inset shows 
the SERS region between 1000 – 1200   cm  − 1  for 

the same samples, showing the 
distinguishable mode at 1097   cm  − 1  and 
1101   cm  − 1 .  (Reproduced with permission from 
Ref.  [228] ;  ©  2005,  ■  ■  ■  ■  ■  ■  ■  ■ .)   
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profi ling methods is essential for evaluating normal and diseased states. Our 
group has recently applied SERS Ag nanorod array substrate analysis to show that 
SERS can be used to detect the spectra of related and unrelated miRNAs in near -
 real time, and that miRNA detection is sequence - dependent, and can be used to 
classify miRNA patterns with great accuracy. In these studies, two sets of miRNA 
samples are prepared: fi ve unrelated human miRNAs (Table  5.3 ) and eight 
members of the let - 7 family with different sequences (Table  5.4 ). The SERS spectra 
for each of the fi ve unrelated miRNAs were taken from three different substrates, 
each with a collection time of 10   s, and their unique molecular signatures were 
used to classify each sample. Figure  5.17  shows the average raw spectra (n   =   27) 
for each of the miRNA sequences. The spectra reveal several features between 400 
and 1800   cm  − 1  that are characteristic of nucleic acid bands  [244 – 248] ; for example, 
the band at 731   cm  − 1  is assigned to a ring - breathing mode of adenine, while the 
band at 656   cm  − 1  is assigned to a ring - breathing mode for guanine. Classifi cation 
of the SERS spectra was accomplished using a  partial least squares discriminate 
analysis  ( PLS - DA ), which determines the best fi t between the descriptor and 
classes by minimizing the within class variance and maximizing the between class 
variance. The PLS - DA model generated was used to classify the 135 spectra exam-
ined (fi ve miRNAs by 27 replicates). Class predictions calculated by the PLS - DA 
model for the unrelated miRNA data are shown in Figure  5.18 . The plots reveal 
that each sample is only assigned membership to its correct class. The perfor-

 Table 5.3     Sequences for fi ve unrelated  mi  RNA  s  examined via  SERS . 

  let - 7a    5 ′  - U.G.A.G.G.U.A.G.U.A.G.G.U.U.G.U.A.U.A.G.U.U  
  miR - 16    5 ′  - U.A.G.C.A.G.C.A.C.G.U.A.A.A.U.A.U.U.G.G.C.G  
  miR - 21    5 ′  - U.A.G.C.U.U.A.U.C.A.G.A.C.U.G.A.U.G.U.U.G.A  
  miR - 24a    5 ′  - U.G.G.C.U.C.A.G.U.U.C.A.G.C.A.G.G.A.A.C.A.G  
  miR - 133a    5 ′  - U.U.G.G.U.C.C.C.C.U.U.C.A.A.C.C.A.G.C.U.G.U  

 Table 5.4     Sequence for the let - 7 family  mi  RNA  s  where 
differences from let - 7a are highlighted in red. 

  let - 7a    U.G.A.G.G.U.A.G.U.A.G.G.U.U.G.U.A.U.A.G.U.U  
  let - 7b    U.G.A.G.G.U.A.G.U.A.G.G.U.U.G.U.G.U.G.G.U.U  
  let - 7c    U.G.A.G.G.U.A.G.U.A.G.G.U.U.G.U.A.U.G.G.U.U  
  let - 7d    A.G.A.G.G.U.A.G.U.A.G.G.U.U.G.C.A.U.A.G.U. —   
  let - 7e    U.G.A.G.G.U.A.G.G.A.G.G.U.U.G.U.A.U.A.G.U. —   
  let - 7f    U.G.A.G.G.U.A.G.U.A.G.A.U.U.G.U.A.U.A.G.U.U  
  let - 7g    U.G.A.G.G.U.A.G.U.A.G.U.U.U.G.U.A.C.A.G.U. —   
  let - 7i    U.G.A.G.G.U.A.G.U.A.G.U.U.U.G.U.G.C.U.G.U. —   



mance of the classifi cation model was evaluated by measuring sensitivity and 
specifi city, where sensitivity is defi ned as the number of samples assigned to the 
class divided by the actual number of samples belonging to the class, and specifi c-
ity is defi ned as the number of samples not classifi ed as member of the class 
divided by the actual number of samples not belonging to the class. A summary 

    Figure 5.17     Raw SERS spectra for each unrelated miRNA and 
a normal Raman spectrum for let - 7a adsorbed onto a smooth 
silver surface. Each plot shown is an average of 27 spectra.  
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    Figure 5.18     PLS - DA predicted plots. Each plot predicts a 
sample as either belonging to, or not belonging to, the 
specifi ed miRNA class. let - 7a ( � ); miR - 16( * ); miR - 21 ( � ); 
miR - 24a(+); miR - 133a ( � ).  



 196  5 Spherical and Anisotropic Silver Nanomaterials in Medical Diagnosis

 Table 5.5     Summary of  PLS  -  DA  results [training ( C  al ) data and 
cross - validated ( CV ) data] for the unrelated  mi  RNA  samples. 

  Sample    let - 7a    miR - 16    miR - 21    miR - 24a    miR - 133a  

  Sensitivity (Cal)    1    1    1    1    1  
  Specifi city (Cal)    1    1    1    1    1  
  Sensitivity (CV)    1    1    1    1    1  
  Specifi city (CV)    1    1    1    1    1  

of the sensitivity and specifi city of the PLS - DA classifi cation results is provided in 
Table  5.5 . SERS - based profi ling classifi ed the samples with 100% sensitivity and 
specifi city. Similar results have been observed for the eight members of the let - 7 
family with different sequence. This result clearly demonstrates that, as long as a 
reproducible SERS substrate can be produced, the ability of SERS to distinguish 
small changes in large biomolecules will be greatly enhanced, which in turn pro-
vides an excellent route to disease diagnostics.      

  5.4.3 
 Nucleic Acids ( DNA  and  RNA ) Detection 

 A complete viral particle, or  virion , consists of nucleic acid surrounded by a protec-
tive coat of protein called a  capsid ; some viruses may also possess a lipid envelope 
derived from the host cell membrane. A virus may employ either DNA or RNA as 
its nucleic acid, but only rarely do they contain both (cytomegalovirus is an excep-
tion as it possesses a DNA core with several mRNA segments). Nonetheless, by 
far the largest majority of viruses have RNA, the majority being respiratory viruses. 
While SERS has been used for DNA and RNA detection in biological systems, 
until now most studies on DNA or RNA detection have been based on the extrinsic 
detection scheme (as illustrated in Figure  5.15 ). Two general detection confi gura-
tions are used: the fi rst is based on Ag nanoparticle substrates  [249 – 253] , and the 
second on Ag or Au nanoparticle assays  [254 – 257] . The SERS signals from fl ores-
cence dyes are used to label either the detecting DNA/RNA or the immunoassays. 
In other words, the SERS is used as a labeling signal to discriminate different 
hybridization interaction due to the specifi city of DNAs or RNAs. Vo - Dinh ’ s group 
has developed gene probes based on the Ag nanoparticle substrates  [249 – 253] . 
Here, the SERS substrates are Ag islands surface, Ag - coated nanobeads surface, 
roughened Ag surface or Ag nanoparticle - embedded polymer fi lms  [250] . The 
detection involves the following steps: 

   •      Preparing the SERS active substrates  
   •      Immobilizing complementary DNA strands or segments on the SERS active 

substrates  



   •      Attaching SERS active dyes onto the target DNA molecules  
   •      Applying the dye labeled DNA to the SERS active surface.    

 Due to the hybridization interaction between the target DNAs and its comple-
ments, it is possible to detect the SERS signal from the dyes attached to the 
target DNA strand. This method, which has been used successfully to detect 
both the HIV gene  [249]  and cancer genes  [251 – 253, 258] , requires that the 
DNA strands    –    both on the SERS active surface and to be detected    –    have no (or 
only very weak) SERS signals compared to the dye molecules. The results of 
breast cancer gene detection using this method are shown in Figure  5.19   [251] . 
Recently, a self - assembly monolayer was applied for this type of detection  [259, 
260] , wherein the nanoparticle assay - based method used Ag or Au nanoparticles 
as cores, while both the dye molecules and complementary DNA segments or 
strands were immobilized onto the nanoparticle core surface to serve as signal-
ing and recognition units  [254 – 257] . The complex core - shell nanoparticle assays 
were then mixed together with the target DNA solution for detection. The 
reported DNA detection limit was in the order of 10  − 12     M   [254]  or 10  − 14     M   [255] . 
In this way, genes related to hepatitis A, hepatitis B, HIV, Ebola virus, smallpox 
and  Bacillus anthracis  have been detected and distinguished  [255] . This strategy 
is very similar to that of fl orescence - labeled detection, although as SERS can be 
excited by NIR laser, and the SERS label produces narrow spectral lines, the 
SERS labeling technique could suppress the noise present in fl orescence 
detection, and so be used for multiplexing detection. In fact, by changing the 
dyes on the nanoparticle core, and altering the hybridization segments, SERS 
multiplexing for gene detection has been achieved  [261 – 264] . A similar strategy 
has also been used for cell imaging  [229, 265 – 267]  or  in vivo  cancer detection 
 [268, 269] .    

    Figure 5.19     Hybridization results for the breast cancer  BRCA1  
gene. SERS spectrum on a silver island substrate of (a) the 
hybridization control and (b) the hybridized  BRCA1  
oligonucleotide labeled with Rhodamine B  [251] .  
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  5.4.4 
 Virus Detection 

 A number of studies have used Ag nanoparticle - based SERS substrates to detect 
different viruses. To date, three different methods have been used employing 
using SERS: biomarker detection, DNA detection, and whole - viral particle detec-
tion. Whilst the former two methods were discussed in Sections  5.4.2  and  5.4.3   , 
and represent the major research effort in this fi eld, fewer studies have been con-
ducted with whole - viral particle SERS detection. In the latter case, both intrinsic 
and extrinsic detection methods have been applied. Driskell  et al.  used Au nanopar-
ticle as a carrier and immobilized a Raman reporter inner layer and an antibody 
outer layer to form a bioassay for feline calicivirus detection  [195] . Using a similar 
method, but with an Ag - stained Au core, Xu  et al.  successfully demonstrated the 
detection of hepatitis B viruses  [270] . Similarly, Bao  et al.  have used Ag hydrosols 
to directly measure the SERS spectra of insect nuclear polyhydrosis virus  [271] . 
The SERS spectral differences in the polydrin of  Trabala vishnou  nuclear polyhe-
drosis virus and polydrin of  Dendrolimus punctatus  nuclear polyhedrosis virus 
enable these authors to differentiate between these two types of virus  [271] . 
Recently, based on the Ag nanorod array SERS substrates, the ability of SERS as 
a virus diagnostic tool has been extensively demonstrated by our group (see 
Section  5.4.4.1 ). 

  5.4.4.1   Using  SERS  to Distinguish between Different Virus Types 
 By using the direct intrinsic SERS confi guration (as shown in Figure  5.15 a), it has 
been shown possible to rapidly and sensitively distinguish different viruses by 
their SERS spectra. For example, the baseline - corrected SERS spectra of wild - type 
strains of RSV (strain A2), HIV,  Mycoplasma  and infl uenza were collected from 
several locations from at least three different substrates, and representative spectra 
(smoothed, baseline - corrected and normalized) plotted (see Figure  5.20 )  [272] . 
Here, unique spectra, each with distinct SERS signatures, can be easily visualized 
for each infectious agent. By using the well - known statistical classifi cation tech-
nique of  principal component analysis  ( PCA ), a resultant score plot is produced 
(see Figure  5.21 ). The spectrum for each pathogen are clearly separated into indi-
vidual clusters, while the narrow distribution of the spectra within a single cluster 
provides evidence that the different types of virus are well classifi ed. Clearly, the 
unique nature of the SERS spectrum provides a molecular fi ngerprint for the 
detection of specifi c viruses, as well as providing the foundation for SERS - based 
biosensing.    

  5.4.4.2   Using  SERS  to Detect Viruses in Biological Media 
 The ability of SERS to distinguish viruses in the presence of a complicated back-
ground was demonstrated by comparing the SERS spectra of uninfected Vero cell 
lysate, RSV - infected cell lysate and purifi ed RSV (Figure  5.22 )  [273] . This fi gure 
shows that, although there are common SERS peaks for the three samples, the 



    Figure 5.20     Representative SERS spectra for infl uenza virus, 
RSV,  M. pneumoniae  and HIV adsorbed onto a Ag nanorod 
substrate. The spectra have been baseline - corrected, 
normalized and offset for visualization  [272] .  

    Figure 5.21     PCA scores plot of PC3 versus PC1 computed 
from the SERS spectra of the infectious agent samples. HIV 
( • ), infl uenza ( � ), RSV ( � ),  M. pneumoniae  ( � )  [272] .  
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SERS spectra of RSV - infected cell lysate and purifi ed RSV both have SERS bands 
at 1000 – 1100   cm  − 1  and 500 – 600   cm  − 1 , whereas the SERS spectrum of the Vero cell 
lysate does not show these two signature peaks.    

  5.4.4.3   Using  SERS  to Detect Very Low Levels of Virus 
 The sensitivity and dynamic range of the SERS technique for virus detection was 
investigated by analyzing dilutions of a RSV mutant lacking the G (attachment) 
gene ( Δ G). The SERS peak areas of the main band at 1045   cm  − 1  (C  N stretching 
mode) are plotted against the  Δ G RSV concentration in Figure  5.23   [273] . The 
concentrations of the diluted solutions were calculated from the volume of water 
used for the dilutions. The SERS intensity was seen to increase with the concentra-
tion of the viral solution, reaching a plateau at concentrations above 10 3    PFU   ml  − 1 . 
Although, at this stage, minimal effort was placed on determining the lowest 
detectable titer, values as low as 100   PFU   ml  − 1  were readily detectable. Hence, in 
this assay format these data suggest a limit of virus detection ranging between 
1 – 10   PFU.    

  5.4.4.4   Using  SERS  to Differentiate between Strains of a Single Virus Type 
 In addition to the capacity of SERS to differentiate between different virus types, 
it can also be used to distinguish virus strains of a single virus type  [273] . One 
such example is the detection of RSV strains (Figure  5.24 )  [273] . By using SERS, 

    Figure 5.22     SERS spectra of Vero cell lysate before (top) and 
after (middle) infection with RSV. The SERS spectrum of 
purifi ed RSV (bottom) is shown for comparison.  Reprinted 
with permission from Ref.  [273] ;  ©  2006, American Chemical 
Society.   
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RSV viruses A/Long, A2 and  Δ G (belonging to the RSV A strain), as well as RSV 
strain B1, were analyzed and their corresponding baseline corrected spectra (1400 –
 600   cm  − 1 ) recorded (see Figure  5.24 ). Distinct spectral differences were observed 
among the A/Long, A2 and B1 strains, as predicted. The spectra in Figure  5.24  
were analyzed using PCA, and a scores plot derived (see Figure  5.25 )  [274] . 
Although all three RSV strains were clearly separated into individual clusters (i.e. 
A/Long, A2 and B1 viral strains), a signifi cant overlap in the  Δ G and A2 virus 
clusters was observed in the two - dimensional scores plot, refl ecting the extremely 
close biochemical similarity between these two strains.     

  5.4.5 
 Bacteria Detection 

 Many foodborne diseases are caused by bacteria. In fact, in the United States the 
 Centers for Disease Control  ( CDC ) has estimated that foodborne diseases cause 
approximately 76 million illnesses, 325   000 hospitalizations and 5000 deaths each 
year. Known pathogens account for an estimated 14 million illnesses, 60   000 hos-
pitalizations and 1800 deaths  [275] . The most recent foodborne outbreaks have 
included the  E. coli  O157:H7 - contaminated spinach and  Salmonella  outbreak 
linked to Peter Pan Peanut butter in 2006. There is, therefore, a natural require-
ment to apply SERS techniques for bacteria detection. When compared to viral or 
SERS nanostructures, bacteria cells are relatively large; Figure  5.26  shows a top 
view  scanning electron microscopy  ( SEM ) image of  E. coli  O157:H7 cells on top 
of an Ag nanorod SERS substrate  [276] . The bacterial cell is signifi cantly larger 
than a single Ag nanorod, with each cell covering 10 – 30 nanorods. As the cells are 

    Figure 5.23     The SERS calibration curve for  Δ G RSV 
constructed with the peak area for the C – N stretching band at 
1045   cm  − 1 .  Reprinted with permission from Ref.  [273] ; 
 ©  2006, American Chemical Society.   
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    Figure 5.24     Summed SERS spectra of the individual RSV 
strains. (a) Strain A/Long; (b) Strain B1; (c) Strain A2 with 
a G gene deletion ( Δ G); (d) Strain A2.  Reprinted with 
permission from Ref.  [273] ;  ©  2006, American Chemical 
Society.   

    Figure 5.25     PCA scores plot of PC2 versus PC1 computed 
from the SERS spectra of the RSV strains A/Long ( • ), B1 ( � ), 
A2 ( � ), and the recombinant strain A2 G gene deletion 
mutant ( Δ G) ( * )  [274] .  

not broken apart but merely lie on top of the Ag nanorods, the SERS spectrum is 
very sensitive to the outermost layer of bacterial cells, which are very different from 
viruses. Those molecules and functional groups in the immediate proximity of the 
metal surface should predominate in a SERS measurement, and this in turn 
makes the SERS identifi cation of bacteria more diffi cult. In order to obtain the 
SERS spectra of bacteria, two general methods are used: (i) to coat the surface of 



the microorganisms with Ag or Au nanoparticles; or (ii) to spread the cells on the 
roughened Ag surfaces. For example, Zeiri  et al.  suspended bacteria in sodium 
borohydride and used the reduction of Ag ions to generate a layer of Ag coating 
on the bacterial surface  [277, 278] . In this way, they have studied different types 
of bacteria such as  E. coli, Acinetobacter calcoaceticus  RAG - 1,  Pseudomonas aerugi-
nosa  YS - 7 and  Bacillus megaterium   [277, 278] . In a similar study, Alexander  et al.  
used an optical trapping technique to study the SERS response of a single  Bacillus  
spore  [279] , while Grow  et al.  used the roughened metal surfaces to investigate 
Gram - positive and Gram - negative bacteria, as well as their viability  [280] . For 
nanoparticle - based bacteria detection, a key issue is the reproducibility of the SERS 
spectra, since different experimental conditions can alter the SERS spectra  [281] . 
The discrimination and reproducibility of the SERS spectra of bacteria have been 
addressed, when a statistical classifi cation method was employed to distinguish 
different bacteria  [281 – 286] . These studies demonstrated spectral differences 
among bacteria and bacterial strains. Recently, by using an Ag nanorod array 
substrate, we have demonstrated a series of advantages for SERS in the detection 
of bacteria (for details, see Section  5.4.5.1 ).   

  5.4.5.1   Using  SERS  to Differentiate between Types of Bacteria 
 In order to determine the ability of SERS to distinguish between different bacterial 
species, the SERS spectra of Gram - negative  E. coli  O157:H7 and  S. typhimurium , 
and Gram - positive  S. aureus  and  S. epidermidis  were obtained. All four species were 
intact and had viable cells before being deposited on the silver nanorod array sub-

    Figure 5.26     A SEM image of  E. coli  bacteria on a silver 
nanorod array substrate. Scale bar   =   2    μ m. As the cells did not 
appear to be lysed, the shifts observed in the SERS spectra 
were a product of cell wall biochemistry or other chemical 
components external to the cell  [276] .  

 5.4 Applications  203



 204  5 Spherical and Anisotropic Silver Nanomaterials in Medical Diagnosis

strates. The average SERS spectra of the four species, plotted in the 400 – 1800   cm  − 1  
region, are shown in Figure  5.27   [276] . In order to remove any spectral discrepan-
cies caused by the substrates, each SERS spectrum was normalized with respect 
to its most intense peak; all spectra were acquired with  ∼ 24   mW of incident laser 
power and a 10   s collection time. The results showed that SERS spectra of bacteria 
can be readily obtained (with a good SNR) when the cells were absorbed onto silver 
nanorod array substrates and excited with low laser power at 785   nm. The SERS 
spectra in Figure  5.27  are arranged from top to bottom according to their Gram -
 staining classifi cation, with bacteria of the same Gram type adjacent to each other. 
The spectral differences ascribed to different Gram types (e.g.  E. coli  O157:H7,  S. 
typhimurium  and  S. aureus ) could be discerned by the naked eye, whereas spectral 
differences attributed to closely related species were not immediately striking. 
However, by applying the PCA method it became a straightforward process to 
classify the different bacteria. Figure  5.28  shows the PCA analysis performed using 
the SERS spectral data from the four pure bacterial samples,  E. coli  O157:H7, 
 S. typhimurium, S. aureus  and  S. epidermidis  in the 400 – 1800   cm  − 1  range. Four dif-
ferent clusters were apparent in the PCA plot, with each cluster corresponding to 
an individual bacterial species. The  E. coli  O157:H7 had positive PC1 and PC2 
scores, while  S. typhimurium  had a positive PC1 score but a negative PC2 score. 
 S. aureus  had negative PC1 and PC2 scores (except for one datum point), while  S. 
epidermidis  had a negative PC1 score and a positive PC2 score. These results indi-
cated that a clear distinction could be made between different bacteria species 
when using the PCA process, despite some of the spectra having very similar visual 
appearances.    

    Figure 5.27     Average SERS spectra of four bacterial species 
obtained on silver nanorod array substrates. EC,  E. coli  O157:
H7; ST,  Salmonella. typhimurium ; SA,  Staphylococcus aureus ; 
SE,  Staphylococcus epidermidis . The spectra were offset 
vertically for display clarity  [276] .  
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  5.4.5.2   Using  SERS  to Differentiate between Different Bacterial Strains 
 Having shown that SERS can be used to detect and differentiate among different 
species, it was important to determine if different strains of the same species could 
be distinguished in the same way. Three different  E. coli  strains    –     E. coli  O157:H7, 
generic  E. coli  and  E. coli  DH 5 α     –    were analyzed, and their SERS spectra recorded 
(see Figure  5.29 )  [276] . Although, the closely related chemical composition and 
structure of the  E. coli  strains would give rise to very similar SERS spectra, 
minor    –    but noticeable    –    differences were expected in the spectra for the different 
 E. coli  strains. Whilst all of these  E. coli  samples shared some similar characteristic 
peaks, the relative bandwidths and intensities of the peaks in the spectra were 
somewhat different. This effect could be observed in the spectral region of 400 –
 800   cm  − 1 , and again in the 800 – 1100   cm  − 1  region, which highlighted intensity dif-
ferences as well as frequency shifts among the different strains. A PCA analysis 
was carried out for all three sets of SERS spectra for the different  E. coli  strains; 
Figure  5.30  shows the PCA score plot using spectral data from  E. coli  O157:H7, 
generic  E. coli  and  E. coli  DH 5 α , in the 400 – 1800   cm  − 1  range. Clearly, the three 
different strains of  E. coli  could be separated into three clusters: based on the PC 
scores, the cluster for the generic  E. coli  had positive PC1 and PC2 scores, while 
that for  E. coli  O157:H7 had a negative PC1 score. Although, the cluster for  E. coli  
DH had a positive PC1 score (except for one datum point), the negative PC2 score 
separated the cluster from that of generic  E. coli  and  E. coli  O157:H7, both of which 
had positive PC2 scores.    

    Figure 5.28     PCA scores plot of  E. coli  O157:H7 (EC), 
 Salmonella typhimurium  (ST),  Staphylococcus aureus  (SA) and 
 Staphylococcus epidermidis  (SE) pure cell samples. The PCA 
model was constructed using the spectral range from 400 –
 1800   cm  − 1   [276] .  
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    Figure 5.29     Average SERS spectra of the  E. coli  strains. EC, 
 E. coli  O157:H7; DH,  E. coli  DH 5 α ; GE, generic  E. coli   [276] .  
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    Figure 5.30     PCA scores plot of  E. coli  O157:H7 (O157),  E. coli  
DH 5 α  (DH) and generic  E. coli  (GE). The PCA model was 
constructed using the spectral range from 400 – 1800   cm  − 1  
 [276] .  
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  5.4.5.3   Using  SERS  to Distinguish between Live and Dead Bacteria 
 Another important aspect for identifying pathogens is the ability to distinguish 
between viable and nonviable cells. The spectra of viable and nonviable cells of 
 E. coli  O157:H7 are shown in Figure  5.31   [276] . Here, the nonviable cells 
were prepared by boiling the bacteria in a hot - water bath for 10   min at 100    ° C. 



Subsequently, the dead cells showed a signifi cantly reduced SERS response at the 
characteristic bands of  ∼ 550   cm  − 1 , 735   cm  − 1 , 1330   cm  − 1  and 1450   cm  − 1  that were 
present in viable cells. Such a result provides encouragement when considering 
possible applications of SERS in pathogen detection, where differentiation between 
viable and nonviable cells is imperative.    

  5.4.5.4    SERS  has Single - Bacterium Detection Sensitivity 
 The sensitivity of SERS    –    that is, the SERS spectra of bacteria at the single - cell 
level    –    has been observed on the silver nanorod array substrate. A Renishaw Raman 
microscope, with an approximately 1   micro;m laser spot, was used to observe the 
scattering excited by a 785   nm diode laser and 12    μ W laser power. Some images 
of bacterial cells ( E. coli  O157:H7) obtained under a  × 50 microscope objective are 
shown in Figure  5.32   [276] , where the area under the focal laser region is high-
lighted by a circle. In Figure  5.32 a can be seen an isolated cell chain, consisting 
of two to three cells, where the laser beam was focused. A cluster with congested 
multiple cells is shown in Figure  5.32 b, while the associated Raman spectra, after 
exposing the areas to the 1   micro;m laser beam for 10   s, are shown in Figure  5.32 c. 
The SERS spectrum of the isolated cell chain appeared quite similar to that of the 
more congested cells. All of the major bands ( ∼ 735, 1330 and 1450   cm  − 1 ) matched 
what was observed from the more concentrated samples (Figure  5.31 ; estimated 
 ∼ 500 cells excited under the 100   micro;m laser spot). Most bands corresponded to 
functional groups in the main constituents of a microbial cell, such as proteins, 
carbohydrates, lipids and nucleic acids. These results highlighted the ability to 
observe Raman signatures of bacteria on a single - cell level when using a silver 
nanorod substrate.      

    Figure 5.31     SERS spectra of viable (alive) and nonviable (dead)  E. coli  O157:H7  [276] .  
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    Figure 5.32     Raman microscopy measurements; bacterial 
imaging under a  × 50 microscope objective. (a) Single  E. coli  
O157:H7 2 -  to 3 - cell chain contributing to the SERS spectrum; 
(b) A multiple cell cluster contributing to the SERS spectrum. 
The spectra are offset vertically for display clarity  [276] .  
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  5.5 
 Conclusions 

 Nanostructure    –    especially Ag nanostructure based optical sensing techniques    –
    has been shown to be an effective and highly sensitive diagnostic technique for 
biomedical applications. Some of the techniques developed have relatively simple 
requirements for equipment, and are also economical    –    features which offer great 
potential for use as practical diagnostics tools in conventional medical clinics. For 
most nanostructure - based detection techniques, several common problems must 
be resolved, including: (i) nanostructure fabrication; (ii) the cost of the fabrication 
and detection; and (iii) the need for any further enhancement of detection. For 
practical applications, the sensors must be reproducible and capable of being pro-
duced on a large scale. These features may require that the nanostructures be 
fabricated using different methods, so as to achieve reproducibility and production 
in large quantities. Today, with the advance of new nanofabrication techniques, 
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metal - based structures    –    either simple component or mixtures of multiple compo-
nents    –    with better enhanced detection capabilities are emerging. Yet, even if these 
goals are achieved, the nanostructure - based diagnostic techniques may often still 
be impractical, generally because the environment in which the detection is carried 
out can also cause problems. For example, in the detection of viruses and/or bac-
teria, systems were tested using only purifi ed viruses or bacteria, whereas in a 
practical diagnostic test the detection of a specimen or analyte must overcome 
often - complex biological matrices that affect the thresholds of both sensitivity and 
specifi city. There is also often a need for a multiplex detection of more than one 
analyte; hence, in order to produce more practical nanostructure - based detection 
techniques, the following three issues will require extensive study: 

   •      The collection and pretreatment of  ‘ real ’  samples; that is, whether any background 
interference must be eliminated or reduced before the samples reach the 
detection stage.  

   •      The development of a multiplexing scheme to identify different analytes and 
interference effects.  

   •      The improvement of the intrinsic classifi cation ability of detection techniques; 
this includes further improvement of the diagnostics techniques, and 
advancement of any associated data analysis techniques.    

 Clearly, even when these nanostructure fabrication techniques become more 
sophisticated, and the detection techniques more robust, there will still be practical 
barriers to overcome, potentially through advanced nanostructure design.  
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  6.1 
 Introduction 

 The antimicrobial activity of silver  nanoparticle s ( NP s) has resulted in their wide-
spread use in consumer products such as bedding, washers, water purifi cation, 
toothpaste, shampoo and rinse, nipples and nursing bottles, fabrics, deodorant, 
fi lters, kitchen utensils, toys and humidifi ers  [1, 2] . Among 580 consumer 
nanotechnology - based products, the most common material mentioned in the 
product descriptions is now silver (139), followed by carbon (including fullerenes) 
(44), zinc (including zinc oxide) (28), titanium (including titanium dioxide) (28), 
silica (27) and gold (13)  [3] . The biocidal properties of silver NPs have led to the 
regulation of silver particles in washing machines as pesticides  [4] , when the 
manufacturer claimed, incorrectly, that their washing machines did not release 
silver NPs to waste water. The United States Environmental Protection Agency 
has taken the position that these washing machines are to be regulated as pesti-
cides  [5] . Today, the public is exposed to increasing amounts of silver NPs of 
anthropomorphic origin, with ever - new applications. Moreover, the toxicity of 
silver NPs remains a controversial area of research.  

  6.2 
 Antimicrobial Activity 

 Sondi and Salopek - Sondi  [6]  have shown that silver NPs (12   nm diameter) were 
an effective bactericide. Both, scanning and  transmission electron microscopy  
( TEM ) revealed that silver NPs damaged  Escherichia coli  cells by disrupting the cell 
wall, and subsequently accumulated in the bacterial membrane. The antimicrobial 
effects of silver NPs (13.5   nm) on microorganisms such as yeast,  E. coli  and  Staphy-
lococcus aureus  were investigated by Kim  et al.   [7] . 

 For the antimicrobial tests, these organisms were grown on  Muller – Hinton agar  
( MHA ) plates treated with different concentrations of silver NPs, from 0.2 to 
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33   n M . The silver NPs (33   n M ) caused an inhibition of growth similar to that 
caused by the positive control, itraconazole, on yeast isolated from bovine mastitis, 
while a signifi cant inhibition of growth was observed at 13.2   n M . For these organ-
isms the  minimal inhibitory concentration  ( MIC ) for silver NPs was estimated to 
be between 6.6 and 13.2   n M . For  E. coli  O157:H7 (a pathogen causing hemorrhagic 
enteritis), the MIC of silver nanoparticles was estimated at between 3.3 and 6.6   n M , 
while for  S. aureus  a mild growth - inhibitory effect was detected with high concen-
trations (the MIC was estimated as  > 33   n M ). 

 An investigation was conducted to determine whether the antimicrobial effect 
was due to the silver NPs releasing  free radicals  that would in turn would cause 
a breakdown of the bacterial membrane function. And, indeed, by monitoring 
the silver - specifi c  electron spin resonance  ( ESR ) spectra of the NPs, this was con-
fi rmed to be the case (Figure  6.1 )  [7] . Whereas, partially oxidized silver NPs have 
antibacterial activity, zero - valent NPs do not. In fact, the antibacterial activity of 
silver NPs was seen to be related to the  particle size , with small particles having 
higher activities than larger particles on the basis of equivalent silver mass content. 
The silver NPs also aggregated in media with a high electrolyte content, and this 
resulted in a loss of antibacterial activity. However, the complexing of silver NPs 
with albumin caused them to be stabilized such that they failed to aggregate, and 
this in turn led to a retention of their antibacterial activity  [8] .   

    Figure 6.1     The electron spin resonance 
spectrum of Ag nanoparticles recorded at 
room temperature. m1 and m2 indicate the 
control peaks of Mn; the peak (mT: 336.337) 
indicates the released free radical from Ag 
nanoparticles. The spectrum was obtained at 

room temperature. Instrument and settings: 
JEOL JES - TE 200 spectrometer; microwave 
power, 8.0   mW; modulation (MOD); 100   kHz; 
time constant: 0.3   s.  (Reproduced with 
permission from Ref.  [7] ;  ©  2007 Elsevier).   



 The effect of the  shape  of silver NPs on antibacterial activity was studied in 
 E. coli   [9] . For this, NPs of different shapes were synthesized via solution - phase 
routes and their interactions with  E. coli  then studied. As a result, truncated trian-
gular silver NPs with a {1,1,1} lattice plane as the basal plane displayed the stron-
gest biocidal action, compared to spherical and rod - shaped NPs and Ag + . Based 
on these fi ndings, Pal  et al.   [9]  suggested that the nanoscale size and the presence 
of a {1,1,1} plane would combine to promote the biocidal property.  

  6.3 
  In Vitro  Toxicity 

  6.3.1 
 Liver Cells 

 Silver NPs (15 and 100   nm) were evaluated for their potential toxicity  in vitro  
in BRL 3A rat liver cells  [10] . In order to evaluate such toxicity, the cellular 
morphology, mitochondrial function { MTT  [ 3 - (4,5 - dimethylthiazol - 2 - yl) - 2,5 -
 diphenyltetrazolium bromide ] assay}, membrane leakage of  lactate dehydro-
genase  ( LDH ), reduced  glutathione  ( GSH ) levels,  reactive oxygen species  ( ROS ) 
and  mitochondrial membrane potential  ( MMP ) were assessed during a 24 - h 
exposure period. 

 The leakage of LDH was shown to be signifi cantly increased in cells exposed to 
silver NPs (10 – 50    μ g   ml  − 1 ) in a concentration - dependent manner. A statistically 
signifi cant difference was also seen between silver NP sizes of 100 and 15   nm, 
with the 100   nm particles showing greater toxicity. Signifi cant cytotoxicity, as 
measured with the MTT assay, also occurred over a silver NP range from 5 to 
50    μ g   ml  − 1 . Treatment with silver NPs at 2 and 50    μ g   ml  − 1  each resulted in a 10 - fold 
increase in the generation of ROS over control levels, and also induced a signifi -
cant decrease (80%) in MMP at silver NP concentrations of 25 and 50    μ g   ml  − 1  
(using 15 and 100   nm - diameter NPs). The level of GSH (a ubiquitous, intracellular 
sulfhydryl - containing molecule which is responsible for maintaining cellular oxi-
dation – reduction homeostasis) was signifi cantly depleted following treatment with 
silver NPs  [10] .  

  6.3.2 
 Neuronal Cells 

 Peripheral neuronal PC12 cells were treated with silver NPs (15   nm, 5    μ g   ml  − 1  
culture media) for 24   h. After treatment, on examination at low magnifi cation the 
cells appeared shrunken, with irregular cell borders; moreover, the cells showed 
more reductive activity following exposure to silver NPs than to other nanoparti-
cles, such as Mn particles of 40   nm diameter. The addition of silver NPs (50    μ g   ml  − 1 ) 
also led to a depletion of dopamine and its metabolites  dihydroxyphenylacetic acid  
( DOPAC ) and  homovanilic acid  ( HVA ). In addition, the treatment of PC12 cells 
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with silver NPs caused an almost threefold increase in ROS relative to basal control 
levels  [11] .  

  6.3.3 
 Germ Cells 

 C18 - 4 cells (established from type A spermatogonia isolated from 6 - day - old mouse 
testes;  [12] ) were maintained in DMEM medium with 10% fetal bovine serum and 
treated with silver NPs (15   nm) at concentrations of 2, 10, 25, 50 and 100    μ g   ml  − 1  
for 48   h  [13] . The effects of the NPs were evaluated using light microscopy, and 
cell proliferation and standard cytotoxicity assays. Cells treated with silver NPs at 
10    μ g   ml  − 1  showed drastic changes in morphologically and a reduced mitochon-
drial function, as measured by the MTS assay and cell viability, between 5 and 
10    μ g   ml  − 1  (Figure  6.2 ). The EC 50  of the cells was calculated as 8.75    μ g   ml  − 1 . Silver 
carbonate, which is generally considered to be nonhazardous, had no signifi cant 
cytotoxic effect on mitochondrial function and cell viability up to concentrations 
of 100    μ g   ml  − 1   [13] . In addition, LDH leakage was observed at 5    μ g   ml  − 1 , but not 
at 10    μ g   ml  − 1 , which suggested that such effect was caused by an interference 
with cell metabolism rather than by disruption of the plasma membrane. Taken 

    Figure 6.2     Morphology of C18 - 4 spermatogonial stem cells 
after incubation with silver nanoparticles (diameter 15   nm; 
concentration 10    μ g   ml  − 1 ) for 48   h. The arrows indicate the 
intact plasma membrane.  (Reproduced with permission from 
Ref.  [13] ;  ©  2005 Oxford University Press).   



together, these fi ndings suggested that C18 - 4 cells were more sensitive than BRL 
3A liver cells (which are widely used in toxicity studies), at least on the basis of 
the MTT EC 50  and LDH EC 50 . For example, the MTT EC 50  values for 15   nm silver 
NPs in C18 - 4 cells and BRL 3A cells were 8.75 and 24.0    μ g   ml  − 1 , respectively, while 
the LDH EC 50  values were 2.5 and 50    μ g   ml  − 1 , respectively.    

  6.3.4 
 Peripheral Mononuclear Cells 

  Peripheral blood mononuclear cell s ( PBMC s) obtained from healthy human vol-
unteers were used to investigate the effects of silver NPs (1.3   nm) on the produc-
tion of cytokines and cell proliferation  [14] . The PBMCs were fi rst stimulated with 
5    μ g   ml  − 1   phytohemagglutin  ( PHA ) in the presence of silver NPs (from 1 to 30   ppm). 
Then, after incubation with silver NPs for 72 h, assays were performed to monitor 
levels of  interleukin - 5  ( IL - 5 ),  interferon -  γ   ( INF -  γ  ) and  tumor necrosis factor -  α   
( TNF -  α  ). Cell proliferation was shown to be signifi cantly decreased when the silver 
NP concentration exceeded 15   ppm. The PHA - induced proliferation was not inhib-
ited by silver NP concentrations of 1 and 5   ppm, but cell proliferation was signifi -
cantly inhibited by 10   ppm of silver NPs under the same conditions. At silver NP 
levels over 15   ppm, there was a signifi cant decrease in the proliferation of PBMCs, 
and PHA - induced cytokine production was also signifi cantly inhibited (IL - 5 at 
10   ppm, and INF -  γ  and TNF -  α  at 3   ppm). The reason for such inhibition of the 
infl ammation associated with infections was suggested to be an effect on the pro-
duction of Th1 cytokines  [14] .   

  6.4 
  In Vivo  Toxicity 

  6.4.1 
  In Vivo  Toxicity in Birds 

 The infl uence of hydrocolloidal silver NPs (2 – 7   nm) on the gastrointestinal micro-
fl ora and morphology of enterocytes of 10 - day - old quail was investigated by adding 
5 – 25   mg   kg  − 1  of silver NPs to the birds ’  drinking water for 12 days  [15] . No adverse 
symptoms or changes in either food or water consumption were observed, and 
there was no effect on body weight. The administration of silver NPs did not infl u-
ence the number of  E. coli  and other enterobacteria; neither did a histological 
examination of the duodenum wall reveal any adverse effects.  

  6.4.2 
  In Vivo  Genotoxicity in Rodents 

 The  in vivo  genotoxic effect of the silver NPs was examined using a micronucleus 
test  [16] . For this, silver NPs (60   nm) were administered orally for 28 days at doses 
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of 0, 30, 300 and 1000   mg   kg  − 1  per day to male and female Sprague - Dawley rats. 
All animals appeared normal and remained healthy until the bone marrow was 
harvested, at which time there was no statistically signifi cant difference in the body 
weights of the test animals. Although a dose - dependent deposition of silver NPs 
was found in the blood, stomach, brain, liver, kidneys, lungs and testes (which 
indicated that the silver NPs had been distributed systemically among the rat 
tissues), no genotoxicity was detected.  

  6.4.3 
 Acute Toxicity in Rodents 

 The  National Institute of Environment Research  ( NIER )  [17]  studied the acute 
inhalation toxicity of silver NPs in Sprague - Dawley rats. The animals were exposed 
to silver NPs (20   nm) for 4 h in an inhalation chamber at doses of 0, 0.9    ×    10 6    parti-
cles   cm  − 3  (76    μ g   m  − 3 ), 1.6    ×    10 6    particles   cm  − 3  (135    μ g   m  − 3 ) and 3.1    ×    10 6    particles   cm  − 3  
(750    μ g   m  − 3 ), and then observed over a 14 - day period to monitor morbidity, behav-
ioral changes and clinical changes. In lung function tests performed during the 
observation period the rats showed no adverse changes in either tidal volume 
or minute volume; neither were any changes seen in the body weight or other 
exposure - related parameters. It was concluded that the silver NPs, at concentra-
tions up to 3.1    ×    10 6    particles   cm  − 3  (750    μ g   m  − 3 ), did not induce any acute toxicologi-
cal effects.  

  6.4.4 
 28 - Day Repeated Oral Dose Studies in Rodents 

 Kim  et al.   [16]  investigated the oral toxicity of silver NPs (60   nm) over a period 
of 28 days in 8 - week - old Sprague - Dawley rats (mean body weight ca. 283   g for 
males and 192   g for females). The rats were allocated to four groups (10 rats per 
group): vehicle control; a low - dose group (30   mg   NP   kg  − 1 ); a middle - dose group 
(300   mg   NP   kg  − 1 ); and a high - dose group (1000   mg   NP   kg  − 1 ). After the 28 - day expo-
sure period, the blood biochemistry and hematology were measured, in addition 
to a histopathological examination and tissue distribution study. Compared to 
controls, no signifi cant changes were seen in body weight at any of the dose 
levels. However, signifi cant dose - dependent changes were found in alkaline 
phosphatase and cholesterol suggesting that exposure to over 300   mg   kg  − 1  of 
silver NPs may result in slight liver damage. Histopathological examination of 
the liver revealed dose - dependent increases in bile duct hyperplasia, with infi ltra-
tion of infl ammatory cells, including eosinophils, in the hepatic lobule and portal 
tract. The tissue distribution of silver NPs showed a dose - dependent accumula-
tion of silver content in all tissues examined, including the testes, kidneys, liver, 
brain, lung, stomach and blood (Table  6.1 ). A gender - related difference in silver 
accumulation was noted in kidneys, with a twofold increase in females compared 
to males.    



  6.4.5 
 28 - Day Inhalation Studies in Rodents 

 Ji  et al.   [18]  used a device that generates silver NPs by evaporation/condensation 
to evaluate the effect of dispersed, ambient nanosized particles on the respiratory 
system. The concentration and distribution of NPs (15   nm diameter) were mea-
sured directly using a differential mobility analyzer and ultrafi ne condensation 
particle counter. Eight - week - old rats (body weight ca. 283   g for males and 192   g for 
females) were allocated to four groups (10 rats per group): a fresh - air control; a 
low - dose group (1.73    ×    10 4  NP   cm  − 3 , 0.5    μ g   m  − 3 ); a middle - dose group (1.27    ×    10 5  
NP   cm  − 3 , 3.5    μ g   m  − 3 ); and a high - dose group (1.32    ×    10 6    NP   cm  − 3 , 61    μ g   m  − 3 ). The 
animals were exposed to the silver NPs for 6 h per day, fi ve days per week, for a 
total of four weeks. No signifi cant changes were seen in the body weight of males 
or females; neither were any signifi cant changes noted in the hematology or blood 
biochemistry. It was concluded from these initial results that exposure to silver 
NPs at a concentration close to the current  American Conference of Governmental 
Industrial Hygienists  ( ACGIH ) silver dust threshold limit (100    μ g   m  − 3 ) did not 
appear to have any signifi cant adverse effects on health.  

  6.4.6 
 90 - Day Inhalation Toxicity Study in Rodents 

 Sung  et al.   [19]  recently completed a study investigating infl ammatory responses 
and pulmonary function changes in rats during a 90 - day period of inhalational 

 Table 6.1     Tissue distribution of silver ( μ g g  − 1  tissue, wet weight; values are mean    ±     SD ). 

  Dose 
level  

  Gender    Tissue  

  Testis    Kidney    Liver    Brain    Lung    Stomach    Blood  

  Control    M    0.1    ±    0.1    0.02    ±    0.01    0.02    ±    0.0    0.03    ±    0.0    0.04    ±    0.0    0.2    ±    0.1    0.01    ±    0.01  
  F        0.02    ±    0.00    0.01    ±    0.0    0.02    ±    0.0    0.02    ±    0.0    0.2    ±    0.1    0.00    ±    0.00  

  Low    M    1.2    ±    0.4  *      1.3    ±    0.6  *      0.5    ±    0.3    0.3    ±    0.0  *  *      0.2    ±    0.1    10.7    ±    8.8    0.18    ±    0.0  *  *    
  F        2.8    ±    0.9  *  *      0.5    ±    0.3    0.2    ±    0.1  *  *      0.1    ±    0.0  *      6.9    ±    3.6    0.16    ±    0.0  *  *    

  Middle    M    3.6    ±    0.6  *  *      6.0    ±    2.4  *      8.7    ±    3.7  *      0.8    ±    0.1  *  *      4.3    ±    0.9  *  *      56    ±    25  *      0.43    ±    0.1  *  *    
  F        16.8    ±    2.8  *  *      9.6    ±    3.6  *      0.6    ±    0.1  *  *      6.1    ±    2.5  *      37    ±    19    0.44    ±    0.1  *  *    

  High    M    7.4    ±    1.7  *  *      24    ±    11  *      71    ±    56    2.0    ±    0.3  *  *      17    ±    4  *      228    ±    79  *      0.80    ±    0.2  *  *    
  F        69    ±    22  *  *      65    ±    32  *      1.8    ±    0.3  *  *      27    ±    8  *  *      176    ±    44  *  *      0.70    ±    0.3  *  *    

    * , P    <    0.05;  *  * , P    <    0.01 versus control.   
 (Reproduced with permission from Ref.  [16] ;  ©  2008 Taylor  &  Francis). 
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exposure to silver NPs. The rats were exposed to silver NPs (18   nm diameter) at 
concentrations of 0.7    ×    10 6  NP   cm  − 3  (495    μ g   m  − 3 ), 1.4    ×    10 6    NP   cm  − 3  (135    μ g   m  − 3 ) and 
2.9    ×    10 6    NP   cm  − 3  (515    μ g   m  − 3 ) for 6 h per day for 90 days, in an inhalation chamber. 
Lung function was measured at weekly intervals, immediately after the daily expo-
sure, and the animals were sacrifi ced after the 90 - day exposure period. Cellular 
differential counts and albumin, LDH and total protein were monitored in acellu-
lar  bronchoalveolar lavage  ( BAL ) fl uid. The tidal volume and minute volume each 
showed statistically signifi cant decreases during the 90 days of silver - NP exposure. 
Although no statistically signifi cant differences were found in the cellular dif-
ferential counts, the levels of infl ammatory markers were increased in high - 
dose female rats. A preliminary histopathological examination indicated dose - 
dependent increases in lesions related to silver NP exposure, such as infi ltrate 
mixed cell and chronic alveolar infl ammation, including thickened alveolar walls 
and small granulomatous lesions. Decreases in the tidal volume, minute volume 
and other infl ammatory responses after prolonged exposure to silver NPs seemed 
to indicate that inhalational exposure to nanosized particles may induce lung func-
tion changes, along with infl ammation, at much lower mass dose concentrations 
when compared to submicron particles.   

  6.5 
 Environmental Exposure and Risk from Silver Nanoparticles 

 Following an exhaustive search of the peer - reviewed literature, we were able to 
fi nd only one publication on environmental risk from silver NPs. Here, Blaser 
 et al.   [20]  conducted an analysis of risk to freshwater ecosystems from silver 
released from NPs incorporated into textiles and plastics. The study only addressed 
silver released from textiles and plastics containing NPs rather than the particles 
themselves. Unfortunately, Blaser and colleagues  [20]  were unable to fi nd suffi -
cient data to characterize the risk to the environment from silver released from 
textiles and plastics; hence, they were unable to rule out that predicted environ-
mental concentrations would not exceed predicted  ‘ no - effect ’  concentrations. 
Thus, they concluded that there was no risk of adversely affecting the microbial 
communities in sewage treatment plants.  

  6.6 
 Conclusions 

 At present, insuffi cient data exist for the adequate evaluation of the potential 
effects of silver NPs on the health of environmental communities or individuals. 
However, a considerable body of  in vitro  data indicates there is at least a potential 
for adverse effects. The genotoxicity data provided by Kim  et al.   [16]  suggest that 
silver NPs may not cause genotoxicity  in vivo , as they caused no micronucleus 
formation, despite being distributed through many parts of the body, including 
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the bone marrow. Oral 28 - day repeated dose studies in rats showed signifi cant 
dose - dependent changes in liver damage markers at 300   mg of silver NPs per kg 
body weight, with supportive evidence provided by the presence of dose - dependent 
increases in bile duct hyperplasia  [16] . Inhalational studies of silver NPs currently 
show confl icting results that are diffi cult to interpret. For example, whilst acute 
 [18]  and 28 - day inhalational studies in rats failed to show adverse effects, a 90 - day 
inhalation study showed signifi cant decreases in lung function and increases in 
infl ammatory markers in the lung, together with some supporting histopathologi-
cal changes (I.J. Yu, unpublished data). It also appears that inhalational exposure 
to silver NPs at levels below the current threshold limit values are unlikely to cause 
adverse effects in factory workers. 

 However, it is clear that additional investigations must be conducted before the 
safety of silver NPs can be fully assessed.  
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  7.1 
 Introduction 

 The diverse optoelectronic properties of metallic nanomaterials are largely attrib-
uted to their controllable sizes and shapes, in addition to their inherent electronic 
properties. The shape - controlled manufacture of the metallic nanomaterials, there-
fore, will permit the development of innovative biosensors  [1 – 4] , bioimaging con-
trast agent  [5 – 13]  and biochip applications  [14]  of the next generation. Until now, 
metallic nanomaterials have experienced relatively limited applications in the life 
sciences compared to other fi elds such as nano - optics and nanoelectronics, fueled 
by surface plasmon activation and the electrical conductivity of tiny dimensions 
 [15, 16] . Before the  ‘ blossom of nanotechnology ’  was ignited by the advent of 
carbon nanotubes, a tracking agent for monitoring biological interactions at the 
microscopic level was a major application. The advantages of metallic nanomateri-
als are attributed mainly to the typical optical properties (strong Mie scattering in 
the visible range) that are prominent at dimensions of nanometer scale  [17] . 
Among the various metallic nanomaterials, gold and silver (which also are known 
as  ‘ noble ’  metals) have attracted much attention from research groups aiming to 
exploit such novel materials for the bioimaging systems and therapeutics of the 
 ‘ new era ’ . Moreover, the properties of these materials    –    their chemical inertness, 
the tunability of their optical properties through size control, and their biologically 
mild side effects after either oral or intravenous intake    –    enable them to be used 
for applications considered impossible with conventional materials chemistry. 

 Whilst most gold and silver nanomaterials with dimensions  > 2   nm have metallic 
characteristics, much smaller gold nanomaterials lose their metallic characteristics 
and behave as a dielectric or semiconductor. Indeed, the discrete nature of the 
conduction/valence bands of gold clusters has been reported as creating a fl uores-
cence signal  [18 – 20] . Although gold and silver have very similar lattice parameters, 
bearing face - centered cubic symmetry with lattice parameters of 0.129 and 
0.145   nm, respectively, gold has a better chemical inertness than silver, and there-
fore is favored for applications in the life sciences. As a contrast - enhancing agent 
in bioimaging, gold nanocrystals are generally preferred to silver with regards to 
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their long - term storage and/or structural robustness, and also as selective passivat-
ing agents (containing thiol or amine functional groups) for the oriented immo-
bilization of biomolecules. 

 Hitherto, the existence of a variety of gold nanomaterials with diverse shapes    –   
 including rods (or wires)  [21 – 24] , cubes  [25, 26] , bipyramids  [24] , octahedrals  [25, 
27, 28] , tetrahedrals  [28, 29] , triangular (and often hexagonal) plates  [30 – 33] , ico-
sahedrals  [34]  and branched multipods of irregular shapes  [35, 36]     –    has been 
reported. Yet, a rational explanation covering the many observed morphologies of 
gold nanocrystals and their reaction conditions has not been derived. On the con-
trary, the rationale presented in each experiment for the evolution of a specifi c 
morphology appears to depend on    –    or at best be adjusted to    –    the individual reac-
tion conditions, rather than present a concrete physico - chemical logic underlying 
the observations. In other words, the experiments with various shapes were not 
properly integrated into a solid hierarchy on which a  de novo  design of a reaction 
condition for a selective crystal growth of a particular shape might be realized. As 
such, although a number of valuable reviews have been presented for anisotropic 
gold nanostructures, each coverage has been either limited to the structural fea-
tures of the nanocrystals  [37]  or confi ned to limited reaction environments 
 [38 – 41] . 

 In this chapter we will attempt to rationalize the current science for the synthe-
ses of gold nanomaterials of various shapes, aiming to provide a solid basis for a 
 ‘ design on demand ’  growth scheme for gold nanocrystals of desired morphology. 
To accomplish this rather major challenge, the current state of the art of crystal 
formation will be summarized. First, the optical properties of gold nanocrystals 
will be summarized, after which the basic empirical constituents for the growth 
of gold nanocrystals, extracted from a variety of growth schemes, will be catego-
rized to provide a systematic approach towards the growth protocols. These pro-
tocols    –    most of which are centered on thermal reductions and seed - mediated 
schemes    –    will be revisited and classifi ed on the basis of the reducing agents. The 
observed morphologies in various protocols will be examined according to the 
presence of twinning planes, which in turn should provide a multilateral insight 
for the growth mechanisms. The infl uences of passivating agents and surface -
 active chemicals on crystal growth will also be reviewed and, accordingly, a plau-
sible picture of crystal growth presented. Finally, the two major biological 
applications of gold nanomaterials, namely contrast - enhancing agents and photo-
thermal therapeutics, as well as cytotoxic aspects, will be introduced. Despite the 
obvious similarities between gold and silver with regards to their chemical and 
electronic properties, the discussions here will be limited to gold nanomaterials.  

  7.2 
 Optical Properties of Gold Nanocrystals 

 The characteristic optical property of a noble metal originates from collective 
excitation of conduction electrons confi ned in a nanometer scale; these are termed 



 localized surface plasmons . The observed optical extinction spectra are consistent 
with theoretical values based on Mie theory and solving the Maxwell equation with 
a spherical assumption  [42 – 44] . For more complex shapes, a few approximations 
including  discrete dipole approximation  ( DDA )  [45, 46] , the boundary element 
method  [47] , and the  fi nite difference time domain  ( FDTD )  [48, 49]  may be suc-
cessfully applied to describe the experimentally observed extinction spectra. The 
peak wavelength in an extinction spectrum of a form of gold nanocrystal can be 
easily tuned by judicious control over its size and shape. A peak Rayleigh scattering 
of gold nanocrystals is blue for the 50   nm or smaller nanocrystals, but red for the 
100   nm nanocrystals; in contrast, apparent colors seen in the far fi eld shift from 
red to blue as the nanocrystals grow; this is because the complementary color of 
the scattered wavelength survives to be seen  [17] . For anisotropic nanomaterials, 
more than one plasmon excitation bands (longitudinal or transverse waves) may 
be simultaneously observable according to the symmetric axes of excitation  [46, 
50, 51] ; quadrupole excitations may often be recorded in the synthesis of triangular 
nanoplates  [30] . The typical plasmon bands associated with characteristic dimen-
sions are summarized in Figure  7.1 , and also match well with the theoretical 
values calculated from the above - mentioned numerical methods. For spherical 
gold nanoparticles, the major dipole excitation peaks at about 510   nm, while the 
excitation band at 400   nm is prominent in spherical silver nanoparticles; therefore, 
silver nanocrystals of small size are necessary in order to develop truly multicol-
ored tag systems that cover the entire color sets in the visible range. As a spherical 
gold particle grows over 20   nm, light scattering begins to contribute to the extinc-
tion coeffi cient, predominantly over the absorption process  [46] .   

 The apparently absorbed light exists as a build - up of electric fi elds near the 
surface of nanocrystals, and is eventually dissipated as heat. It has been reported 
that the intensity of the electric fi eld confi ned to a metal surface is greater than 
that of incident light by two to six orders of magnitude, and could be verifi ed 
with the theoretical frames mentioned above  [52] . The enhanced near fi eld is 

    Figure 7.1     Rayleigh light - scattering of nanoparticles deposited 
on a microscope glass slide. The slide is used as a planar 
waveguide, which is illuminated with a tungsten source. 
 (Adapted from Ref.  [17] .)   
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crucial to understand  surface - enhanced Raman scattering  ( SERS )  [53]  and surface -
 enhanced fl uorescence  [54] . As Raman scattering has an additional enhancement 
mechanism    –    that is, a chemical enhancement closely related to the molecular 
electronic structure    –    SERS spectra require the chromophore to be tightly bound 
on the surface. It has also been reported that a single molecule in between apexes 
of these noble metal sometimes experiences an enhancement factor of  ∼ 10 12 , 
which enables detection of the SERS signal of a single molecule directly  [55 – 57] . 
It is generally accepted that, although silver is a better fi eld enhancer than gold, 
gold seems better with respect to long - term stability. On the other hand, fl uoro-
phores which fl oat on the surface by about 10   nm demonstrate a 100 - fold brighter 
luminescence, whereas the same dye would quench in the vicinity (closer than 
5   nm) of the metal surface. The enhanced local fi eld can be also harnessed to 
amplify the weak signal from a second harmonic generation  [19, 45] .  

  7.3 
 Chemical Constituents for the Growth of Gold Nanocrystal 

 In a routine synthesis of gold nanocrystals, the gold precursors are chemically 
reduced from the reaction medium, if necessary in the presence of passivating 
organic compounds; a typical set - up for the seed - mediated growth of gold nano-
crystals is shown in Figure  7.2 . Here, the crucial experimental components    –    -
extracted from a wealth of articles on the growth of nanocrystals hitherto 
investigated    –    can be categorized into  gold precursors ,  reducing agents , the  reac-
tion medium  and  capping agents , the roles of which can be performed in overlap-
ping fashion by one of the other reagents  [38, 39, 52] .   

  7.3.1 
 Gold Precursors 

 The key element of crystal growth appears to be gold precursors, the most preva-
lent precursor being the tetrachloroaurate ion,   AuCl4

−. This has a square - planar 
structure, and the ion is very stable at room temperature in various solvent systems, 
including boiling aqueous solutions. In electrochemical crystal growth, the bulk 
gold plate would be a source of gold ions, which subsequently recrystallize at the 
platinum cathode into nanocrystals of various shapes  [23, 26] . Whichever condition 
is applied for the reduction, a nucleus formation and subsequent surface reactions 
on the as - formed nucleation center are generally assumed. However, the corre-
sponding mechanistic or molecular picture seems to depend on an individual 
reaction that is largely unknown but is assumed to depend on the reducing agent 
and the gold precursor used. It has been reported that the bromide ion is a more 
effi cient bridging ligand than the chloride ion for electron transfer from nucleo-
philes, as well as sulfi te ions  [59] . 

 When a nucleation has a substantially higher free energy barrier than the cor-
responding surface reaction, then larger nanocrystals will be obtained; in contrast, 



    Figure 7.2     Schematic illustration of a typical 
seed - mediated growth of gold nanorod. The 
black dots represent Ag +  ion, the orange zig -
 zags are CTAB in the form of micelle, and the 
yellow circles and green squares are   AuCl4−, 

and   AuCl2−, respectively, complexed with CTAB 
micelles. The gold nanocrystals seeds are 
injected into the growth solution in the fi nal 
step of the nanorod synthesis.  (Adapted from 
Ref.  [58] .)   
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smaller nanocrystals will be dominated with a lower barrier. For instance, crystal 
growth using NaBH 4  in aqueous solution produced mostly isotropic nanocrystals 
of 1 ∼ 2   nm size distribution  [24] , whereas on average 50   nm or larger particles were 
formed in a reaction where ethylene glycol was employed as the reducing agent 
 [25, 28] . In the latter case, it is possible that the formation of a nucleation center 
is a much rarer event than the counterpart, the growth of an as - formed nucleus 
 [39] . It is also possible that, although the nuclei form easily, most of them are not 
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stable enough to survive in the medium. In fact, it is assumed that once a reduced 
gold adatom is able to redissolve in the solution phase, the initially formed gold 
nanocrystals can evolve further into various morphologies that are thermodynami-
cally more favorable upon longer incubation; this process is often referred to as 
 ‘ Ostwald ripening ’  (Figure  7.3 )  [25, 60] . Nevertheless, at the molecular level the 
exact reaction routes between two reductions    –    solution - phase reduction and 
surface reduction    –    remain a matter of conjecture, at best. Furthermore, the two 
mechanisms may    –    or may not    –    be different, depending upon which reducing 
agent and reaction medium are used, and whether other cofactors such as shape -
 directing organic compounds exist, or not.    

  7.3.2 
 Infl uences of Reducing Agents 

 Chemical reducing agent can be either single, or a combination of sodium boro-
hydride  [24] , citrate ion  [61] , alcohols including ethylene glycol  [28] , pentanediol 
 [25]  and sugars  [62, 63] , and amine groups  [32, 33, 64 – 66] ;  dimethylformamide  
( DMF )  [67 – 70]  can reduce tetrachloroaurate ions by acting simultaneously as both 
a reductant and a solvent. In the electrochemical synthesis of gold nanorods (as 
shown in Figure  7.4 )  [23, 26] , the electrons for the reduction are provided directly 
from electrodes, and the protocol demonstrated a relatively high yield and a good 
monodispersity in the presence of silver ions. In addition, a high fl ux of photons 
could represent another exotic route for the reduction of gold precursors through 
a disproportionate cleavage process, thus providing a versatile arm for the control 
of shape and size evolution  [17, 21, 71, 72] . Moreover, these reaction conditions 
can be further complicated by cooperatively applying such methods, yielding a 
number of useful ramifi cations for the tune of the crystal shapes and sizes  [73] . 
Among those protocols, ascorbic acid reduces Au(III) in solution only to its single 
oxidation state, Au(I), but not to a neutral atom (or to the eventual formation of 
nanoparticles)  [22, 30, 34, 36, 38, 58, 74 – 78] . Further reduction can only occur on 
the surface of appropriate seed crystals, which can be prepared heterogeneously; 
the same partial reduction was recently observed in the mild heating of a DMF 
solution containing HAuCl 4   [67, 70] . As the reaction coordinate at a molecular level 

    Figure 7.3     Proposed scheme of gold nanocubes through 
Ostwald ripening in the modifi ed polyol process.  (Adapted 
from Ref.  [25] .)   



appears to be determined by the choice of the  ‘ pair ’  of gold precursor and reducing 
agent, and by the dependence on other parameters such as solvent, temperature 
and other chemicals present in the reaction container, the choice of a major reduc-
ing agent appears to be a critical stage in the synthesis of nanocrystals with desired 
morphology. Indeed, such a choice becomes extremely important for anisotropic 
growth, since preferential growth on a facet to others would be accomplished by 
inherent differences in the growth rates of the chosen reductant.    

  7.3.3 
 Infl uences of the Reaction Medium 

 The reaction medium represents another important factor for anisotropic 
nanocrystal growth, as the viscosity and boiling temperature can infl uence 
chemical reduction at a specifi c crystal facet, leading to different growth rates for 
different facets  [25, 28, 29, 39] . In fact, hexagonal nanoplates that were produced 
almost quantitatively in an aqueous solution totally disappeared in THF solution. 
Rather, faceted isotropic particles were dominant under the same reductant,  

    Figure 7.4     Schematic diagram of the electrochemical 
apparatus for the synthesis of gold nanocubes.  (Adapted from 
Ref.  [26] .)   
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polyethylenimine  ( PEI )  [32] . As mentioned above, small compounds containing 
amine and alcohol groups can act, at higher temperature, both as a solvent and as 
a reducing agent. These molecules can reduce gold precursors as the temperature 
of reaction vessel is elevated, such that nucleation occurs quite homogeneously all 
over the vessel, thus enhancing the resultant monodispersity of the nanocrystals. 
This contrasts with a  mechanical mixing  of the reductant and gold precursors, 
which is diffusively controlled and thus inherently inhomogeneous to some 
degree. Whilst such homogeneity appears advantageous for mass production, it is 
also valuable for applications targeted at the life sciences; in the latter case, repro-
ducibility is an important issue when evaluating the adverse side effects or poten-
tial toxicity of the materials, especially when they are administered to humans 
 [79 – 82] . As will be discussed later, in a polyol synthesis the boiling point of the 
solvent drastically affects the crystal shapes; changing the solvent from ethylene 
glycol to pentanediol increases the boiling temperature at which the polyol reduc-
tion occurs  [25, 29] .  

  7.3.4 
 Roles of Passivation Components 

 Passivating chemicals that encapsulate as - formed nanocrystals physically regulate 
the access of reactants during growth, and ultimately prevent as - grown nanocrys-
tals from aggregating until the growth stages are completed. For example, ligands 
bearing thiol groups can contribute to enhance the monodispersity and size dis-
tribution by chemically stabilizing the as - synthesized nanocrystals. In addition, 
the capping agents    –    which may be a polymer or a small molecule bearing surface -
 active functional group(s)    –    may alter the resultant crystal shapes, as shown in 
Figure  7.5 . It has been shown that the shapes of gold nanocrystals can be changed 
simply by modulating the content of  poly(vinylpyrrolidone)  ( PVP ), which may in 
turn control the growth and/or etching rates at the surface (Figure  7.5 ). The other 
important role of the passivating layer is to provide nanocrystals with specialized 
functionalities after the synthesis, such as inertness to the nonspecifi c adsorption 
of biomolecules  [9] , stress responsiveness as an intelligent carrier  [4, 83] , and/or 
a homing agent for targeting specifi c tissues  [8, 12, 13] . These two roles can be 
combined into one process by soaking a sophisticatedly designed ligand with a 
gold precursor during the crystal growth  [84 – 86] . Alternatively, the scheme can be 
separated into multiple processes, perhaps fi rst passivating with simple thiols and 
then changing the ligand to a more functional version by using a process of ligand 
exchange  [87, 88] . Changing the working medium can also be facilitated through 
ligand exchange; thus, monodisperse gold nanocrystals capped with hydrophobic 
aliphatic thiols can be transferred to the aqueous phase by soaking with an exces-
sive amount of an alternative ligand bearing hydrophilic end groups such as 
 poly(ethylene glycol)  ( PEG )  [89] . For the anisotropic synthesis,  cetyltrimethylam-
monium bromide  ( CTAB ), PVP, PEI, citrate ion and small amine molecules have 
been used as passivating agents. Thiol compounds have proved unpopular in this 
situation, presumably due to their strong binding affi nity to the gold surface.    



  7.3.5 
 Hard Templates for the Fabrication of Anisotropic Nanomaterials 

 Nanostructures fabricated on a solid substrate can be adopted as an exotic source 
of gold nanomaterials. In this scheme, the nanostructures act as a  ‘ hard template ’  
for the syntheses of gold structures, whereupon gold is deposited physico - 
chemically onto the template. After fabrication, the gold structures can be liberated 
into solution phase by dissolving the template. These hard templates include 
nanoporous structures obtained by  anodizing aluminum oxide  ( AAO )  [90] , bead 
lithography  [91] , silver crystal for transmetallation  [92]  and the self - assembly of 
block copolymers  [93 – 95] . In a simple application, the vacancy on a hard template 
can be structured with gold that is then liberated by a subsequent lift - off process; 
alternatively, it may be further decorated by the next stage of process. Although, 
at fi rst glance, these protocols appear to be handy processes for the syntheses of 
anisotropic gold nanomaterials, the fabrication and manipulation of the templates 
is a  ‘ hidden cost ’  for synthesis of nanocrystals of various shapes, with a number 
of size variances. As yet, this protocol has been helpful only for the formation of 
nanorods with limited dimensions; the many drawbacks involved mean that it 
should be considered only for very specialized purposes, such as in life sciences 
applications.   

    Figure 7.5     Reaction mechanism of gold polyhedrals in the 
modifi ed polyol synthesis, and SEM images of as - formed gold 
nanocrystals showing the dependence on the content of 
passivating agent, polyvinylpyrrolidone (PVP).  (Adapted from 
Ref.  [29] .)   
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  7.4 
 Representative Reactions Categorized by Reducing Agents 

  7.4.1 
 Fast Reduction by Sodium Borohydride 

  Sodium borohydride  ( NaBH 4  ) has long been the most popular reducing agent for 
the synthesis of isotropic nanoparticles  [84 – 86, 88, 96] , mainly because its reducing 
power is so huge that the inherent nucleation process seems simple compared to 
the use of any other reducing agent. The harsh conditions appear to show no 
preference for any specifi c shape of gold crystal. In general, the crystal size is 
determined as 1 ∼ 2   nm, but this sometimes is overestimated during  transmission 
electron microscopy  ( TEM ) analysis due to coagulation of the nanoparticles on the 
copper grid under electron bombardment  [24] . Citrate ions in hot aqueous solution 
also reduce chloroaurate ions quickly into isotropic nanocrystals, of size 10 ∼ 20   nm 
 [61] . Apparently, isotropic gold nanocrystals with diameters of several tens of 
nanometers can be further classifi ed into decahedrons, icosahedrals or more 
highly twinned particles under a more stringent investigation. For the isotropic 
nanocrystals, the control of size and monodispersity has been a dominant issue 
in terms of practical applications  [85, 96, 97] . Monolayer - protected nanoparticles, 
which employ phase - transfer agents or other stabilizing organic chemicals, are 
especially stable. Their sizes range from 1.0 to 3.5   nm, and their monodispersity 
can be improved by partial crystallization, extraction and annealing, as well as 
chromatography. Under other reaction conditions the crystal surface can be modi-
fi ed with dendrimers  [85] , block copolymers  [83, 98] , aliphatic thiols  [84] , aliphatic 
amines  [97]  and micellar compounds  [99, 100] . 

 In the meantime, as these small nanocrystals may serve as a seed for the produc-
tion of much larger nanocrystals (often with anisotropic shapes), their crystallinity 
has become another issue not only for applications in the life sciences but also in 
terms of their growth mechanisms. Whilst small nanocrystals which were reduced 
by NaBH 4  and capped with CTAB demonstrated single crystalline features, those 
nanocrystals in the presence of citrate ion included a substantial content of mul-
tiple twinning planes (Figure  7.6 )  [24] . This multiple twinning was reported to 
reduce surface energy by exposing most stable facets and {111} planes, such that 
twinned morphologies were favorable in small nanocrystals  [29, 101] . It seems that 
single crystalline seeds can be converted to their twinned counterparts on further 
growth; however, the reverse process, where twinned particles convert into single 
crystalline ones, have not yet been observed; however, this conversion does appear 
to occur at a higher temperature  [101, 102] . It has been reported that selective 
etching on these twinning planes appeared to accelerate the disappearance of 
twinned particles, while other single crystalline nanocrystals survived the same 
condition  [29, 60] . After this annealing process, the twinned particles apparently 
 ‘ convert ’  into less twinned particles, although the conversion of an individual 
crystal seems barely observable at that temperature.    



  7.4.2 
 Polyol Synthesis in the Presence of  PVP  

 In the polyol process for the synthesis of gold nanocrystals, small molecules con-
taining several alcohol groups play a dual and simultaneous role, both as an active 
reductant and as a reaction medium. This protocol was fi rst devised by Xia ’ s group 
and extensively investigated for the formation of silver nanocrystals  [40, 41, 60] . 
Studies on gold nanocrystals have been relatively rare, however  [25, 28, 103] . Nev-
ertheless, it is generally accepted that the theoretical frame for the growth of gold 
nanocrystals is quite similar to that of silver, based on the physico - chemical simi-
larities between both crystals. 

  7.4.2.1   Infl uences of Reaction Medium 
 In a typical synthetic scheme where ethylene glycol (b.p. 195    ° C) was employed as 
a reaction medium, icosahedrals, truncated tetrahedral and cubes were the major 
products; a miniscule amount of silver ion was added for the synthesis of cubes 
(Figure  7.7 )  [28] . In this reaction scheme, PVP was also added as a passivating 
agent    –    partly in order to prevent the as - synthesized nanocrystals from precipitat-
ing into agglomerates, and partly as a coparticipating reducing agent along with 
the polyols  [104] . Unfortunately, PVP appears to be more of a passivating agent 
than a reducing agent since, as the content of PVP increased, smaller nanocrystals 
were obtained in the synthesis of octahedrons and cubes  [25] ; here, the major 

    Figure 7.6     (a) High - Resolution TEM images 
of CTAB - capped gold seeds; (b) High -
 resolution TEM image of citrate - capped gold 
seeds. One of the seeds shows a very clear 
penta - fold twinning. The twinning planes are 
indicated by the arrows. The histograms are 

plotted by counting about 150 nanoparticles 
from different areas on the TEM grid for each 
sample. S, T and U represent for single 
crystalline, twinned and unidentifi ed 
nanoparticles, respectively.  (Adapted from 
Ref.  [24] .)   
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reductant appeared to be ethylene glycol, while PVP prevented coagulation between 
the as - grown crystals. Although PVP was known to be a surface - regulating agent, 
promoting the directional growth of planes other than {100} planes yielding {100} -
 bound silver nanocubes  [60] , the polymer appears not to function (as it did with 
silver) in the reduction of the gold precursor; rather, the main role seems to be 
more one of passivation  [25] .   

  Cubes  and  tetrahedrons  are single - crystalline polygons, whereas icosahedrons 
bear 20 twinning planes and belong to the group of  multiply twinned particles  
( MTPs )  [37] ; in the case of cubes, a small amount of silver ion was added to the 
ethylene glycol solution. In similar reaction conditions, but using pentanediol (b.p. 
242    ° C) together with silver ions, an almost quantitative formation of cubes and 
octahedrons resulted  [25] , without twinned particles (Figure  7.8 ). The  ‘ frustrated 
formation ’  of twinned particles was attributed to a vulnerability of the twinned 
nucleus at the higher reaction temperature (b.p. of pentanediol  ∼ 242    ° C) compared 
to reduction under NaBH 4  (at room temperature) or to the polyol process in eth-
ylene glycol (b.p.  ∼ 195)  [25] . Presumably, as - formed MTP seeds in the polyol 
process are more liable to a possible etching process (e.g. Cl/O 2 ) than are single -
 crystalline seed particles  [29] .   

    Figure 7.7     SEM and TEM images of platonic gold 
nanocrystals grown in the modifi ed polyol synthesis. For 
cubes and octahedrons, a small amount of silver nitrate 
was added. Ethylene glycol was employed both as reaction 
medium and as a reducing agent.  (Adapted from Ref.  [28] .)   



 In contrast, the twinned nuclei formed at room temperature (as often observed 
in seed - mediated growth) seem to be kinetically trapped in a local  ‘ energy well ’ , 
due to there being a high energy barrier for the dissolution (or Ostwald ripening) 
that is often observed with polyol synthesis. Although, the formation of twinning 
planes affected the accumulation of fault energy, the simultaneous build - up of 
most stable {111} planes might compensate for the strains to some degree  [37] . 
Taken together, it has been calculated that MTPs bounded with {111} planes are 
the most stable species in the world of small gold particles.  

  7.4.2.2   Infl uences of Silver Ions and  PVP  
 Besides using a solvent with a higher boiling point, silver ions also seem to be the 
major shape - directing additive to avoid twinned crystals. The growth rate was 
substantially retarded as silver ion was added, thus hindering the formation of 
twinned crystals that might be kinetically favored in nucleus growth  [24] . On the 
other hand, a high content of PVP in the absence of silver ions appears only to 
reduce the size of the decahedrons formed in  diethylene glycol  ( DEG ) (b.p. 
 ∼ 250    ° C). Overall, PVP appears to be more conspicuous in terms of its size control 
and protection of MTPs, at least in the gold reduction, whereas silver ions exert a 
major and surface - directing control over the development of specifi c crystal habits 
 [29] . Under similar reaction conditions employing PVP, but in the presence of 
citrate ion and in aqueous solution, triangular or hexagonal nanoplates were the 
major products bearing single or dual twinning planes, respectively  [31] . When 
considering crystallinity in the polyol syntheses, either without (tetrahedrons, 
decahedrons, triangular nanoplates)  [28, 29]  or with silver ions (octahedrons, 
cubes, and their derivatives)  [25, 103] , additives such as silver ions, distinct solvents 
(water versus diol), and/or distinct reducing agents (citrate ion versus diol) appear 
to be more dominant reaction parameters compared to the common factor of 
PVP. 

    Figure 7.8     Evolution of polyhedral structures of gold 
nanocrystals with respect to the AgNO 3  amount added in the 
reaction mixture in which pentanediol was employed as a 
major reaction medium.  (Adapted from Ref.  [25] .)   
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 Intriguingly it is also noticeable that, in the polyol process, gold nanorod (either 
penta - twinned or single crystalline) has been seen not as a major but rather only 
a minor product, whereas silver nanowire has been identifi ed as a major product 
in a similar polyol process under relatively diverse reaction conditions  [60] . Closely 
related penta - twinned decahedrons were observed in the growth of gold crystals, 
however  [29] . These observations refl ect another subtle difference in the growth 
mechanisms and chemical properties of these two noble metals. 

 Furthermore, silver ion is able not only to control the overall shape but also to 
provide an exotic route for the precise modulation of each crystal habits in the 
polyol process. As the silver ion content increases monotonically in the modifi ed 
polyol synthesis employing pentanediol, the shape evolves from cube to octahe-
dral, through an intermediate cubo - octahedral  [25] . As the content of silver ion 
was increased from 1/600 equivalent with respect to the gold precursors to 1/60, 
the crystal shape evolved almost quantitatively from a {111} - bound octahedron to 
a {100} - bound cube, and eventually to a higher polygon. In this experimental 
scheme, it was proposed that silver ion was reduced on the surface of the growing 
nanocrystals and differentiated the growth rate on different facets. Apparently, as 
shown by  X - ray photoelectron spectroscopy  ( XPS ) analyses, the silver residing on 
{100} planes seems to hinder surface growth more selectively compared to other 
facets, such as {111} planes; thus, at higher concentrations of silver ions {100} -
 bound cubes were the major product. This hypothesis was partly supported by the 
 underpotential deposition  ( UPD ) experiment using silver ions on the gold surface 
 [24, 105] . Here, silver is grown preferentially on {100} plane, but not on {111} 
planes at mild deposition rates. It is then assumed that the underpotentially depos-
ited silver species, combined with the presence of chloride ions, appear to exert a 
cooperative control on crystal growth; this is in contrast to the initial assumption 
that PVP plays a major role in the shape development of silver during the polyol 
process  [25] . Silver ions appear not only to be responsible for the drastic shape 
deviations, but also to be advantageous for fi ne - tuning of the crystal shape, again 
emphasizing the unique position of silver ions in the polyol process of gold 
crystals.   

  7.4.3 
 Other Thermal Reductions of Gold Precursors 

  7.4.3.1   Citrate Reduction in the Presence of  PVP  
 As mentioned briefl y in Section  7.3.2 , a spin - off application of the diol reduction 
has been the citrate or DMF reductions in the presence of PVP at an elevated 
temperature  [31, 68, 70] . When citrate ion in aqueous solution is used in the reduc-
tion of gold precursors, a mass production of triangular nanoplates was realized. 
It was also shown that the nanoplate could be further fabricated, by using  fast ion 
bombardment  ( FIB ), into a future component of a possible nanomachine, such as 
a nanometer - sized gear element  [31] . As more PVP was added the width and thick-
ness of the nanoplates increased monotonically; this contrasted with the polyol 
process, where smaller crystals were formed as the molar ratio of PVP increased 



(see Figure  7.9 ). The larger nanoplates were attributed to a lesser nuclei formation 
in the higher content of PVP and, in similar vein, the larger dimension on the 
decrease in citrate ions was attributed to the more rare or retarded nucleus forma-
tion. On the other hand, the opposing result in the polyol process was also attrib-
uted to a greater protection from further crystal growth. These apparent 
contradictions might be attributed to the different growth conditions (boiling water 
versus boiling ethylene glycol) for the nucleus formation, or to hidden variables 
which until now had not been identifi ed.    

  7.4.3.2    DMF  Reduction in the Presence of  PVP  
 In another branch of thermal reduction, DMF can be used both as a reductant and 
as a solvent, while PVP acts as a major passivating agent. In the silver crystal 
growth employing refl uxing DMF as reaction medium, a variety of shapes such 
as spheres, nanoplates and wires was successfully produced; however, a similar 
thermal reduction of gold precursors resulted not only in only lower yields of 
defi ned morphologies but also in a higher polydispersity  [70] . It was reported that 
an additional power source, namely  ultrasonication , was crucial for the successful 
fabrication of gold nanocrystals and, aided by this power source, decahedrons were 

    Figure 7.9     (a – d) Field effect SEM images of 
gold nanoplates obtained under the thermal 
reduction employing citrate ions and PVP 
in aqueous solution. Average width and 
thickness of the acquired nanoplates was 
(a) 450   nm and 39   nm; (b) 310   nm and 28   nm; 

(c) 158   nm and 18   nm; and (d) 96   nm and 
14   nm with the molar ratio of the repeating 
unit of PVP (MW  ∼  55   000, n  ∼ 500) to 
HAuCl 4  (a) 8   :   1; (b) 5   :   1; (c) 2   :   1; and (d) 
0.1   :   1; respectively.  (Adapted from Ref.  [31] .)   
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seen to be a major product, with their sizes being controlled by controlling the 
seed content. In another separate modifi cation, similar conditions facilitated the 
production of nanocubes and octahedrons by the addition of NaOH or NaCl, in 
conjunction with temperature control (Figure  7.10 )  [68] . Likewise, by adding a 
small amount of salts, the morphology of major product changed dramatically 
from penta - twinned decahedrons to {100} - bound cubes, indicating that the corre-
sponding adsorbate (OH  −   or Cl  −  ) had stabilized the {100} planes. This observation 
might represent another example emphasizing the importance of specifi c adsorp-
tion in shape - controlled synthesis. Furthermore, a slight increase in the reaction 
temperature, from 140    ° C to 147    ° C (in the presence of OH  −  ), drastically changed 
the major product from {100} - bound cubes to {111} - bound octahedrons (see 
Figure  7.11 d). A fi vefold increase in the concentration of gold precursors, again 
with OH  −   ions, resulted in the formation of hexagonal plates bound with {111} 
planes. In this reaction scheme it was notable that the morphology of the resultant 
crystals responded sensitively to variations in the reaction parameters, and that 
single crystalline or less - twinned nanoparticles were obtained by the addition of 
OH  −   or Cl  −   ions, albeit without the aid of silver ions.    

    Figure 7.10     SEM images of the as - prepared 
truncated tetrahedral (a); cube (b); cubic (c); 
octahedral; and (d) gold nanoparticles in 
refl uxing DMF solution aided by addition of 
salts. The insets in the fi gures show the 

enlarged SEM image (top - right), the TEM 
image of an individual typical nanoparticle 
(left) and its corresponding  selected area 
electron diffraction  ( SAED ) pattern (right). 
 (Adapted from Ref.  [68] .)   



  7.4.3.3   Amine Reduction 
 Instead of DMF or citrate ions, amine compounds may also be employed as a 
reductant and, at the same time, as a capping agent in mildly refl uxing ( ∼ 81    ° C) 
toluene solution  [64] . This growth environment enables the formation of MTPs 
and some platonic single crystals. In this reaction, MTPs such as decahedrons and 
icosahedrons, penta - twinned nanowire, hexagonal nanoplates, and single crystal-
line particles such as octahedrons may be formed. In this protocol, the morphology 
of gold nanocrystals was controlled by modulation of the molar ratio of quaternary 
ammonium ions to primary amines. As the molar ratio ( γ ) of quaternary amine 
to primary amine ( didodecyldimethylammonium bromide ,  DDAB , versus  dodecy-
lamine ,  DA ) increased, the morphology evolved from decahedrons with some 
octahedrons to hexagonal nanoplates. When  tridodecylmethylammonium chloride  
( TDAC ) was used instead of DDAB, though without changing other parameters, 
octahedrons were produced in almost quantitative yield. However, the morphology 
was changed dramatically, to a mixture of various shapes when the counterion was 

    Figure 7.11     SEM images of gold crystals 
synthesized via mildly refl uxing toluene 
solution (81    ° C) containing combinations of 
amine molecules: (a) TDAC/DA - coated 
octahedral (1   :   1 molar ratio); (b) TDAC/DA -
 coated gold plates (1.2   :   1 molar ratio); (c) 

DDAB/DA - coated plates (4   :   1 molar ratio); 
(d) DDAB/dibutylamine - coated thin plates 
(1   :   1 molar ratio). Inset: representative 
electron diffraction pattern of the thin plates. 
 (Adapted from Ref.  [64] .)   

(a) (b)

(d)(c)
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exchanged into bromide ions; this appeared to be another example of the halide 
effect. In addition, as shown in Figure  7.11 , the dimension of the hexagonal plates 
could be controlled by varying either the composition of the amines (via the pri-
mary   :   quaternary molar ratio) or the identities of the primary amine and countera-
nion. On the other hand, the combination of a tertiary amine,  trioctylamine  ( TOA ), 
with DDAB (1   :   1 molar ratio) yielded uniform penta - twinned nanowires of microm-
eter length. Overall, this amine reduction scheme is unique because almost whole 
morphologies of possible gold crystals were seen simply by varying the amine 
contents, without any addition of surface - active species such as halide and silver 
ions. 

 It was also noteworthy that, as the content of quaternary ammonium ions 
increased, the formation of hexagonal nanoplates was facilitated. This inclination 
bore some similarity to the formation of nanoplates performed in aqueous 
solution, where linear PEI was employed simultaneously as both a passivating 
agent and a reducing agent  [32] . The PEI was partially modifi ed with a long alkyl 
chain through reaction with 1 - epoxydodecane; however, only spherical nanocrys-
tals were formed without the alkylation. As the PEI became positively charged by 
the addition of HCl, hexagonal nanoplates were generated in good yields, this 
being indicative of the importance of positive charges in shape development 
 [32] . 

 Other amine compounds such as triethylamine or diamines may form spherical 
nanoparticles at room temperature  [65, 66] . Among several amine compounds 
utilized for gold reduction, aniline compounds demonstrated some intriguing 
aspects; for example, aniline is oxidatively polymerized in conjunction with the 
reduction of gold precursors to give unique, polyaniline - coated nanoparticles  [106]  
or polymer nanoblets  [33] . In other words, an oxidative reaction coupled with 
nanocrystal growth may lead to the creation of additional intriguing nanostruc-
tures with defi ned chemical structures. When  ortho  - phenylenediamine was 
adopted for the reduction of HAuCl 4 , uniform hexagonal plates were prepared in 
near - quantitative yield along with poly( o  - phenylenediamine), but spherical 
nanoparticles were predominantly observed as the amount of the diamine was 
increased  [33] . Intriguingly, hexagonal nanoplates were the most frequent prod-
ucts in the diverse amine reduction; in general, either decreasing the reducing 
power by lowering the amines concentration, or increasing the passivating power 
(by increasing the charges) tended to yield hexagonal nanoplates almost 
exclusively.   

  7.4.4 
 Seed - Mediated Growth by Ascorbic Acid 

 Ascorbic acid is a weak, albeit unique, reductant for the syntheses of gold crystals 
because it cannot reduce gold precursors in solution phase into gold atoms at room 
temperature, suggesting that formation of the nucleus is substantially hindered 
by ascorbic acid  [38] . The reduction stops intriguingly at Au(I), as indicated by the 
disappearance of the characteristic color of   AuCl4

−, with no further color change. 



Nonetheless, as ascorbic acid is able to reduce the Au(I) further into the elemental 
metal when an appropriate seed is present in the reaction medium, it can be used 
as a main reductant exclusively in the presence of seed particles that may be pre-
pared in other reaction conditions. 

  7.4.4.1   Overview of Seed - Mediated Growth 
 The so - called seed - mediated growth procedure in which CTAB is assumed to play 
a central role to create gold nanocrystals of various shapes (but mostly nanorods) 
has been extensively studied by Murphy and coworkers (Figure  7.12 ). The depen-
dence upon surfactant chain length  [107] , seed preparation  [77]  and effect of 
additives  [36, 78, 108]  rendered the production of nanorod (and/or nanowire) with 
a variety of aspect ratios, with a higher yield, or with deviations in their morpholo-
gies. As the aliphatic chain length of CTAB was increased, the resultant aspect 
ratio of the rod also increased  [107] . It is indicated that the counterion of CTAB    –
    the bromide ion    –    appears also to be crucial for the formation of nanorod  [38] . 
With the exchange of counterion into chloride ion, only spherical (or faceted iso-
tropic) nanocrystals were observed, while the nanorod structure totally disap-
peared and triangular nanoplate (and decahedrons) was a major product with the 
addition of iodide ion in the presence of bromide ion (Figure  7.13 )  [74] . The silver 
ion appears to have an additionally critical role in the synthesis of nanorods, the 
yield of which was dramatically improved although only shorter and single 
crystalline nanorods were observed  [75, 108] . Furthermore, by adding a minute 
amount of silver ion and concomitant control of stoichiometry of ascorbic acid 
with respect to gold precursors, nanocubes, icosahedrons, tetrahedrons and 
highly branched tetrapods could be synthesized at room temperature. However, 

    Figure 7.12     Typical TEM images of gold nanorods produced 
in the absence (a) and presence (b) of Ag +  ions. The average 
length of the rods is  ∼ 500   nm in (a) and  ∼ 100   nm in (b). 
 (Adapted from Ref.  [38] .)   

(a) (b)
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these diverse shapes were only observed in the presence of excessive bromide 
ion  [36] .    

  7.4.4.2   Controversial Issues with the Seed - Mediated Growth 
 The experimental results obtained during the past decade have barely been inte-
grated into a  ‘ concrete ’  logic; rather, only scattered observations have been gleaned 
from diversifi ed reaction conditions. The lack of consistency can be ascribed to 
controversial observations identifi ed whilst attempting to reproduce a seed - 
mediated growth protocol proposed by one research group. For instance, only tri-
angular nanoplates in conjunction with isotropic faceted nanoparticles were 
observed in one study aimed at producing nanorods  [30] . In another report, low -
 grade CTAB was shown to be effective in the synthesis of nanorods, whereas the 
use of 99% CTAB gave only isotropic nanoparticles  [11] . Bipyramidal nanocrystals 
grown from faceted seed that has been protected with citrate ion were not observed 
under similar growth conditions by another group  [24] . Even in the extreme case, 
variation among CTAB reagents produced by different manufacturers could guar-
antee the manufacture of nanorods with other parameters fi xed  [58] . These dis-
crepancies in the manufacture of nanorods suggest that a variety of impurities 
exert major infl uences on crystal formation during the early stages of growth. In 
other words, the reaction scheme using ascorbic acid is vulnerable to subtle, but 
unknown, changes in the environment. Recently, it was shown that minute quanti-
ties of iodide ion ( ∼  μ  M ) could provoke a drastic deviation in morphology in the 
presence of excessive bromide or chloride ions, thus verifying the importance of 
the specifi c adsorption of halide ions  [74] . It seems, however, that the halide effect 

    Figure 7.13     TEM images of manufactured 
gold nanostructures in the absence (a) and 
presence (b) of a trace amount of iodide ions 
( ∼ 10    μ M). The as - prepared gold nanocrystals 
were mildly centrifuged at  ∼ 1000   rpm 

for 5   min to separate isotropic small 
nanoparticles before being loaded 
onto the TEM grids.  (Adapted from Ref. 
 [74] .)   



cannot account for all discrepancies ever reported, and further intensive investiga-
tion is clearly required.  

  7.4.4.3   Infl uences of Silver and Halide Ions 
 Although, as mentioned above, the quaternary ammonium ion of CTAB was con-
sidered to direct the morphologies of nanocrystals at their growth stage, the attach-
ment of CTA +  to the gold crystals does not necessarily dominate the growth of a 
specifi c facet or otherwise hinder crystal growth. Several groups, including Pileni 
and colleagues, have argued that anions might represent a real and crucial control 
factor in the crystal growth of various metals  [109] . Likewise, silver ions appear to 
affect crystal growth by reductive adsorption onto the crystal surface, via a mecha-
nism similar to UPD, in conjunction with the adsorption of halide ions  [24, 25, 
105] . Another mechanism has also been proposed where silver halide is grown 
epitaxially, as a precipitation, on the growing gold surface  [38] . Nonetheless, since 
other polymers such as PEI or poly(acrylic acid) failed to produce the expected 
nanorod, it seems certain that CTAB plays a further important role in seed - 
mediated crystal growth (see Section  7.5.2.6 ).   

  7.4.5 
 Electrochemical and Photochemical Growth of Gold Nanocrystals 

 For the electrochemical synthesis of gold nanocrystals, bulk gold and platinum 
electrodes are used as the anode and counter - cathode, respectively, in the simple 
two - electrode system  [23, 26, 110] . It is postulated that oxidized gold ions from the 
anode are recrystallized at the cathode under the infl uence of a surfactant such as 
CTAB. The major product was nanorods of single crystalline lattice with a dimen-
sion of  ∼ 100   nm, that differed from the penta - twinned nanorods formed in seed -
 mediated growth  [76] . The morphology may be further tuned to nanocubes by the 
systematic addition of acetone and the concomitant application of ultrasound. The 
cubes were mostly bounded with {100} planes, as observed in the polyol synthesis 
 [26] . 

 The UV - irradiation of the aqueous precursor solution also resulted in the forma-
tion of gold nanorod in the presence of a cationic surfactant (CTAB) and AgNO 3 , 
both of which are popular additives for the growth of gold crystals (Figure  7.14 ) 
 [21] . As observed in the electrochemical synthesis, the gold nanorod was single 
crystalline and [100] - directing, with the side facets covered with {110} and {100} 
planes. Intriguingly, the photochemical generation of anisotropic silver nanocrys-
tals, converting isotropic silver particles into triangular nanoplates, has not been 
observed for isotropic gold crystals  [17] . This process appears to be related to the 
excitation of surface plasmon and subsequent physico - chemical changes (e.g. heat 
generation) on silver crystals. Although, by using dual - beam illumination, the 
Mirkin group was able to modulate the resultant dimensions of triangular silver 
nanoplates  [72] , a similar process appears impossible for gold, presumably due to 
the inherent hardness of gold metal and differences in electric fi eld intensities 
excited by surface plasmons.     
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  7.5 
 Morphologies of Representative Gold Nanocrystals and Possible 
Growth Mechanisms 

  7.5.1 
 Frequently Observed Morphologies of Gold Nanocrystals 

  7.5.1.1   Twinned Gold Nanorods and Related Decahedrons 
 Gold nanorod grown under diverse environments, for example by seed - mediated 
growth using ascorbic acid and at the DMF reduction in the presence of PVP, 
showed pentagonal symmetry with fi ve twinning planes  [76] . Similar and closely 
related isomorphs are  decahedrons , which seems to have the same origin as the 
nanorod  [29, 70] . A possible scenario might be presented that seeds for the two 
structures are indiscriminate at the early stages of crystal development but soon 
differentiate as the growth proceeds. It is noteworthy that the penta - twinned struc-
tures are favorable for small nanocrystals due to the fact that the crystal is bounded 
with most stable Au (111) faces  [29, 37, 111] . However, the ideal penta - twinned 
decahedrons have an inherent strain energy caused by mismatches in the way that 
fi ve tetrahedrons are assembled to a single apex (Figure  7.15 ). As the dimension 
grows, the strain energy accumulates to destabilize the crystals over a certain size. 
The internal gap of 7    °  20 ′  is often released either by forming two parallel twin 

    Figure 7.14     (a) Image of photochemically 
prepared gold nanorods solution; 
(b) Corresponding UV - visible spectrum. The 
leftmost solution was prepared with no silver 
ions added. The other solutions were 
prepared with the addition of 15.8, 31.5, 23.7 
and 31.5    μ l of silver nitrate solution, 
respectively. The middle solution was 

prepared with a longer irradiation time (54   h) 
compared to that for all other solutions 
(30   h), and the transformation into shorter 
rods can be seen; (c) A typical TEM image of 
gold nanorod prepared by the addition of 
15. 8    μ l of silver nitrate solution.  (Adapted 
from Ref.  [21] .)   

(a)

(b) (c)



axes or by forming truncated or round decahedrons  [29, 74] . By this inherent 
constriction, the slow growth rate along the short axis of nanorods is explained in 
part, but the growth mechanism along the long axis remains elusive. According 
to a growth model developed in silver halide crystals, additional re - entrant grooves 
(or additional twin planes) formed at the very initial stage of a penta - twinned seed 
particle can provide the elongation site, or the ridge structure itself of the penta -
 twinning can provide highly active catalytic sites for the gold reductions  [112] . The 
exact mechanism, however, remains a matter of conjecture. Nevertheless, fully 
developed decahedrons are barely observed to transform into nanowires, indicat-
ing that the two nuclei differentiate irreversibly into each shape over a critical 
dimension; recently, it was shown that silver nanorod was capable of growing from 
decahedron gold seeds  [113] . The other minor crystal bearing pentagonal twinning 
is bipyramidal, and was observed in the seed - mediated growth scheme similar to 
that of the synthesis of nanorods in the presence of silver ions; however, acidifi ca-
tion of the solution with HCl was required to lower the pH to 3 ∼ 4  [24] . Similar 
structures were also observed in the seed - mediated growth that adopted  cetyltri-
methylammonium chloride  ( CTAC ) as a major surfactant in the absence of silver 
ions, but adding KBr to control the halide effect  [74] .    

  7.5.1.2   Gold Icosahedrons and Nanoplates 
 Icosahedrons bear 20 twinning planes, and are recognized as belonging to the 
family of MTPs  [34] ; ideally, 20 smaller tetrahedrons are assembled to meet at a 
single apex to form an icosahedron, although the same strains as are observed in 
decahedrons exist as ideal tetrahedrons barely pack into ideal icosahedrons, for 
geometric reasons  [37, 111] . Another popular morphology is the  triangular nano-
plate , which bears single twin planes, while  hexagonal nanoplates  are assumed to 
bear two parallelized twinned planes according to the silver halide model. The 
detailed growth model is described precisely on grounds that the  fcc  gold crystals 
mimic the growth of the same  fcc  silver halide crystals  [112] . Occasionally, trun-
cated tetrahedrons can be seen to be a triangular nanoplates, but these can be 
resolved by using high - resolution  scanning electron microscopy  ( SEM ). Addition-

    Figure 7.15     Schematic illustration demonstrating inherent 
angular mismatch when creating a decahedron from fi ve ideal 
single crystalline  fcc  tetrahedrons. In the real crystal world, the 
strains is usually compensated with off - centered multiple axes 
or substantially rounded shapes.  
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ally, since 1/3{422} spots in the diffraction pattern are forbidden in the single 
crystalline nanoplate, the truncated tetrahedral or single crystalline triangular 
nanoplate can be discriminated from the twinned counterparts  [28, 29, 31, 112, 
114] .  

  7.5.1.3   Single Crystalline Gold Nanocrystals 
 Cubes and octahedrons are single crystalline gold nanoparticles belonging to  O h   
symmetry, and represent a major product of modifi ed polyol synthesis. [25, 28, 37] . 
Whichever morphology is preferred in the  fcc  metal crystals is known to be domi-
nated by distinct growth rates between the [111] and [100] facets. If the ratio of the 
growth rate,  R , along the  < 100 >  to that of  < 111 >  is 0.58, then perfect cubes sur-
rounded by {100} planes are formed. However, as the ratio increases to 1.73, 
perfect octahedrons bound by most stable {111} planes are formed through an 
intermediate state of cubo - octahedrals  [25, 37] . The  tetrahedron  is another single 
crystal morphology (Figure  7.16 ) in which tetrahedrons bounded by three {100} 
facets and a (111) base evolve to another tetrahedron bounded by all {111} facets 
as the growth rate on {111} planes surpass that on {100}, while truncated tetrahe-
drons exist in between  [28, 37] . Under the electrochemical production and seed -
 mediated growth of nanorod, single crystalline (not twinned) particles can be 
observed in the presence of silver ion  [108, 110] . As the growth rate of gold nano-
crystals is substantially retarded in the presence of silver ions  [24] , the formation 
of penta - twinned seed particles appears to be strongly hindered under these condi-
tions. The axial growth direction is [001] and the side surface was covered with 
{110} and {100} planes.    

    Figure 7.16     Geometric shapes of cubo -
 octahedral nanocrystals as a function of the 
ratio,  R , of the growth rate along the  < 100 >  to 
that of the  < 111 > ; (b) Evolution in shapes of a 
series of (111) - based nanoparticles as the 
ratio of {111} to {100} increases. The 

beginning particle is bounded by three {100} 
facets and a (111) base, while the fi nal one is 
a {111} bounded tetrahedron; (c) Geometric 
shapes of multiply twinned decahedral and 
icosahedral particles.  (Adapted from Ref. 
 [37] .)   

(a)

(b) (c)

R = 0.58 R = 0.7 R = 0.87 R = 1.0 R = 1.15

Decahedron

lcosahedron

R = 1.73

{111}

(100)



  7.5.1.4   Irregular Multipods 
 The other minor morphologies that gold crystals can take are  irregular multipodes  
or  branched nanoparticles . These are generated by heterogeneous growth stages 
such as seeded growth by the addition of excessive ascorbic acid in seed - mediated 
crystal growth  [36, 78] , or the periodic addition of gold precursors with  sodium 
dodecylsulfate  ( SDS ) as a surfactant at the end of the previous growth stage  [35] . 
It was also reported that the yield of branched nanoparticles, reduced by ascorbic 
acid, was substantially improved by the addition of NaOH; this implies that 
increasing the chemical potential accelerated the reduction to provide a variety of 
multipodes, as shown in Figure  7.17   [115] .    

  7.5.1.5   Post - Treatment of As - Grown Nanocrystals 
 Intriguingly, as - formed gold nanocrystals can be post - annealed with an etching 
process which is heavily dependent on crystal habits. It was reported that chloride 
ion and gaseous O 2  cooperatively etch MTPs of silver, palladium and gold at 
greater rates, apparently yielding single crystals which survive in the reaction 
vessel  [60, 116] . Indeed, penta - twinned decahedrons could be substantially 

    Figure 7.17     TEM image of a regular tripod 
nanocrystal and (b) high - resolution image of 
the pod end as marked by a white frame in 
panel (a); (c) Diagram showing the crystal 
planes and pod directions. The lower row of 

panels exhibits the particles developed at 
various stages: (d) Embryo of triangular 
shape; (e) Monopod; (f) V - shaped bipod; 
(g) Y - shaped tripod.  (Adapted from Ref. 
 [115] .)   

(a)

(d) (e) (f) (g)

(c) (b)
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suppressed by the addition of HCl in the diol synthesis of gold crystals, which 
otherwise would be produced quantitatively  [29] . Similarly, as - prepared single 
crystalline gold nanorods could be transformed octahedrons by an additional 
growth condition using HAuCl 4 ; in this scheme, the passivating agent (CTAB) for 
as - formed crystals was exchanged for PVP, so that further growth steps were pos-
sible in DMF solution (Figure  7.18 )  [27] . Although the initial experimental design 
appeared to elongate the  ‘ seed ’  nanorod, the growth solution    –    unexpectedly    –    resulted 
in shorter and thicker nanorods, and eventually in octahedrons.    

  7.5.1.6   Noticeable Features in the Observed Morphologies 
 It is notable that gold nanorod was not formed under the modifi ed polyol synthe-
sis, whereas pentagonal silver nanowire was a major product under similar condi-
tions. Instead, closely related decahedrons were observed under a high content of 
PVP and in the absence of silver ions  [29] . This dependence on PVP was attributed 
to a protective effect of the polymer against a higher chemical etching rate on the 
MTPs compared to single crystals  [60] . On the other hand, single crystals were 

    Figure 7.18     (a) Representative TEM images 
of the original nanorods and (b) particles 
obtained with  R    =   2.7 (ratio of the 
concentration of HAuCl 4  to that of Au seeds), 
(c) with  R    =   8.2, and (d) with  R    =   13.7. All 
particles are oriented along the [001] 
direction, as indicated by the arrows. (e) SEM 
image of octahedral particles formed by the 

chemical sharpening and corresponding 
structure model of an original nanorod and 
an octahedral particle. Growth of a sharpened 
rod into an octahedral particle accomplished 
by deposition of Au atoms (dark spheres) 
along the {110} facets.  (Adapted from 
Ref.  [27] .)   

(e)

(a) (b) (c) (d)



barely observable under seed - mediated growth, but could be produced by the addi-
tion of a small amount of silver ion  [36] . 

 The unique growth environment that enables MTPs and single crystalline 
nanoparticles to be formed together is the thermal reduction of HAuCl 4  in toluene 
solution, employing amine surfactant simultaneously as both a reductant and a 
passivating agent  [64] . The combination of primary amines with other secondary, 
tertiary and quaternary amines diversifi ed the crystal morphologies and sizes. 
Under these conditions, MTPs (decahedrons and icosahedrons), penta - twinned 
nanowires, single - twinned triangular nanoplates and single crystalline particles 
(e.g. octahedrons) could be formed. It was also notable that no halide or silver ions 
were added externally in this scheme; rather, the chloride ions were inherently 
present in the form of HAuCl 4 .   

  7.5.2 
 Growth Mechanism of Gold Nanocrystals 

 Although a myriad of reaction combinations has been applied for the growth of 
gold nanocrystals hitherto, the observed morphologies are largely categorized into 
approximately 10 crystals, including cubes, octahedrons, tetrahedrons, triangular 
nanoplates, hexagonal nanoplates, decahedrons, penta - twinned nanorods, single 
crystalline nanorods, penta - twinned bipyramids and icosahedrons; these limited 
morphologies indicate that the development of each morphology is less affected 
by the individual reaction mechanism of the reducing agents adopted. Aside from 
tetrahedrons, octahedrons, cubes and related derivatives, the observed nanocrys-
tals contain one or more twin planes, which are energetically favored at the early 
stage of crystal growth  [37, 111] . The observed crystal shapes and possible seed 
structures are shown schematically in Figure  7.19 . Although, at the very early 
stages the seed structures are assumed to be interchangeable, they soon determine 
to grow into a given structure.   

  7.5.2.1   Seed Structures at the Early Stage of Growth 
 In order to understand the shape evolution of gold nanocrystals, it seems especially 
fruitful to investigate the crystal structure of small seed particles. The small nano-
crystals reduced by NaBH 4  in the presence of CTAB appear to be mostly single 
crystalline with a 1 ∼ 2   nm size distribution, while citrate - capped nanoparticles 
allowed some twinning planes  [24] . To further complicate matters, it can be seen 
directly that an initially formed single crystal can transform into twinned crystal 
during its growth  [112] ; this transformation is observed indirectly, albeit routinely, 
in an experiment where several twinned nanocrystals are developed from single 
crystalline seeds in the seed - mediated growth  [38] ; however, it is not clear which 
parameter determines the extent of twinning. The  reverse transformation     –    from 
a twinned particle to a single crystalline version  –    is unlikely at room temperature 
as twinned particles are more stable species at the onset of growth, while additional 
high energy seems to be required to relocate whole atoms in a twinned particle. 
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    Figure 7.19     Schematic illustration showing diverse 
morphologies of gold nanocrystals grown from several seed 
structures. It is assumed that the initially formed seed crystals 
are structurally interchangeable one with another, but are 
soon confi ned to a certain growth track leading to 
corresponding morphologies.  

Indeed, a relatively higher temperature (over 400    ° C) was necessary for the process 
in a high - vacuum system  [101] .  

  7.5.2.2   Twinning and Reaction Temperature 
 In summarizing the observations obtained hitherto, twinned nanocrystals were 
dominant in the synthesis at room temperature, a rapid reduction seemed to afford 
highly twinned particles such as penta - twinned decahedrons or icosahedrals, and 



nanoplates were the main products in a slow reduction  [112] . In contrast, in the 
 polyol process  the formation of twinned seed seems to be strongly hindered and/or 
to be rapidly redissolved during continuous incubation, compared to the growth 
of single crystalline seeds  [29, 60] . The prepared seed particles (either twinned or 
single crystalline) over a critical size will begin to increase their dimension under 
the empirical constraints imposed on polyol synthesis; single and double - twinned 
particles can grow into triangular and hexagonal nanoplates, respectively, as 
depicted in Figure  7.20 . Penta - twinned seeds grow into decahedrons, rods and 
bipyramids, although the individual conditions for the differentiation continue to 
be elusive (see Figure  7.19 ). Single crystalline seeds grow into octahedrons, cubes, 
cubo - octahedrons and tetrahedrons depending on the growth rates on {111} and 
{100} planes (see Figure  7.16 )  [37] . Without any restraint in the relative growth 
rates of individual facets, isotropic nanocrystals would be produced, no matter how 
many twinning planes existed in the seeds. In the prolonged incubation, the 

    Figure 7.20     (a, b) SEM images of gold 
nanoplates synthesized using a competitive -
 growth stage to remove untwinned particles 
in the modifi ed DMF reduction; (c) SEM 
image of triangular nanoplate obtained at a 
tilted angle (45    ° ) showing an edge containing 
a single re - entrant groove; Corresponding 
silver halide models for the growth of (d) 
triangular and (e) hexagonal nanoplate 
bearing one and two parallel twin planes, 
respectively; (d) The re - entrant grooves of A -

 type faces cause rapid growth that is arrested 
when the face grows itself out, leaving a 
triangular prism with slow - growing B - type 
faces; (e) On the other hand, all faces in a 
plate containing two parallel twin planes 
contain A - type faces (dashed arrows), which 
leads to each A - type face regenerating those 
adjacent to it, allowing rapid growth in two 
dimensions (solid arrows).  (Adapted from 
Ref.  [112] .)   
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selective etching on twinned seeds resulted in mainly single crystals of gold in the 
presence of silver, or some twinned particles in its absence  [25, 29] .   

 In a striking contrast, the as - grown nanocrystals at room temperature might be 
kinetically arrested due to a lower rate of Ostwald ripening; in other words, once 
a seed structure is determined, then the etching or redissolving of seed particles 
is barely seen, even upon prolonged incubation (or annealing). This process seems 
to depend largely on the temperature where a major reduction reaction occurs 
(boiling EG versus aqueous solution at room temperature). The Ostwald ripening 
appears to explain why twinned crystals prevail in the seed - mediated growth at 
room temperature, while twinning is less observed in the modifi ed polyol synthe-
sis. Twinning planes may provide more defect sites or reaction centers for the 
etching process, similar to that observed in the rapid elongation of penta - twinned 
nanowires at the tips. The various additives mentioned to date (halide ions, silver 
ions, hydroxide ions and polymer) may either affect seed development from an 
early stage, or affect further preferential growth on a specifi c facet of a seed, 
causing the ramifi cation of decahedrons, rods or bipyramids from penta - twinned 
seeds.  

  7.5.2.3   Thermodynamic Stability of Twinned Particles 
 The thermodynamic stability of an individual crystal facet is generally determined 
in terms of lowering the surface energy; {111} planes are the most stable due to 
the higher surface density of gold atoms or greater coordination number with 
neighbors compared to other, low - indexed surfaces  [25] ; however, such preference 
might be changed under the infl uences of adlayers by halide or silver ions adsorbed 
onto the as - grown surface. As such, the crystal growth of diverse shapes is most 
easily explained kinetically    –    in other words, by distinct growth rates at different 
facets at given reaction environments, and not by the universal stability of a spe-
cifi c facet. As described in Section  7.5.1.3 , the apparent surface morphologies such 
as cubes and octahedrons can be rationalized by distinct growth rates on different 
two facets, typically on {100} and {111} facets. Indeed, in the modifi ed polyol 
process the initially formed gold cubes were transformed to octahedrals through 
cubo - octahedrals as the content of silver ions increased to suppress the growth of 
{100} planes  [25] .  

  7.5.2.4   Roles of Passivating Chemicals in Shape Development 
 During early investigations of the seed - mediated growth of gold nanorods, it was 
postulated that CTA +  molecules were adsorbed preferentially to the side faces of 
the rod, thereby hindering growth along the transverse axis and selectively elongat-
ing the dimension along the long axis; a similar proposal was presented for the 
role of PVP in the polyol synthesis of silver nanocrystals  [38, 60] . However, several 
research groups have expressed a degree of skepticism for this model  [74, 109, 
112] , which has been contradicted by several instances of experimental evidence 
and scientifi c intuition. First, although typical surface - directing agents such as 
PVP and CTAB are known to form rod - like micelles, this does not explain the 
generation of nanocrystals of varying morphologies, as seen in the simultaneous 



synthesis of micrometer - long nanowires along with triangular nanoplates, icosa-
hedrons and shorter nanorods. Furthermore, as the proposed superstructures 
were not rigid, they are able to merge into larger structures, or vice versa. Ulti-
mately, the formation of gold nanorods can be perfectly hindered by the addition 
of a miniscule amount of iodide ion ( ∼  μ  M ) in seed - mediated growth under a CTAB 
template, which would not interfere with the micellar structures  [74] . Second, the 
head groups of these polymer or superstructures of surfactants generally lack a 
corresponding atomic - scale periodicity, which explains the facet discrimination, 
for instance, on the two facets of Au(111) and Au(100) planes. While the lattice 
parameters of a low - indexed gold surface corresponds to 2 ∼ 3    Å , the polar head of 
the quaternary ammonium group facing the gold surface appears to rotate freely 
so that its hypothetical radius expands to over  ∼ 4    Å , or more if including the hydra-
tion layer. Finally, the major products are drastically infl uenced by certain additives 
such as silver or halide ions, even in the presence of an excess of CTAB; this sug-
gests that the surface adsorptions and the heterogeneous interface structures 
basically determine the fi nal morphologies of gold in the growth, the concept of 
which is manifest in the seeded growth of metal heterostructures. For example, 
the presence of a platinum seed dramatically changed the resultant crystal mor-
phologies of gold from isotropic particles to nanorods  [117] , while a similar seed 
led to the manufacture of palladium cubes or octahedrons of well - defi ned dimen-
sions that otherwise seemed impossible  [118] .  

  7.5.2.5   Infl uences of Surface - Active Chemicals 
 As noted above, when considering drastic changes in shape development the most 
powerful shape - directing constituents appear to be chemical species capable of 
specifi cally (and tightly) adsorbing to the surface of growing nanocrystals. For 
example, by adding a miniscule quantity of iodide ion, the penta - twinned seeds 
seem not to develop nanowire but only to be arrested in decahedrons; hence, the 
adsorbed iodide ion might hinder a defect site necessary for the elongation  [74] . 
The addition of chloride and hydroxide ions to the DMF reduction in the presence 
of PVP can differentiate the growth rates on facets into the formation of cubes, 
octahedrons and tetrahedrons, in addition to decahedron and hexagonal nano-
plates  [68] . Exogenous chloride ions may be used as a selective etchant for twinned 
crystals in the polyol synthesis  [29] , or for reducing the size of single crystalline 
nanorod in the presence of O 2   [116] . Silver ion has been a versatile, but exotic, 
additive for shape evolution in the growth of gold nanocrystals, due largely to the 
chemical similarity of metallic silver or related compounds such as silver chloride 
with metallic gold. The presence of silver ions allowed the growth of single crystal-
line nanorod in the seed - mediated growth, where otherwise penta - twinned nano-
rods and other twinned particles would be the dominant products  [24] . A systematic 
evolution of morphology from cubes to octahedrons during polyol synthesis was 
also facilitated by the presence of silver ions  [25] . In the seed - mediated synthesis, 
single crystalline nanocrystals such as cubes, tetrahedrons and octahedrons were 
successfully produced by the addition of silver ions (along with modulating molar 
ratios of reactants), which otherwise could be barely realized  [36] .  
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  7.5.2.6   Overall Picture for the Growth of Gold Nanocrystals 
 In spite of the impressive roles of halide and silver ions, it is also clear that nano-
crystals without any preferential shape developed in the absence of passivating 
agents such as CTAB or PVP. Additionally, the results of experiments conducted 
with varying aliphatic chain lengths of CTAB in seed - mediated growth suggest an 
important role for the surfactant  [107] . In general, selecting the appropriate pas-
sivating agent for crystal growth seems to be equally as important as modulating 
the relative growth rates on crystal facets with halide or silver ions. In an attempt 
to build a theoretical architectonic, it can be hypothesized that the surfactants in 
a crystal growth largely retard the reduction rate, irrespective of specifi c facets, 
thereby enabling distinct growth rates to be distinguished by adsorbed adlayers 
(see Figure  7.21 ). In other words, without retarding the overall reduction rate by 
the surfactant layer, differences in growth rates with respect to crystal facets 
are so negligible that isotropic or uncontrolled growth over all facets seems 
dominant.   

 Circumstantially, this unprecedented hypothesis may be supported in part by 
the observation that nanoplates were exclusively produced as the pH was lowered 
by adding HCl in a linear PEI solution. The indication here was that the tight 
binding of amine groups to the negatively charged gold surface enabled a morphol-
ogy change from isotropic particles to hexagonal nanoplates, in quantitative fashion 
 [32] . It has also been shown that by separating the crystal growing procedure from 
seed preparations, without changing the chemical environment, it is possible to 

    Figure 7.21     Schematic illustration showing the cooperative 
roles of passivation layer and surface - active layer during the 
growth at a specifi c facet of gold crystal.  



produce quite different nanocrystals, ranging from penta - twinned decahedrons to 
hexagonal nanoplates; however, the growth rate was slowed drastically by the 
dropwise addition of gold precursors  [112] . This observation might also suggest 
that the twinning of nanocrystals could be controlled simply by adjusting the reac-
tion rates by using appropriate passivation agents. Taken together, these fi ndings 
suggest that modulating the growth rate can be used to control the faceted growth 
of seed particles cooperatively with other parameters such as halide and silver ions. 
However, in order to verify this hypothesis, intensive efforts will be required with 
carefully designed experimental schemes. 

 When investigating growth mechanisms,  atomic force microscopy  ( AFM ) has 
much potential in that it allows the growth stage to be monitored continuously, 
seed by seed. In fact, by using AFM it was observed that small seed particles 
resulted in small - diameter nanorod, while larger seeds yielded  ‘ plump ’  nanorods 
 [119] . In a separate experiment, gold seeded onto an amine - modifi ed Si(100) 
surface was observed to grow nanorods with a local preferential direction of 
growth, although the reason for this remains elusive  [120] .    

  7.6 
 Applications of Gold Nanocrystals in the Life Sciences 

  7.6.1 
 Contrast - Enhancing Agents 

 Traditionally, isotropic gold nanostructures have been used as contrast agents for 
bioimaging in dark (or bright)  - fi eld imaging systems  [121] . As an extended appli-
cation, gold nanorod  [11, 13] , silica - supported gold shell  [12]  and hollow nanoshells 
generated by the galvanic exchange reaction (transmetallation)  [7, 8, 10]  have been 
intensively investigated, and have provided a  ‘ proof of concept ’  for the use of such 
nanomaterials as contrast agents for bioimaging  [6] . When comparing the absorp-
tion and scattering powers of the materials one with another, there were no fun-
damental differences other than a higher scattering effi ciency for silica - supported 
gold nanoshells; this effect was attributed to the interaction between the gold shell 
and the supporting materials  [46] . Due to the higher atomic number of gold, 
enhanced contrast agents using gold nanostructures have found application in 
 computer - aided tomography  ( CT ), with outstanding effi cacy compared to a con-
ventional contrast agent based on iodinated small molecules  [9] . Small - molecule 
contrast agents provide only a limited imaging time due to their rapid renal clear-
ance, and consequently tend to cause renal toxicity. The arrested electromagnetic 
fi elds on the surface also facilitated the acquisition of two - photon luminescence 
of cancer cells in shallow tissues  [11] . Although quantum dots have the highest 
two - photon cross - section, gold nanocrystals are better applicable in terms of 
minimal cytotoxic effects and higher cross - section compared to organic 
fl uorophores.  
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  7.6.2 
 Photothermal Therapeutics 

 Recently, it has been reported that gold nanostructures may be used not only as 
contrast agents but also as  nanomedicines  to destroy malignant cells, through 
photothermal heating using a focused laser beam. In this way, breast cancer cells 
may be selectively ablated by targeting them through a specifi cally designed coating 
layer  [5, 12, 115] . The effi cacy of the treatment is based on the intense electromag-
netic fi elds arrested in the vicinity of the metal surface, and which eventually is 
converted to heat that destroys the malignant cells.  Photothermal therapy , espe-
cially for cancer, is generally less harmful to the normal tissues than are conven-
tional chemotherapies. As the wavelength of the surface plasmon band with which 
a gold nanostructure resonates can be fi nely tuned according to its characteristic 
dimensions  [46] , gold nanocrystals can provide great versatility, especially when 
used in conjunction with a selective homing agent immobilized on the surface. 
For photothermal treatment, it is benefi cial to use gold nanostructures of  near -
 infrared  ( NIR ) radiation due to their greater transparency for human tissues  [5, 8, 
12] . A gold nanocage of 45   nm size  [8] , gold nanoshells supported on 120   nm silica 
particles  [12]  and gold nanorods of 50   nm length (prepared via seed - mediated 
growth) have all been used in the experimental photothermal treatment of cancer 
cells  [11] .  

  7.6.3 
 Renal Barrier and Cytotoxicity of Gold Nanomaterials 

 For applications of both bioimaging contrast agents and optothermal nanomedi-
cines, gold nanostructures appear to have inherent advantages in terms of size 
control, the ability to tune their characteristic wavelengths on demand, and an 
inherent biocompatibility due to their chemical inertness and robust nature of the 
structure. As gold nanocrystals neither decompose nor are reoxidized to leak gold 
ions within the physiological environment (this is a problem with quantum dots), 
when passivated with targeting and passivating ligands they can be treated with 
conventional macromolecules such as polymer nanoparticles or proteins in the 
short term  [80] . It is important to appreciate the ultimate fate of gold nanocrystals 
administered intravenously to humans in order to evaluate the toxicity of these 
nanomaterials when used as therapeutics or contrast agents. Charged gold nano-
crystals may cause complement activation; for example, cationic nanocrystals (i.e. 
encapsulated with cationic polymer PEI) may cause a severe complement response, 
leading to cytotoxicity. The binding of gold nanocrystals with opsonins or other 
immunoproteins can also expedite a rapid clearance from the bloodstream to the 
 reticuloendothelial system  ( RES ), eventually causing a toxic response  [81, 122] . 
Based on studies using molecular sieves within the glomerular capillaries, the 
minimum threshold to avoid rapid renal clearance is about  ∼ 10   nm  [81] . In con-
trast, when gold nanoparticles exceed 100   nm in size, they are not cleared from 
the body but rather accumulate in the RES (liver, spleen, or lymph nodes), causing 



infl ammation or apoptosis of the tissue cells. Without an active homing agent, 
gold nanocrystals would be targeted to cancer cells or infl ammatory tissues via a 
process called  enhanced permeation and retention  in those tissues  [81, 82] . The 
particle size relevant to this effect ranges from 50 to 100   nm, and is heavily depen-
dent on the coating layers (notably also to a hydration layer). Consequently, gold 
nanostructures used for imaging and photothermal therapeutics must meet size 
criteria so as not to compromise the effi cacy of the treatment and cause adverse 
side effects.   

  7.7 
 Summary and Perspectives 

 In this chapter we have briefl y described the representative morphologies of gold 
nanocrystals observed under diverse growth conditions, and provided details of 
their experimental conditions and theoretical backgrounds. When growing gold 
nanocrystals, twinning is a key issue in shape evolution, as more than half of the 
nanocrystals have at least one twinning plane. Therefore, an understanding of the 
mechanism and an ability to control twinning during crystal growth is important 
in the shape - controlled synthesis of gold nanomaterials. 

 Overall, thermal reduction schemes such as modifi ed polyol synthesis appear 
to facilitate Ostwald ripening, and the consequent preferential formation of single 
crystals rather than the growth of twinned crystals at room temperature. With 
regards to reaction conditions, a higher temperature favors the growth of single 
crystals, which are more stable than their twinned counterparts towards the etching 
process. Twinned structures formed rapidly during the early stages of growth seem 
too vulnerable to survive these harsh conditions. In contrast, seed - mediated growth 
conducted at room temperature, without the aid of silver ions, produced mostly 
twinned nanoparticles. The initially formed twinned crystals are kinetically trapped 
in local energy minima where they may then grow into corresponding twinned 
crystals. 

 In seed - mediated growth, the controversial observations often reported were 
tentatively ascribed to unknown impurities in CTAB reagents, or to other sources. 
Although impurities of unknown source may interfere with the synthetic proce-
dure, this provides a glimpse of the growth mechanism of gold nanocrystals. 
Nonetheless, reproducibility problems associated with seed - mediated growth by 
ascorbic acid remain an issue for further strides. 

 In addition to providing control over the reaction conditions, chemical additives 
such as silver and halide ions dramatically change the crystal shapes, or improve 
yields. Adding silver ions retards the growth rate such that single crystals are 
favored over twinned, whilst a silver adlayer favors growth on {111} planes or 
suppresses {100} planes. The addition of halide or hydroxide ions resulted in the 
formation of gold nanocrystals of diverse shape. Concomitantly, polymer or sur-
factant molecules acting as passivating agents may play a crucial role in much the 
same way as halide and silver ions. It is hypothesized that, while these tightly 
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adsorbing chemicals can directly differentiate growth rates on distinct crystal 
facets, passivating agents such as PVP and CTAB control overall growth rates by 
physically regulating the access of reagents to the crystal surface. 

 In the past, gold nanocrystals have most often been used as contrast - enhancing 
agents for bioimaging tools and in the selective destruction of malignant cells via 
photothermal therapy with a focused laser beam. In these applications, gold nano-
crystals have inherent advantages of superior biocompatibility that originates from 
their chemical inertness and robust nature. With regards to cytotoxicity, the control 
of particle size distribution is important when these nanomaterials are used in 
humans, as nanocrystals administered intravenously experience different fates 
according to their size. Surface treatment is also important for applications in the 
life sciences, as the opsonization process induces phagocytosis or complement 
activation, which in turn reduces the effectiveness of the treatment. The long - term 
physical and chemical stability during storage represents another practical and 
important issue when using gold nanomaterials in a clinical setting.  
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  8.1 
 Introduction 

 The medical use of gold nanoparticles can be traced back to ancient China and 
India, where red colloidal gold was used as a drug for longevity and revitalization 
 [1 – 3] . In Europe, gold has long been used as a nerve tonic for nervous disorders, 
and as a drug to treat epilepsy and syphilis  [4, 5] . 

 Gold nanoparticles display unique optical properties such as distinctive extinc-
tion bands in the visible region, these being due to the  surface plasmon  ( SP ) 
oscillation of free electrons  [6] . As a result, colored gold nanoparticles are currently 
used as a marker for immunoelectron microscopy in cellular biology, and as a dye 
for immunochromatography to detect not only human chorionic gonadotrophin 
secreted into the urine during pregnancy but also the antigens of infl uenza viruses. 
Reddish - colored, antigen - modifi ed gold nanoparticles allow diagnoses to be carried 
out rapidly and in straightforward manner both at home and in hospital, without 
the need for expensive equipment. When gold is employed for medical purposes 
as a drug, it is gold compounds rather than metallic gold nanoparticles that are 
used. Among common ailments,  rheumatic diseases  are the major group associ-
ated with the clinical use of gold compounds, and in this respect several types of 
compound, including sodium aurothiomalate, aurothioglucose and auranofi n, 
have been developed and approved for clinical use  [7, 8] . Several gold compounds 
have also been designed and tested as drugs to treat cancer, AIDS, bronchial 
asthma and malaria  [9] . Gold compounds also affect DNA replication, the immune 
system and the functions of various enzymes in cells. 

 Today, the use of metallic gold nanoparticles in medical research is centered on 
employing the optical character of gold nanoparticles, as well as their application 
as photosensitizers for photothermal therapy and as contrast agents in optical 
imaging. In this chapter, we describe details of current research trends in the use 
of gold nanoparticles, especially gold nanospheres and gold nanorods, in diagnosis 
and therapeutic technology, and also discuss their prospective medical applica-
tions. This chapter also presents state - of - the - art information regarding novel 
nanomedicinal technologies. The groundbreaking results presented here provide 
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an invaluable resource for researchers and engineers in the fi elds of nanotechnol-
ogy, molecular medicine, biochemical engineering and biotechnology.  

  8.2 
 Gold Nanospheres    

 Among the various types of gold nanoparticle described here, the spherical form 
is the most widely used. As gold nanospheres can be easily prepared by reducing 
the gold ion and controlling the particle size, it is possible to carry out the produc-
tion of gold nanoparticles with relative ease and subsequently to use them not only 
in a variety of medical diagnoses but also as therapeutic and drug delivery systems 
 [10] . 

  8.2.1 
 Cellular Imaging using Light Scattering from Gold Nanospheres    

 When gold nanoparticles are observed under a dark - fi eld microscope, the typical 
view is of bright particles undergoing  Brownian motion . This brilliant light scat-
tering, which is caused by the nanoparticle movements, was used by El - Sayed and 
coworkers to perform cellular imaging  [11, 12] . For this, the group modifi ed gold 
nanospheres with anti -  epidermal growth factor receptor  ( EGFR ) antibodies, and 
then added these to three types of cell, namely HaCaT cells (human keratinocyte 
cell line) as a nonmalignant cell line, and to HOC and HSC cells (human oral 
squamous carcinoma cell lines) as malignant cell lines. Specifi c binding of the 
antibody - modifi ed gold nanospheres to the HOC and HSC cells was detected by 
observing the surface plasmon resonance absorption of the nanospheres onto the 
cells, and light scattering from the nanospheres under dark - fi eld microscopy. The 
specifi c binding of the gold nanospheres to target cells allowed their use as a con-
trast agent in the diagnosis of diseases, with biomaging of the disease site achieved 
by combining absorption spectroscopy and light - scattering imaging techniques.  

  8.2.2 
 Gold Nanospheres as a Contrast Agent for Computed Tomography    

 Kattumuri  et al.  developed nontoxic gum arabic - modifi ed gold nanospheres and 
tested their ability as a contrast agent for  computed tomography  ( CT )  [13] . The 
modifi ed nanospheres were prepared from Au ions with nontoxic phosphino 
amino acids in the presence of gum arabic. When for biodistribution studies, these 
modifi ed nanospheres were injected intravenously into pigs, the majority was 
found to have accumulated in the liver and lungs at between 30   min and 24   h after 
injection. After 72   h, 43 – 69% and 46 – 66% of the dose was retained in the liver of 
pigs treated with nanospheres at doses of 2 and 4   mg Au   per kg body weight, 
respectively. Delivery of the nanospheres to these organs appeared to be effected 
by the polysaccharide – protein network. Although the extent of clearance of the 



nanospheres from the kidneys was low (1 – 2% of the total dose), no toxicity due to 
the nanospheres was observed even at 72   h after injection. Modifi cation with 
 poly(ethylene glycol)  ( PEG ) further stabilized the nanospheres, while an additional 
functional peptide [ receptor - mediated endocytosis  ( RME ) peptide], which is derived 
from the adenovirus fi ber protein and induces receptor - mediated endocytosis, 
signifi cantly enhanced their uptake into cells  [14] . Taken together, the results of 
these studies demonstrated the future prospects for the use of gold nanoparticles 
in medical diagnosis and therapy.  

  8.2.3 
 Photothermal Cellular Damage    

 The  photothermal effect , whereby absorbed light energy is effi ciently converted to 
heat, represents a unique optical property of metal nanoparticles. When gold 
nanospheres are irradiated with visible light that corresponds to the absorbance 
band of the nanospheres, the temperature of both the nanoparticles and their 
surrounding media is increased. Thus, if the nanospheres are bound to the cells, 
and the cells then irradiated with visible laser light, it follows that any specifi c 
cellular damage would be limited to those cells bound with nanospheres (Figure 
 8.1 ). To demonstrate this, El - Sayed and coworkers added anti - EGFR - modifi ed gold 
nanospheres (as described in Section  8.2.1 ) to HaCaT, HOC and HSC cells, and 
then irradiated them with a  continuous - wave  ( CW ) argon laser light at 514   nm. As 
a result, the malignant cells    –    the HOC and HSC cells    –    required a lower laser 
energy ( ∼ 20   W   cm  − 2 ) in order to be killed, whereas a higher energy ( > 57   W   cm  − 2 ) 
was required to kill the nonmalignant, HaCaT, cells  [12] . It was clear that the heat 
produced by the photothermal effect as the gold nanospheres became bound to 
the cells had destroyed the cellular function and eventually caused cell death. It 
was these initial fi ndings that ignited interest in the use of gold nanoparticles as 
a medical nanodevice for diagnosis and therapy.    

  8.2.4 
 Radiofrequency Thermal Damage of Cells    

 An external  radiofrequency  ( RF ) fi eld is known to induce heat in gold nanoparti-
cles, and this heat can be used to thermally damage cells    –    in similar fashion to 
the photothermal effect described above. Gannon  et al.  added gold nanoparticles 
to human cancer cell lines, and then exposed the cells to a 13.56   MHz RF fi eld for 
several minutes. Although the nanoparticles alone did not show any cytotoxicity 
towards the cells, those cells treated with both nanoparticles and RF were signifi -
cantly damaged  [15] . These fi ndings suggested that RF - induced heat release in 
nanoparticles might be utilized in cancer therapies. 

 Induced heat can also be used control  protein folding . For example, Kogan 
 et al.  modifi ed gold nanospheres with a peptide, H - Cys - Leu - Pro - Phe - Phe - Asp - NH 2 , 
that binds to the  amyloid  β   ( A β  ) protein and interferes with the growth of A β  
aggregates. The peptide - modifi ed gold nanospheres bound to free A β  1 – 42  protein, 
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and were then incorporated into insoluble aggregates of the A β  1 – 42  protein. When 
the aggregates were irradiated with a 12   GHz RF fi eld (microwave) they dissolved 
as the induced heat enhanced the activity of the peptide  [16] . Such controlled con-
formational change of the A β  1 – 42  protein provides not only provides an important 
clue for the development of therapeutic strategies for amyloidosis, such as 
Alzheimer ’ s disease, but also heralds a powerful tool for altering protein structures 
in order to better understand the dynamics of protein conformation. 

 Recently, Mukherjee  et al.  reported that gold nanospheres had shown antitumor 
activity  [17] . In this study, the process of binding the nanospheres with cancerous 
 B - chronic lymphocytic leukemia  ( BCLL ) cells was initiated by attaching the  vascu-
lar endothelial growth factor  ( VEGF ) antibody to the surface of the nanospheres. 
After mixing these modifi ed nanospheres with BCLL cells, a signifi cant apoptosis 
of the cells was observed, with transmission electron microscopy examination 
revealing that the nanospheres had been internalized into the cells via an endocy-
tosis pathway. This anticancer effect of gold nanospheres was seen as an integra-
tion of nanotechnology with cancer therapy and that, by harnessing the RF thermal 
and photothermal effects of nanospheres, an effective therapeutic strategy might 
be constructed for future application.  

    Figure 8.1     Light scattering cellular imaging 
using gold nanoparticles and the scheme 
of photothermal cellular damage. Gold 
nanoparticles were added to  Chinese hamster 
ovary  ( CHO ) cells, after which bright (a) and 
dark - fi eld (b) images were acquired under 
microscopy. Strong light scattering from the 

bound gold nanoparticles on the cells was 
observed. If cells are irradiated with laser 
light, the wavelength of which corresponds to 
the absorbance of the nanoparticles, they may 
be damaged as a result of the photothermal 
effect of the gold nanoparticles (c).  

(a)

(c)

(b)



  8.2.5 
  DNA  Carrier for Gene Therapy    

 Previously, the gene delivery system in cells has been studied using a cationic 
dendritic polymer  [18 – 20] . The dendritic molecule has a spherical shape of  ∼ 6   nm 
diameter, and forms a DNA complex which is several hundreds   of nanometers in 
diameter. The complex was internalized into cells via an endocytosis pathway, after 
which an effi cient gene expression from the DNA was observed. Based on this 
experience, it was proposed that gold nanospheres might indeed be utilized as a 
gene carrier system, and that gene expression could be controlled by an external 
stimulation such as light irradiation and electric pulses. Initially, cationic gold 
nanospheres were prepared modifi ed with 2 - aminoethanethiol by reducing HAuCl 4  
with NaBH 4  in the presence of 2 - aminoethanethiol  [21] . Although the binding 
ability with plasmid DNA and signifi cant transfection effi ciency was observed 
when the DNA complex was added to HeLa cells, the stability of the nanospheres 
was poor, and large aggregates were formed. Subsequently, a PEG chain was added 
to the cationic nanospheres to provide stability and biocompatibility in biological 
conditions  [22] . The PEG -  and amine - modifi ed gold nanospheres were prepared 
by NaBH 4  reduction of HAuCl 4  in the presence of 2 - aminoethanethiol and 
 methoxypoly(ethylene glycol) containing thiol groups at the terminus  ( mPEG - SH ). 
After PEG - modifi cation, the zeta - potential of the nanospheres was almost neutral. 
The PEG -  and amine - modifi ed gold nanospheres were bound to plasmid DNA 
(Figure  8.2 ), and extended the half - life of the DNA in the blood of mice due to a 

    Figure 8.2     Structure of PEG -  and amine - modifi ed gold 
nanoparticles. The gold nanoparticles were prepared 
by NaBH 4  reduction of HAuCl 4  in the presence of 
2 - aminoethanethiol and mPEG - SH.  
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 ‘ stealth effect ’  of the PEG chains on the surface of the gold nanospheres. Although 
no gene expression was observed in any of the organs, when electric pulses were 
applied to the left liver lobe after an intravenous injection of the DNA complex of 
the nanospheres, a signifi cant gene expression was observed specifi cally in the 
pulsed lobe (Figure  8.3 ). Whilst  electric pulse - dependent gene expression  is a 
unique phenomenon, its application was limited to use with conductive gold 
nanospheres.     

    Figure 8.3     Gene expression of systemically 
injected DNA complexed with the PEG -  and 
amine - modifi ed gold nanoparticles, and gene 
expression triggered by electric pulses. (a) 
Plasmid DNA complexed with nanoparticles 
was injected intravenously into mice. Electric 
pulses (250   V   cm  − 1 , 20   ms per pulse, 8 pulses, 
1   Hz) were applied to the left lobe of the liver 
at 1   min after injection, and luciferase activity 
in each lobe was evaluated after 6   h. (b, c) X -

 gal staining of livers of mice receiving  β  -
 galactosidase - expression plasmid DNA. 
Naked DNA (b) and DNA complexes with the 
nanoparticles (c) were injected into the mice, 
and electric pulses applied to the left lobe of 
the liver at 5   min after injection. Gene 
expression was evaluated at 24   h after 
injection; the stained areas (black) in panel 
(c) correspond to the gene - expressing cells. 
RLU   =   relative light unit.  
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  8.3 
 Gold Nanoshells    

 Gold nanoshells are optically tunable nanoparticles composed of a dielectric core 
(silica) coated with a metallic gold layer  [23] . The optical resonance of nanoshells 
can be continuously tuned for wavelengths ranging between the UV and  infrared  
( IR ) regions by changing the relative core and shell thickness (Figure  8.4 ). In par-
ticular, the near - IR region (650 – 900   nm) is ideally suited for  in vivo  imaging and 
therapy due to a minimum light absorption by the intrinsic chromophores, hemo-
globin ( < 650   nm) and water ( > 900   nm), which allows a maximal penetration of 
light into the tissues  [24] . Hence, gold nanoshells are expected to be useful as 
imaging and therapeutic agents.   

 When using nanoshells tuned to an absorbance at 820   nm, Hirsch  et al.  achieved 
the photothermal ablation of cultivated tumor cells by irradiation using near - IR 
laser light at 820   nm  in vitro   [25] . When this system was applied to  in vivo  tumor 
therapy, the laser light irradiation of solid tumors inoculated in mice treated with 
the nanoshells caused an increase in the temperature of the irradiation site, 
although a minimal increase was detected in the absence of nanoshell treatment. 
In addition, irreversible tissue damage was observed at the site treated with the 
nanoshells and laser - irradiated  [25] . The same group also reported a photothermal 
therapeutic effect on solid tumors in mice when they injected PEG - modifi ed gold 

    Figure 8.4     (a) Structure of gold nanoshells and (b) 
demonstration of optical tunability with a 60   nm silica core 
radius and gold shells of 5, 7, 10 and 20   nm thickness. The 
plasmon resonance of the gold nanoshells red shifts with 
decreasing thickness of the gold shell or an increasing core/
shell ratio.  
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nanoshells intravenously and then irradiated with near - IR laser light at 808   nm at 
6   h after the injection. The result was a signifi cant suppression of tumor growth 
in mice treated with the nanoshell injection plus laser irradiation; subsequently, 
all of the treated mice survived for at least 60 days, whereas the control mice all 
died within 20 days  [26] . Such a simple system    –    namely, intravenous injection of 
nanoshells followed by laser irradiation of the tumor    –    showed great promise as a 
strategy for photothermal tumor therapy. 

 In a later study, Loo  et al.  prepared immunotargeted nanoshells modifi ed with 
an anti - HER2 antibody, and then succeeded in inducing photothermal damage 
specifi cally to cancer cells expressing HER2 on the cell surface  [27] . The targeted 
delivery of nanoshells may further increase the accuracy and effi ciency of photo-
thermal therapy by combining nanoshell treatment with laser irradiation.  

  8.4 
 Gold Nanorods    

 Gold nanorods, which are rod - shaped anisotropic gold nanoparticles, have unique 
optical properties  [28, 29] . Typically, they show two surface plasmon bands corre-
sponding to the transverse and longitudinal surface plasmon bands in the visible 
( ∼ 520   nm) and near - IR regions, respectively (Figure  8.5 ). The longitudinal band 
has a substantially larger extinction coeffi cient than the transverse band, while the 
optical resonances of the gold nanorods can be continuously tuned by changing 
the length and aspect ratio of the rod shape. Thus, the gold nanorods are unusual 
materials with an intense surface plasmon band that affords near - IR absorption, 
fl uorescence  [30, 31]  and light scattering  [32, 33] , and two - photon luminescence 
 [34, 35] . Clearly, these unique optical characteristics of gold nanorods may lead to 
many medical applications in the future.   

    Figure 8.5     Extinction (absorption) spectrum 
and transmission electron microscopy (TEM) 
image (inset) of gold nanorods. Nanorods of 
11   nm diameter and 65   nm length showed 

absorbances at 520 and 900   nm 
corresponding to the transverse (diameter) 
and longitudinal (length) surface plasmon 
bands, respectively.  



  8.4.1 
 Preparation of Biocompatible Gold Nanorods    

 Despite their unique characteristics, the use of gold nanorods in the life sciences 
is very much limited by the presence of the highly cytotoxic material  cetyltrimeth-
ylammonium bromide  ( CTAB ). This cationic detergent, which is used as a stabiliz-
ing agent during the preparation of gold nanorods  [28] , must be removed fi rst by 
washing the gold nanoparticles with water and redepositing them by centrifuga-
tion  [36] . Unfortunately, the CTAB bilayers normally remain on the surface of the 
gold nanorods, where they adsorb noncovalently such that any further removal 
will result in the nanorods becoming aggregated. In order to reduce the cytotoxicity 
of gold nanorods and to stabilize them under biological conditions, we have devel-
oped a technique for the removal of CTAB. This involved modifying the nanorods 
with  phosphatidylcholine  ( PC )    –    that is, the CTAB was extracted from the nanorod 
solution into a chloroform phase containing PC (Figure  8.6 )  [37] . After modifi ca-
tion, the PC on the gold surface was identifi ed using  transmission electron micros-
copy  ( TEM ) and energy - dispersive X - ray analysis. It became clear that this 
PC - modifi cation of the gold nanorods had reduced the zeta - potential of the nano-
rods from +67   mV to +21   mV; this meant not only that the cationic CTAB had been 
removed from the surface, but also that the cytotoxicity had been markedly reduced 
(Figure  8.7 ).   

    Figure 8.6     Preparation scheme of  phosphatidylcholine  ( PC ) -
 modifi ed gold nanorods. CTAB in the original gold nanorods 
solution was extracted into a chloroform solution of PC. After 
three extractions of the aqueous solutions, the PC - modifi ed 
gold nanorods were isolated by centrifugation and then 
redispersed in water.  
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 When applying gold nanorods to the medical fi eld    –    including tumor imaging, 
photothermal therapy, gene delivery and drug delivery    –    their targeted delivery 
following systemic injection is a key objective. For targeted delivery  in vivo , a 
 ‘ stealth character ’  is required in the blood circulation that will allow the effi cient 
delivery of nanorods to a specifi c target site. This approach can also provide images 
of a higher contrast, and more effective photothermal therapy compared to current 
techniques. In order to test whether the PC - modifi ed nanorods may be useful 
for  in vivo  applications, a primary study was conducted to evaluate the biodistribu-
tion of gold nanorods in mice after intravenous injection (Figure  8.8 ). The fact 
that about 25% of the injected gold was detected in the liver indicated that, 
although the PC - modifi ed gold nanorods had been cleared from the blood 
within 30   min, it had then become trapped in the liver, most likely in Kupffer 
cells (which are able to retain such cationic particles). In order to overcome 
the instability of the gold nanorods in the blood, they were modifi ed with a 
PEG chain and their cytotoxicity  in vitro  and biodistribution then evaluated in mice 
after intravenous injection  [38] . PEG - modifi cation was achieved by adding 
mPEG 5000  - SH to the CTAB solution, with any excess CTAB being removed by 
dialysis. The PEG - modifi ed gold nanoparticles showed a near - neutral surface 
( − 0.5   mV) and minimal cytotoxicity  in vitro . Following intravenous injection into 
mice, 54% of the PEG - modifi ed gold nanoparticles were found in the blood at 

    Figure 8.7     Viability of HeLa cells after 
contacting with PC - modifi ed gold nanorods 
(PC - NR) and original CTAB - stabilized gold 
nanorods (CTAB - NR). Gold nanorod solutions 
(0.09, 0.18, 0.36, 0.72 and 1.44   m M  as Au 

atom at fi nal concentrations) were added to 
the cells, which were incubated for 24   h; cell 
viability was then evaluated using the MTT 
assay.  



30   min, whereas most of the gold was detected in the liver, as in the case of the 
original gold nanorods stabilized with CTAB (Figure  8.9 ). Based on the formation 
of a stealth character, the modifi cation of ligands such as RGD peptides and anti-
bodies with gold nanorods will allow the development of targeted delivery systems 
 [39 – 45] .    

  8.4.2 
  In Vitro  Bioimaging and Photothermal Ablation of Cells    

 In order to demonstrate the value of gold nanorods as medical nanodevices for 
both bioimaging and photothermal therapy, El - Sayed and colleagues investigated 
tumor imaging and photothermal therapy by combining near - IR light and gold 
nanorods as light scattering and photothermal agents in the  in vitro  system using 
the HaCaT, HOC and HSC cells (as described in Section  8.2.2 )  [46] . To do this, 
they prepared anti - EGFR antibody - modifi ed gold nanorods and then observed 
specifi c binding in those malignant cell lines expressing EGFR, which showed 
strong light scattering from adsorbed nanorods on the cells. Irradiation with a CW 
laser at 800   nm led to damage of those cells bound with nanorods, which in turn 
indicated that gold nanorods were a candidate functional agent for dual imaging 
and the therapy of tumor cells. Cellular ablation specifi c to cells irradiated with a 
near - IR laser were also observed after binding of the PC - modifi ed gold nanorods 
to the cell surface. By using focused laser light, it was found that the cells could 
be damaged one by one in a culture dish (Figure  8.10 )  [47] . Interestingly, the 
pulsed - laser irradiation induced a reshaping of the gold nanorods into spherical 

    Figure 8.8     Biodistribution of PC - modifi ed (PC - NR) and CTAB -
 stabilized (CTAB - NR) gold nanorods in mice after intravenous 
injection. The tissues were collected at 30   min after injection 
and lysed in aqua regia; quantities of gold ion in the lysates 
were quantifi ed using  inductively coupled plasma  ( ICP ) mass 
spectrometry.  
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    Figure 8.9     Biodistribution of PEG - modifi ed 
gold nanorods (PG - NR) in mice after 
intravenous injection. Quantities of gold in 
the tissue samples were evaluated with ICP 
mass spectrometry at several time points after 
injection. The graph shows the biodistribution 

of PEG - modifi ed gold nanorods at 0.5, 3, 6, 
12, 24 and 72   h after injection, and of CTAB -
 stabilized gold nanorods (CTAB - NR) at 0.5   h 
after injection. The inset shows an electron 
micrograph of the PEG 5000  - modifi ed gold 
nanorods.  

    Figure 8.10     Photothermal damage of a cell 
mediated by focused laser irradiation and 
photothermal reshaping of gold nanorods. 
(a) PC - modifi ed gold nanorods were added to 
HeLa cells, which were then irradiated with 
pulsed laser light (1064   nm, 10 Hz, 2   mJ per 

pulse, 2   min). Cellular damage was detected 
using Trypan blue dye to stain dead cells 
(dark region); (b) The shape of the gold 
nanorods was changed to spherical by 
irradiating with near - IR laser light.  

(a)

(b)



nanoparticles, but as the reshaped particles showed no absorption in the near - IR 
region the successive laser irradiation did not affect the cells  [48] . The photo -
 reshaping of gold nanorods would be expected to prove advantageous in prevent-
ing any unwanted cell damage following the destruction of target cells.    

  8.4.3 
  In Vivo  Bioimaging    

 The gold nanorods excited at 830   nm in a laser scanning microscope produced 
strong  two - photon luminescence  ( TPL ) intensities  [49, 50] . Wang  et al.  observed 
TPL of the gold nanorods inside cultivated cells  [35] , and in cells circulating in 
mouse ear blood vessels using a femtosecond Ti   :   Sapphire laser  [34] . However, in 
order to detect TPL from the nanorods, it is necessary to use femtosecond laser 
light focused by the objective lens of the microscope. Consequently, this technique 
is not suitable for bioimaging of the whole human body, nor of a wide area of the 
body. In order to establish a convenient and speedy bioimaging system using gold 
nanorods, an attempt was made to use the absorption of near - IR light by the 
nanorods. Initially, an anesthetized mouse was placed backwards on a path of 
monochromatic light (900   nm) and the PEG - modifi ed gold nanorods were injected 
intravenously. At the same time, near - IR images of the mouse were obtained using 
a CCD camera. Soon after the injection, brightness in the abdomen decreased 
drastically (Figure  8.11 ), indicating that the injected gold nanorods had spread to 

    Figure 8.11     Transmitted near - IR light images 
of a mouse. The anesthetized mouse (ddY, 
30 – 35   g, male) was placed in the path of near -
 IR light at 900   nm, and PEG - modifi ed gold 
nanorods (300    μ l of 3   m M  Au atoms) were 
injected intravenously. The images of the 

mouse before injection (a) and at 3.6   s after 
injection (b) were captured using a CCD 
camera. The white circles indicate typical 
points at which changes could be clearly 
observed.  

(a) (b)
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the entire body via the blood vessels, and that those nanorods present in the 
abdomen had obstructed transmittance of the near - IR light. The absorption of 
intravenously injected PEG - modifi ed gold nanorods was directly monitored in the 
mouse abdomen using a spectrophotometer equipped with an integrating sphere. 
Absorbance at 900   nm from the gold nanorods was increased immediately after 
injection, and reached a plateau (Figure  8.12 ). The injection of PC - modifi ed gold 
nanorods also caused a sharp increase in absorbance at 900   nm, but this then 
decreased single - exponentially with a half - life of 1.3   min. Changes in the SP bands 
were seen to depend on the surface character of the gold nanorods. It is possible 
that this monitoring system could be constructed using a cheaper  light - emitting 
diode  ( LED ) light source and CCD camera. Then, by combining this technique 
with tomography it would be possible to construct a simple and easy - to - use diag-
nostic system, using gold nanorods as a contrast agent.   

  Photoacoustic imaging  is a new bioimaging technique which is based on the 
use of laser - generated ultrasound, and combines the high contrast of optical 
methods with the high special resolution of ultrasound  [51, 52] . Gold nanorods 
were applied as a contrast agent for photoacoustic imaging by Eghtedari  et al. , who 
injected the gold nanorods into nude mice and then succeeded in detecting the 
injected nanorods using a single - channel acoustic transducer (Figure  8.13 )  [53] . 
These results suggested that photoacoustic imaging could be used for the  in vivo  
detection of gold nanorods at low concentrations, and that the nanoparticles could 
be engineered to enhance the diagnostic power of photoacoustic imaging.    

    Figure 8.12     (a) Schematic representation of 
the spectroscopic analysis of gold nanorods 
in a mouse. The anesthetized mouse 
was placed on a port of an integrating 
sphere; monochromatic light from a 
spectrophotometer was then introduced into 
the mouse abdomen through optical fi bers. 
Scattered light from the mouse abdomen was 

detected using a photomultiplier and 
PbS detector, and processed via the 
spectrophotometer; (b) Real - time observation 
of absorption at 900   nm in mice. The curves 
are indicated as: a, PEG - modifi ed gold 
nanorods; b, PC - modifi ed gold nanorods; 
c, original gold nanorods stabilized with 
CTAB; d, 5% glucose solution as control.  

(a) (b)



  8.4.4 
 Photothermal Therapy    

 After having delivered the gold nanorods to targeted tissues, near - IR laser irradia-
tion can cause damage to the tissues as a result of the photothermally produced 
heat. Since a photothermal therapeutic system using gold nanoshells has been 
reported previously  [25, 26] , the original protocol in mice was followed whereby, 
after injecting the PEG - modifi ed gold nanorods, the injection site was irradiated 
using near - IR laser light and tissue damage at the irradiation sites then evaluated. 
The gold nanorods were injected into a hind - limb muscle of a mouse, after 
which    –    during near - IR pulsed - laser irradiation (Nd   :   YAG 1064   nm, 560   mW, 
20   Hz, 3   min,  ∼ 3   mm beam diameter)    –    an 11    ° C increase in temperature was 
detected at the irradiation site, while an increase of 5    ° C was observed after 5% 
glucose injection into the muscle (Figure  8.14 ). The temperature increase in 

    Figure 8.13     Schematic representation of the  in vivo  detection 
of subcutaneously injected gold nanorods, using optoacoustic 
imaging.  

    Figure 8.14     Temperature increases in muscle 
due to the photothermal effect of gold 
nanorods. The muscle was irradiated for 
3   min with (a) 560   mW and (b) 140   mW of 
near - IR light after intramuscular injection of 

the gold nanorods. Temperatures increases at 
the irradiation site were monitored using an 
IR thermometer.  • , PEG 5000  - modifi ed gold 
nanorod injection;  � , 5% glucose injection as 
a control.  
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control mice originated from the water in the tissue, which was heated by the 
irradiation (water has a moderate absorbance at 1064   nm)  [24] . The contrast due 
to the heating effect could be improved if laser light of wavelength 700 – 900   nm 
were to be used, as this region corresponds to a band between the absorptions of 
hemoglobin and water. For the evaluation of tissue damage at the irradiation site, 
the muscle at the injection site was removed, sectioned, and stained with  hema-
toxylin and eosin  ( H & E ). Only the case of a combination of injected gold nanorods 
and laser irradiation (280   mW for 3   min) showed any signifi cant tissue damage 
(Figure  8.15 ).   

 The next step was to perform photothermal cancer therapy in tumor - bearing 
mice. Initially, the gold nanorods were injected directly into a tumor of 6 – 8   mm 
diameter, after which the tumor was irradiated with near - IR pulsed laser light 
(280   mW for 3   min). In order to confi rm the therapeutic effect of the photothermal 
system, tumor growth was measured after the treatment (Figure  8.16 ). Only in the 
case where there was both injection of gold nanorods and irradiation with laser 
light, was any signifi cant suppression of tumor growth observed, whereas tumor 
growth in the control mice (i.e. mice injected with gold nanorods or treated with 
laser irradiation) showed no difference from nontreated mice. These results indi-
cated that the tumor damage was due to a photothermal effect of the gold nano-
rods. Intravenous injection of the gold nanorods and irradiation with laser light 
showed a moderate effect that was weaker than in the case of direct injection of 
the gold nanorods. The quantity of gold nanorods in the tumor after intravenous 
injection may not be adequate to show a stronger antitumor effect than would the 
direct injection of gold nanorods into the tumor.    

  8.4.5 
 Drug Release System Responding to Laser Irradiation    

 The combination of a thermoresponsive polymer and photothermal device allows 
the development of a photoresponsive polymer composite that is able to release 

    Figure 8.15     Hematoxylin and eosin staining of muscle 
tissues. (a) After injection with PEG - modifi ed gold nanorods; 
(b) After injection with PEG - modifi ed gold nanorods followed 
by continuous - wave laser irradiation (Nd   :   YAG 1064   nm, 
280   mW, 20   Hz, 3   min).  



drugs on demand under the control of irradiating light from outside the body. 
Previously, West and coworkers prepared millimeter - sized  N  - isopropylacrylamide 
(NIPAM) -  co  - acrylamide gels containing gold nanoshells, which could convert the 
energy of the near - IR light to heat, successfully causing the gel to shrink  [54, 55] . 
Gorelikov  et al.  also succeeded in the near - IR - driven shrinking of hydrogels  [56]  
by incorporating CTAB - stabilized gold nanorods into submicron - sized spheres of 
a NIPAM -  co  - acrylic acid hydrogel by electrostatic interaction, and then using near -
 IR irradiation to successfully shrink the gel. Recently, we succeeded in dispersing 
PEG - modifi ed gold nanorods in NIPAM gel  [57] ; after preparing a microcapillary 
gel to analyze the phase - transition manner of the gel in detail, shrinkage of the 
gel was monitored microscopically. Near - IR CW laser irradiation (Nd   :   YVO4, 
1064   nm, 490   mW) then resulted in shrinkage of the gel that began with the forma-
tion of a  ‘ waist ’  around the irradiation spot, followed by growth of the waist along 
the axial direction of the gel (Figure  8.17 ). Furthermore, a composite gel was pre-
pared containing the model drug (rhodamine - labeled dextran) to demonstrate the 
light - controlled drug release system using this gel. When the gel containing the 
drug was irradiated with a near - IR laser light, a rapid release of the drug was 
observed under fl uorescence microscopy (Figure  8.18 ).   

 As the gel composite prepared in the microcapillary mold could not be directly 
used  in vivo , the next step was to prepare NIPAM - coated gold nanorods (Figure 
 8.19 ). A dispersed light - responsive and nanosized gel composite of this type is 
injectable not only site - directly but also systemically. In order to coat the surface 
of the gold nanorods with NIPAM gel, PEG - modifi ed gold nanorods were fi rst 
coated with silica gel using tetraethoxysilane. After modifying with a metacryl 
group on the surface using 3 - metacryloxypropyltrimethoxysilane, NIPAM gel 

    Figure 8.16     Tumor growth after photothermal 
treatment. BALB/c mice with a subcutaneous 
homograft of B16 melanoma cells were 
injected with PEG - modifi ed gold nanorods 
and continuous - wave laser irradiation 

(750   mW, 3   min).  � , direct injection of gold 
nanorods followed by laser irradiation;  � , 
direct injection of 5% glucose followed by 
laser irradiation;  � , nontreated mice.  
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    Figure 8.17     The shrinking process of a 
thermosensitive gel containing gold nanorods. 
NIPAM gel was prepared in the presence of 
PEG - modifi ed gold nanorods in a 

microcapillary. The center of the gel was 
irradiated with focused continuous - wave laser 
light (490   mW), after which the shrinking 
process was observed microscopically.  

    Figure 8.18     Fluorescence microscopy images 
of a gel containing gold nanorods and 
rhodamine - modifi ed dextran. (a) Before laser 
irradiation, the fl uorescence of rhodamine 

was detected uniformly in the gel; (b) After 
continuous - wave laser irradiation (750   mW), 
the release of rhodamine was observed from 
the irradiated site.  



crosslinked with  N,N ′   - methylene - bisacrylamide was synthesized from the meta-
cryl groups (Figure  8.20 ). The sizes of the NIPAM - modifi ed gold nanorods were 
decreased by irradiating with near - IR laser light (CW diode laser, 807   nm, 1   W) 
(Figure  8.21 ), and the size of the change was reversible. These results suggested 
that a light - responsive drug delivery and release system could be established by 

    Figure 8.19     Schematic representation of the shrinking process 
of NIPAM gel - modifi ed gold nanorods.  

    Figure 8.20     Electron microscopy images of 
modifi ed gold nanorods. (a) CTAB - stabilized 
gold nanorods; (b) PEG 20   000  - modifi ed gold 
nanorods; (c) silica - modifi ed gold nanorods; 

(d) metacryl group - modifi ed gold nanorods; 
(e) NIPAM gel - modifi ed gold nanorods; 
(f) NIPAM gel - modifi ed gold nanorods treated 
with HF to remove the silica layer.  

(a) (b) (c)

(d) (e) (f)
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    Figure 8.21     Size change of NIPAM - modifi ed gold nanorods. 
The modifi ed gold nanorods were irradiated with continuous -
 wave laser light (diode laser, 807   nm, 1   W), after which the 
sizes were monitored. The size change was seen to be 
reversible.  

using functional nanodevices composed of a thermoresponsive polymer and gold 
nanorods.    

  8.4.6 
 Controller of Gene Expression    

 Gold nanorods can be used to control gene expression by using their photothermal 
effect. To demonstrate this property, Chen  et al.  prepared gold nanorods attached 
to a PCR - amplifi ed DNA fragment encoding  enhanced green fl uorescence protein  
( EGFP ) for the remote control of gene expression in cultivated cells. After irradiat-
ing with femtosecond near - IR laser light, the gold nanorods underwent a change 
in shape to a spherical form, resulting in a release of the plasmid DNA (Figure 
 8.22 ). The complex of gold nanorods and plasmid DNA was transfected into HeLa 
cells, after which a limited area was irradiated with femtosecond near - IR laser 
light. As a result, induced GFP expression was observed specifi cally in cells that 
were locally exposed to near - IR laser irradiation  [58] . The remote control of gene 
expression limited to a specifi c area with external stimulation is a key to successful 
gene therapy; indeed, gold nanorods are likely to be powerful tools for gene therapy 
during the next generation of these investigations.   

 A complex was also constructed between the PC - modifi ed gold nanorods, the 
surface charge of which was positive (zeta - potential   =   +15   mV), and negatively 
charged plasmid DNA. After confi rming that all of the DNA was bound to the 
gold nanorods (by using agarose gel electrophoresis), the complex was irradiated 
with near - IR laser light (Nd   :   YAG laser, 1064   nm, 160   mJ per pulse, 10   Hz, 120   s). 
The DNA subsequently released from the nanorods was detected by agarose gel 



electrophoresis and by the assay of luciferase activity that expressed the plasmid 
DNA in a cell - free transcription and translation kit. Unfortunately, the effi ciency 
of DNA release was very low, with only 1.2% of the plasmid DNA being released 
from the complex with the gold nanorods, while 0.5% of the plasmid DNA 
was active for gene expression  [59] . These results indicated that half of the 
released DNA was inactive, in turn suggesting that photothermal damage of the 
DNA should be considered to optimize the conditions for controlling gene 
expression.   

  8.5 
 Other Anisotropic Gold Nanoparticles    

 Other recently reported examples of anisotropic gold nanoparticles include gold 
nanoprisms (triangles)  [60 – 65]  and tetrapods  [66, 67] . In particular,  gold nano-
prisms  have attracted much attention because they have strong surface plasmon 
bands at the near - IR light region, which suggests that they might be useful as 
contrast agents in near - IR light imaging, as a photosensitizer for photothermal 
therapy, and in drug delivery devices which respond to the near - IR light that can 
deeply penetrate tissues (as described above). However, most current studies focus 
on controlling the size and shape of nanoprisms by changing conditions such as 
seeding and the strength of the reducing agents  [61 – 63] . By contrast,  natural 
compounds  have also been reported as effective reducing agents. For example, 
Sastry ’ s group showed that an extract of the lemongrass plant ( Cymbopogon fl ex-
uosus ), when reacted with aqueous chloroaurate ions, yielded a high percentage of 
gold nanoprisms  [60, 64] . Use of the extract of the  Aloe vera  plant is also effective 
as a reducing agent for preparing gold nanoprisms  [65] . Modifi cations with func-
tional molecules such as biocompatible molecules, ligands for targeted delivery 
and various drugs should spur developments in the use of gold nanoprisms in 
medical nanodevices.  

    Figure 8.22     Schematic representation of the release of 
plasmid DNA from gold nanorods, mediated by a 
photothermal reshaping of the nanorods.  
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  8.6 
 Conclusions    

 Although, gold nanoparticles have a long history of use as medications, the scien-
tifi c application of gold nanoparticles to medicine has commenced only during the 
past decade. In particular, the combination of photothermal effect and near - IR 
light that is able to penetrate deep into tissues has attracted much attention. Gold 
nanoparticles are both easy and inexpensive to prepare, and their surfaces may be 
modifi ed with a variety of molecules. With regards to safety issues, metallic gold 
is inert under physiological conditions    –    that is, it demonstrates no acute liver or 
kidney toxicity, neither is any cytokine - related infl ammatory response observed 
after local or systemic injection of biocompatible gold nanoparticles modifi ed with 
hydrophilic polymers and natural lipids. By using the unique optical and chemical 
characteristics of gold nanoparticles, intelligent medical technology not only for 
diagnosis but also for minimally invasive therapy will be developed in the future. 
Finally, in order to achieve such a major undertaking, it is essential that research 
groups from a wide array of areas such as medicine, pharmacy, chemistry, physics 
and engineering should collaborate for the future success of this technology in 
applications to improve human health.  
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  9.1 
 Introduction 

 Palladium (Pd) is among the most widely used transition metals in industrial 
applications. Catalysis has been by far the most common use for palladium, with 
carbon – carbon coupling reactions such as the Stille reaction, Suzuki reaction, 
Heck reaction and hydrogenation reactions being amongst the most prominent. 
More recently, palladium has also been found to play a fundamental role in several 
processes related to the life sciences. These applications have included its use as 
a catalyst to manufacture pharmaceuticals and agricultural herbicides  [1] , in the 
degradation of harmful environmental pollutants  [2, 3] , and as a sensor  [4]  for the 
detection of various analytes. While the uses of palladium are extensive, there 
remain several additional applications yet to be uncovered as the metal is reduced 
to the nanoscale. 

 The pioneering studies of Ostwald  [5]  and Turkevitch  [6]  have provided a better 
understanding of the nucleation, growth and agglomeration processes of metallic 
nanoparticles. This has led to substantial progress towards the development of 
synthetic procedures to produce size - controlled Pd nanoparticles. Catalysis    –    a sig-
nifi cant application of palladium particles    –    involves only surface atoms, which is 
directly related to the particle size. Thus, controlling particle size is of paramount 
importance for catalytic applications. As the particle size decreases, the relative 
number of surface atoms increases, and the activity increases. In many instances, 
the  turnover frequency  ( TOF ; i.e. the activity per surface atom) in palladium - 
catalyzed reactions increases as the particle size decreases, this being due to favor-
able changes in the electronic properties of the surface atoms. As advancements 
have been obtained in the synthesis of shape - controlled palladium nanoparticles, 
such progress has opened new avenues for the investigation of structure – property 
relationships of palladium nanoparticles. The quantum size effects associated with 
the specifi c shapes of these nanometer - sized particles may exhibit unique elec-
tronic, magnetic, optical, mechanical or thermal properties suitable for a wide 
range of applications. Several characterization techniques have been employed to 



 306  9 Spherical and Anisotropic Palladium Nanomaterials

elucidate the size, shape, topography and morphology of the nanostructures. 
Understanding the differences in the properties of isotropic and anisotropic 
nanoparticles has been made possible through elaborate synthetic and character-
ization methods. 

 In this chapter we describe the synthetic procedures that have been developed 
to create spherical and anisotropic palladium nanostructures with controlled size 
and shape. A discussion of the characterization techniques used to study both the 
chemical and physical properties of these particles is included. Finally, some 
details will be provided on the applications of palladium nanoparticles as they 
relate to the life sciences.  

  9.2 
 Synthesis 

 B ö nnemann  [7]  showed that a metal salt, a stabilizer and a reducing agent were 
required to form metallic particles according to the equation:

   MX NR Red M Red X NR XNPn m n m n m m4 4( ) + −( ) → + −( )( ) + ( )+ − + −     (9.1)  

where M represents a metal (from Groups 8 – 10), X is Cl or Br, R is an alkyl group 
and Red is an effective reducing agent. 

 Reduction of the metal salt initiates the nucleation and growth processes of the 
nanoparticles  [8] . By carefully controlling the choice of metal salt, reducing agent 
and stabilizer, this method has been manipulated to obtain palladium particles 
with nanoscale dimensions and controlled size and shape. The  stabilizer  not 
only prevents the particles from growing uncontrollably and maintaining unifor-
mity but can also serve as a template for shape - control of the nanoparticles. 
In some cases the stabilizer may play the role of both reducing agent and 
stabilizer. In the following section we discuss some of the most signifi cant advances 
towards the synthesis of Pd nanoparticles using wet - chemical preparation 
methods. 

  9.2.1 
 Synthesis of Isotropic Palladium Nanoparticles 

 Although several reports exist describing a variety of synthetic approaches for iso-
tropic palladium nanoparticles, a major challenge exists in the ability to produce 
well - defi ned and monodisperse Pd nanoparticles. For wet - chemical methods used 
in the preparation of palladium nanoparticles, both organic and inorganic Pd 
compounds have been used as precursors. The oxidation state of the Pd com-
pounds largely dictates the reaction conditions under which the synthetic proce-
dure will ensue. For example, the decomposition of zerovalent organometallic Pd 
complexes is usually performed in an air - free environment with well - controlled 



reaction conditions. For Pd salts with oxidation states of (II) or (IV), a reducing 
agent must be used. The suitability of a precursor is also jointly considered with 
the choice of stabilizing and reducing agent, as all these components must be 
appreciably soluble in the solvent applied. Among the most popular sources 
of Pd used are palladium(II) acetate (Pd(C 2 H 3 O 2 ) 2 ), the water - soluble disodium 
tetrachloropalladate(II) (Na 2 PdCl 4 ), and potassium hexachloropalladate(IV) 
(K 2 PdCl 6 ). Colloidal palladium has also been successfully fabricated using 
palladium(II) chloride (PdCl 2 ), tetra amine palladium (II) chloride monohydrate 
(Pd(NH 3 ) 4 Cl 2  · H 2 O), bis(acetonitrile)dichloropalladium(II) (PdCl 2 (CH 3 CN) 2 ) and 
tris -  μ  - [dibenzylideneacetone] dipalladium (C 51 H 42 O 3 Pd 2  or Pd 2 (dba) 3 ). Polymers, 
thiols, dendrimers, thioethers, phosphines, surfactants, DNA and RNA have all 
been used as stabilizers for spherical Pd nanoparticles. In the remainder of this 
section we describe the synthetic procedures developed using the above - 
mentioned stabilizers, and the requirements for the reaction conditions and result-
ing particle morphology. 

  9.2.1.1   Synthesis Using Polymer Stabilizers 
 In 1992, Henglein reported the fi rst synthetic procedure for the generation of Pd 
colloids  [9] . Here, Pd(NH 3 ) 4 Cl 2  was reduced by  γ  - radiolysis in the presence of the 
polymer  poly(ethyleneimine)  ( PEI ) as a stabilizer. These studies provided a foun-
dation that several research groups have followed and modifi ed to obtain Pd 
nanoparticles of desired sizes. 

 Miyake and coworkers developed a procedure to synthesize Pd nanoparticles 
with a narrow size distribution using the polymer  poly( N  - vinyl - 2 - pyrrolidone)  
( PVP ) as a stabilizer  [10] . In a typical reaction, the palladium precursor H 2 PdCl 4  
(synthesized from the reaction of PdCl 2  with HCl) and PVP were refl uxed in 
an ethanol/water solution for 3   h in air to provide PVP - protected Pd nanopar-
ticles. In this reaction, the alcohol serves as a reducing agent, while PVP func-
tions as a stabilizer  [11] . Variations in the amount of PVP relative to Pd 2+  
resulted in the ability to control the size of the Pd nanoparticles; thus, the 
higher the PVP concentration, the smaller the nanoparticles formed. In addi-
tion, higher PVP   :   Pd ratios resulted in narrower size distributions of the parti-
cles. Since the alcohol serves as a reducing agent, its selection is of great 
importance. Miyake demonstrated the use of three alcohols in order of increas-
ing boiling point: methanol, ethanol and 1 - propanol, and found that the alcohol 
with a higher boiling point produced nanoparticles of smaller diameter and 
narrow size distribution relative to when an alcohol with a low boiling point 
was used in the reaction. This trend was attributed to: (i) a lower reduction 
potential for ethanol and propanol relative to methanol; and (ii) the alcohol 
with the higher boiling point produced more Pd nuclei in a shorter period 
(thus, a fast reduction rate) and suppressed the particles growth. Furthermore, 
an increase in the reducing agent concentration increased the reduction rate 
and resulted in particles with, on average, smaller diameters. The particles 
prepared using this method had a narrow size distribution with average 
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diameters ranging from 1.7 to 3.0   nm. Since, by using the one - step approach, 
particles larger than 3.0   nm could not be obtained, Miyake developed a stepwise 
growth reaction in which the smaller nanoparticles were used as nucleation 
sites in three subsequent reactions. In the fi rst growth reaction, H 2 PdCl 4  was 
reacted with Pd - PVP in ethanol   :   water (2   :   3, v/v) followed by 3   h of refl uxing. 
The resultant particles, which were up to 6   nm in diameter, were used in two 
subsequent reactions. 

 El - Sayed reported the synthesis of PVP - stabilized Pd nanoparticles  [12]  that had 
been synthesized using the precursor H 2 PdCl 4 , prepared by a reaction between 
PdCl 2  and HCl with ethanol as solvent. The PVP - Pd nanoparticles, prepared by 
refl uxing H 2 PdCl 2 , water, PVP and HCl for 3   h, were uniform in size and had an 
average diameter of 2.1    ±    0.1   nm. Meier  et al.   [13]  used star - shaped block copoly-
mers with  poly(ethylene oxide)  ( PEO ) core and a  poly ( ε  - caprolactone)  ( PCL ) corona 
as templates for the synthesis of palladium nanoparticles. Palladium acetate in 
 N , N  ′  - dimethylformamide was reduced using sodium borohydride, and the resul-
tant Pd nanoparticles were  ∼ 4   nm in diameter and uniform in size. A number of 
other reports have demonstrated the effectiveness of polymers in the synthesis of 
nanoparticles, their preparation being similar to the above descriptions  [14 – 17] . In 
general, well - defi ned Pd nanoparticles can be produced in simple steps using 
polymers as stabilizers.  

  9.2.1.2   Synthesis Using Thiol Stabilizers 
 In 1999, Yee  et al.  described a one - phase synthesis procedure for Pd nanoparticles 
using  octadecanethiol  ( ODT ) as stabilizing ligands and  tetrahydrofuran  ( THF ) as 
the solvent  [18] . Palladium (II) acetate trimer (Pd 3  (C 2 H 3 O 2 ) 6 ) was used to fulfi ll 
the need of having a precursor that was soluble in the same solvent as the stabiliz-
ing ligand and the reducing agent. ODT and the precursor were reacted in a 3   :   1 
ratio; the result was a brown solution that turned black on addition of the reducing 
agent lithium triethylborohydride (superhydride). Advantageously, this reaction 
was carried out at an ambient temperature, and the Pd nanoparticles were purifi ed 
by centrifugation. The particle size distribution was found to be broad (ranging 
from 1 – 4   nm), with an average of 2.25   nm. Later, Murray showed that Pd nanopar-
ticles with a narrower size distribution could be prepared using hexanethiolate or 
dodecanethiolate ligands  [19] . The resultant Pd particles were infl uenced by the 
thiol   :   Pd ratio used in the reaction mixture. For example, when a 1   :   1 ratio or less 
was used, metallic Pd(0) clusters were formed, yet when a 2   :   1 ratio was used either 
extremely small Pd(0) clusters or a form of Pd(II) alkanethiolate complex resulted. 
Others have also shown the effectiveness of thiols as stabilizers, although the 
ability to obtain monodisperse Pd nanoparticles remains unclear  [20, 21] . 

 Thiols have also been used in an elaborate fashion to prepare spherical, hollow 
Pd nanoparticles. Hyeon ’ s group reported the fabrication of uniform hollow Pd 
spheres using thiols as stabilizers and silica particles as templates  [22] . The tem-
plate - assisted method used (see Scheme  9.1 ) fi rst involves the synthesis of uniform 
silica spheres which were then refl uxed with mercaptopropyltrimethoxysilane in 
toluene in order to functionalize the silica surface with  mercaptopropylsilyl  ( MPS ) 



groups. Palladium acetylacetonate (Pd(acac) 2 ) was added, which absorbes to the 
MPS - functionalized silica spheres. The mixture was heated to 250    ° C for 3   h, 
during which the decompositions product, carbon monoxide, serves as the reduc-
ing agent. Concentrated HF was then used to etch away the silica spheres, leaving 
 ∼ 300   nm - sized palladium spheres with a vacant central core (see Figure  9.1 ). 
 Transmission electron microscopy  ( TEM ) analysis revealed a palladium shell 
thickness of  ∼ 15   nm. Closer inspection revealed that the palladium shell was 
actually composed of palladium nanoparticles, approximately 10   nm in diameter. 
Hyeon and colleagues noted that the thickness of the metallic shell and the sphere 

    Scheme 9.1     Synthesis of hollow Pd nanoparticles.  

    Figure 9.1     Transmission electron micrograph and scanning 
electron micrograph (inset) of hollow palladium spheres. 
 Reproduced with permission from Ref.  [22] ;  ©  2002 American 
Chemical Society.   
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size could be controlled by altering the quantity of Pd(acac) 2  and varying the size 
of the silica spheres used.    

  9.2.1.3   Synthesis Using Dendrimer Stabilizers 
 Dendrimers, which were fi rst reported in 1978 by V ö gtle  [23] , have well - defi ned 
structures that make them attractive as stabilizers for nanoscale materials. In 1998, 
three groups reported independently the effi cient use of dendrimers for the stabi-
lization of metal nanoparticles  [24 – 26] . A major advantage of using dendrimers is 
that the nanoparticles produced have narrow size distributions and thus have sig-
nifi cant applications in catalysis, chemical sensing, magnetism and optoelectron-
ics. Dendrimers are able to stabilize the nanoparticles either by encapsulating the 
metal within the dendrimer, or by having several dendrimers stabilize the nanopar-
ticles. It is well known that both the interior and exterior functional groups of 
dendrimers can complex metal ions through various interactions, including cova-
lent bonds, electrostatic interactions and complexation reactions  [27 – 31] . The 
correct selection of the dendrimer structure for a specifi c synthetic procedure 
allows control of the nanoparticle size, composition and structure. It has also been 
shown that dendrimer generation does not affect the particle size; rather, the 
nanoparticle size can be controlled by varying the metal ion to dendrimer 
ratio  [32] . Crooks and coworkers fi rst described the synthesis of dendrimer - 
encapsulated Pd nanoparticles in 1999  [27] , since which time several reports on 
the synthesis and characterization of dendrimer - encapsulated Pd nanoparticles 
have appeared  [33 – 46] . In general, Pd nanoparticles are synthesized by complexing 
Pd 2+  ions within the dendrimers and then reducing the composites to yield zerova-
lent metal particles within the dendrimer. This typically occurs in aqueous solu-
tion, although via exchange reactions the dendrimers can be driven to the organic 
phase. Fourth - generation, hydroxyl - terminated  poly(amidoamine)  ( PAMAM ) den-
drimers have been used for this purpose, the palladium precursor typically being 
K 2 PdCl 4 . In a standard procedure, 0.1   ml of 10.0   m M  aqueous K 2 PdCl 4  and 25.0   ml 
of a 1.0   m M  solution of G4 - OH are added to 10   ml of water; this results in the 
encapsulation of about 40 Pd 2+  ions per dendrimer (G4 - OH(Pd 2+ ) 40 ). Upon adding 
a tenfold excess of NaBH 4 , the Pd 2+  ions are reduced to Pd 0 , thus providing G4 -
 OH(Pd 40 ). Pd nanoparticles have also been synthesized within fourth - generation 
amine - terminated PAMAM dendrimers (G4 - NH 2 ). Because of the tendency of Pd 2+  
ions to crosslink with the dendrimer amine groups, the particles aggregate and 
thus precipitate. One way to avoid such aggregation is to control the solution pH 
during the synthetic reaction. The reaction is most effi cient between pH 2 and 5 
because within this range the amine groups are protonated. An advantage of pre-
paring nanoparticles in amine - terminated dendrimers is that, because the amines 
are highly reactive they can be easily functionalized or used as linkers to several 
surfaces, including polymers, biological molecules or various other surfaces. In 
order to overcome these pH limitations, Crooks and coworkers synthesized Pd 
nanoparticles within fourth -  and sixth - generation quaternary ammonium - 
terminated dendrimers to prepare Pd nanoparticles. High - resolution TEM images 



revealed that the encapsulated Pd nanoparticles were almost monodisperse and 
had an average diameter of 1.7    ±    0.3   nm  [47] . Because the dendrimer surfaces were 
positively charged, however, they did not aggregate or precipitate.  

  9.2.1.4   Synthesis Using Thioether Stabilizers 
 With the exception of dendrimers, very few procedures yield metallic nanoparticles 
in high yield that are monodisperse. In 2007, Obare and coworkers reported a 
straightforward procedure for the synthesis and size - control of Pd nanoparticles 
 [48] . In this approach, thioethers were found to be effective ligands for the prepara-
tion of Pd nanoparticles via a one - step procedure. Palladium acetate was used as 
the precursor and reacted with thioethers in a 1   :   5 Pd 2+ : thioether ratio. Here, the 
thioether played two roles: (i) as a reducing agent for the Pd nanoparticles; and 
(ii) as a stabilizer for the nanoparticles formed. In this way, uniform Pd nanopar-
ticles with diameters of 1.7    ±    0.2, 1.9    ±    0.2, 2.5    ±    0.1, 3.5    ±    0.1   and 4.1    ±    0.1   nm 
were obtained in a one - step procedure at 99% yield, and required no size selection 
process. Selected images to illustrate the uniformity of the nanoparticles obtained 
by this procedure are shown in Figure  9.2 .   

 The modulation of reaction conditions during nanoparticle synthesis plays a 
signifi cant role in controlling particle size and shape. Obare and coworkers inves-
tigated the effects of reaction temperature and reaction time on the pyrolysis of 
[Pd 3 (OAc) 6 ] to form thioether - stabilized Pd nanoparticles  [48] . Both conditions 
were found to have a profound infl uence on nanoparticle size, as well as size dis-
tribution. A 1   h period of pyrolysis of a toluene solution containing a 1   :   5 ratio of 
[Pd 3 (OAc) 6 ] to  n  - dodecyl sulfi de was carried out at temperatures of 95, 100, 110, 
120, 130 and 140    ° C, and yielded monodisperse Pd nanoparticles with sizes of 
1.7    ±    0.2, 2.1    ±    0.2, 2.2    ±    0.2, 2.3    ±    0.1, 2.4    ±    0.1   and 2.5    ±    0.1   nm, respectively. The 
graph in Figure  9.3 a shows the effect of temperature on Pd nanoparticle growth; 
increasing the reaction temperature was found to result in an increased particle 
size, accompanied by a narrower size distribution. In addition, the effect of reac-
tion heating time was investigated; a plot of nanoparticles size as a function of 
reaction time is shown in Figure  9.3 b. The data revealed that the average Pd 
nanoparticles size increased between 0 and 3   h of the reaction, but then leveled 
off. This effect was consistent with Ostwald ripening during the fi rst 3   h, which 
results in a leveling off of the particle growth due to the depletion of smaller Pd 
nanoparticles, as well as any free Pd atoms that may be present in solution. Both 
results indicated that particle growth was consistent with an Ostwald ripening 
procedure, whereby a prolonged refl ux time or heating time results in nanoparti-
cles with larger diameters  [5] .    

  9.2.1.5   Synthesis Using Phosphine and Bisphosphine Stabilizers 
 Phosphine - based ligands are well known to coordinate to palladium and form 
inorganic compounds. However, their use as stabilizers for Pd nanoparticles 
has not been extensively utilized. In 2003, Hyeon ’ s group investigated the use 
of phosphine ligands as stabilizers for Pd nanoparticles  [49]  by preparing a 
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    Figure 9.2     Transmission electron micrographs 
and size distribution histograms (insets) for 
 n  - dodecyl - sulfi de - stabilized palladium 
nanoparticles. (a) 1.9    ±    0.2   nm; 
(b) 2.5    ±    0.1   nm; (c) 3.3    ±    0.1   nm; 

(d) 4.1    ±    0.1   nm. All images were acquired 
without a size - selection process. Scale 
bar   =   50   nm.  Reproduced with permission 
from Ref.  [48] ;  ©  2007 American Chemical 
Society.   

Pd -  trioctylphosphine  ( TOP ) complex using palladium(II) acetylacetonate as a pre-
cursor. By heating the complex to 300    ° C and aging for 30   min in the presence of 
free TOP, a black colloidal solution was formed. It was proposed that the CO 
molecules generated  in situ  from the thermal decomposition of acetylacetonate 
served as reductants. This procedure yielded monodisperse Pd nanoparticles of 
3.5   nm or 5   nm diameter (Figure  9.4 ).   

 Chiral bisphosphine ligands have found extensive applications in asymmetric 
catalysis, which is an important reaction in the synthesis of natural products. In 
2003, Fujihara reported the fi rst example of bisphosphine - stabilized Pd nanopar-
ticles  [50] . 2,2 ′  -  Bis(diphenylphosphino) - 1,1 ′  - binaphthyl  ( BINAP ), a chiral biaryl 



    Figure 9.3     (a) Average Pd nanoparticle diameter size plotted 
versus temperature. An increase in synthesis temperature 
results in an increase in nanoparticle size, up to  ∼ 140    ° C; (b) 
Average nanoparticle size plotted versus increase in reaction 
time at 95    ° C; for a reaction time up to 3   h the particles 
continue to grow, but after this time no further growth occurs.  
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    Figure 9.4     (a) TEM image of 3.5   nm - sized monodisperse Pd 
nanoparticles; (b) TEM image of 5   nm - sized monodisperse Pd 
nanoparticles.  Reproduced with permission from Ref.  [49] ; 
 ©  2004 American Chemical Society.   

(a) (b)

ligand which is an important ligand in asymmetric catalysis, was used. In order 
to carry out the reaction, the solubilities of the ligand and the palladium precursor 
must be taken into consideration. The ligands are minimally soluble in water, 
while K 2 PdCl 4  is water - soluble but has low solubility in most organic solvents. In 
a typical synthetic procedure, the Pd precursor K 2 PdCl 4  was dissolved in water, 
while BINAP was dissolved in the organic solvent  dichloromethane  ( DCM ) in a 
1   :   2.25 ratio. As DCM and water are immiscible, a phase - transfer agent, tetrabutyl 
ammonium bromide, was used, with NaBH 4  as the reducing agent. The reaction 
was carried out at room temperature under an argon atmosphere. The product 

 9.2 Synthesis  313



 314  9 Spherical and Anisotropic Palladium Nanomaterials

was washed with water until all phosphine and phase - transfer catalyst had been 
removed, whereupon the BINAP - Pd nanoparticles had an average diameter of 
2.0    ±    0.5   nm. In comparison, when triphenylphosphine was used in a similar reac-
tion, the resultant nanoparticles were 2.6    ±    0.7   nm in size. The authors attributed 
the difference in size as being due to the use of a bisphosphine versus a mono-
phosphine ligand. The larger ligand around the phosphorus atom in BINAP may 
also contribute to better particle stabilization, and thus a smaller size distribution. 
When using C 8  - BINAP, a ligand similar to BINAP    –    but with an alkyl chain to 
better stabilize the nanoparticles    –    was used. The C 8  - BINAP, dissolved in a 
methanol   :   water (1   :   2, v/v) solution, was added to THF, and the K 2 PdCl 4  reduced 
using NaBH 4   [51] . The average diameter of the resultant nanoparticles was 
1.2    ±    0.2   nm.  

  9.2.1.6   Synthesis Using  DNA  Stabilizers 
 DNA is an attractive material for controlling the morphology of metal nanoparti-
cles, and has been used to form palladium nanoparticles with diameters of 3 to 
20   nm  [52, 53] , as well as to prepare particles at the surfaces. Recently, Fang  et al.  
 [54]  reported using DNA for the synthesis of Pd nanoparticles in the range of 10 
to 100   nm. For this, DNA was adsorbed onto a conductive  indium tin oxide  ( ITO ) 
surface via the phosphate backbone and the thiol groups, leaving the N atoms from 
the bases available to interact with Pd 2+ . The ITO - coated DNA was placed in a 
solution of palladium acetate for 2   h to activate the DNA network. This process of 
activation not only involves the formation of complex bonds but also allows for 
the formation of Pd seeds. By applying a negative potential, Pd 2+  was reduced to 
Pd 0 , allowing the Pd to grow on the established seeds. The resultant nanoparticles, 
which were formed on the DNA duplex, were stable and used for sensor 
applications.   

  9.2.2 
 Anisotropic Palladium Nanoparticles 

 Palladium ’ s  face - centered cubic  ( fcc ) crystal structure ensures that its nanocrystals 
can adopt a number of possible geometries. Similar to most noble metals, however, 
the fabrication of anisotropic palladium nanostructures of well - defi ned and con-
trolled shapes is a major challenge and, as a result, has been heavily pursued. 
Although the nucleation and growth phases of anisotropic nanoparticles are not 
completely understood, it is believed that a careful tailoring of the formation of 
stable metallic nuclei of a defi ned crystallinity is essential. Once these nuclei have 
exceeded a critical size, seeds of particular crystallographic facets are realized, with 
the shape of such seeds being determined by the minimization of their surface 
energies. Continued growth of these seeds leads to a selective extension of a set 
of crystal faces at the expense of others. This is often accomplished through the 
selective adsorption of various ionic or molecular species to specifi c facets along 
the crystal, inhibiting the growth along such direction and allowing preferential 
growth along another, ultimately leading to the fi nal shape assumed. It is therefore 



feasible to assume that knowledge of the exposed crystal facets, and the physical 
and chemical parameters which permit or inhibit growth along these faces, may 
lead to both size and shape control. 

 Stabilizing ligands for anisotropic Pd nanoparticles include polymers, surfac-
tants, coordinating ligands, specially formulated palladium – surfactant precursor 
complexes and RNA. Templating, corrosive pitting and etching processes have 
also been used. To date, spherical, cubo - octahedral, cubic, rod - like and polyhedric 
palladium nanocrystals have been successfully fabricated, in addition to triangular 
and hexagonal nanoplates, as well as low -  and high - aspect ratio nanorods and 
nanowires. 

  9.2.2.1   Nanocubes, Nanorods and Nanocages 
 A seedless, templateless approach was employed by Sokolov and coworkers to 
fabricate cubic and rod-like single crystals of palladium  [55a] . In the reaction, 
K 2 PdCl 4  was reduced by ascorbic acid in the presence of trisodium citrate and the 
surfactant  cetyltrimethylammonium bromide  ( CTAB ). TEM (Figure  9.5 ) imaging 
confi rmed the formation of cubes up to 32   nm in edge length and rod - like struc-
tures up to 80   nm long and 27   nm wide. The anisotropic growth of nanostructures 
is facilitated both by mild reducing agents (e.g. ascorbic acid) and by CTAB, which 
has been suggested to bind preferentially to the {100} crystal facets. The presence 
of trisodium citrate was also shown to trigger the formation of the geometries 
formed, since its absence led to the formation of spherical particles. Although the 

    Figure 9.5     TEM image of CTAB - stabilized Pd nanostructures 
prepared by the citrate reduction of K 2 PdCl 4 . Scale 
bar   =   100   nm.  Reproduced with permission from Ref.  [55] ; 
 ©  2007 American Chemical Society.   
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concentration of trisodium citrate had little effect on the ratio of morphologies 
observed, an increase in its concentration was found to extend the mean length 
and increase the aspect ratio of the rod structures.   

 A greater control of the diversity of nanocubes and aspect ratio structures was 
reported by Xia and coworkers  [56] . This synthetic procedure involved the thermal 
reduction of Na 2 PdCl 4  by ethylene glycol in the presence of potassium bromide, 
and PVP as the stabilizer (Na 2 PdCl 4 , potassium bromide and PVP were adminis-
tered in a 1   :   30   :   15 mole ratio). Nanobars with aspect ratios of 8 and 2 – 4 were 
fabricated by dissolving the stabilizer in ethylene glycol (in the former case) and 
in water (in the latter case) prior to its injection to the pot. Nanobars of aspect ratio 
1 – 1.2 were observed upon complete replacement of ethylene glycol with water, 
with the hydroxyl groups of PVP serving as a reductant. Such reaction parameters 
allow careful control of the reduction kinetics, which is an important factor leading 
to tunable anisotropic growth (Figure  9.6 ). The mean aspect ratio of the nanocrys-
tals fabricated was inversely related to the rate of reduction of the metal salt. This 
argument was supported by replacing ethylene glycol with di ethylene glycol, 
which was a weaker reductant in the synthetic processes. A 20    ° C increase in the 
reaction temperature also altered the reaction kinetics and produced nanocrystals 
that possessed an aspect ratio of approximately 16. Xia  et al.  also proposed that the 
preferential binding of bromide ions and oxidative etching play an important role 
in the particles ’  anisotropy. Br  −   ions bind specifi cally to the Pd seed crystal surface, 
inhibiting its growth along all axes. Oxidative etching by O 2 /Cl  −   (Cl  −   from (PdCl 4 ) 2 −   
and O 2  from air) reactivates the surface by displacing Br  −   ions from selected 
regions on the seed surface, allowing the further addition of Pd atoms at specifi c 
crystallographic facets.   

 Xia and coworkers also followed a similar synthetic route, coupling the polyol 
reduction of Na 2 PdCl 4  in the presence of PVP with FeCl 3  as an oxidative etchant 
 [57] . FeCl 3  is believed to be more suited to quantitative comparative studies as the 
concentration of O 2  dissolved in ethylene glycol is diffi cult to control, when O 2 /Cl  −   
is applied. Palladium nanocubes, of between 8 and 50   nm, as shown in Figure  9.7 , 
were formed, with the concentration of FeCl 3  having a distinct effect on the sizes 
observed: the higher the concentration, the larger the nanocubes. Xia  et al.  ratio-
nalized that a high concentration of FeCl 3  reduced the quantity of Pd seeds (as the 
redox couple Fe 3+ /Fe 2+   − 0.77   V was capable of oxidizing atomic palladium), leading 
to the formation of larger cubes.   

 Other interesting designs of the cubic variety have also been accomplished  [57] . 
Pd nanoboxes and nanocages were synthesized using Na 2 PdCl 4  in the presence of 
PVP, ethylene glycol and water. With the evolution of time, the as - synthesized 
48   nm - edged Pd nanocubes were transformed, by O 2 /Cl  −   oxidative etching, to 
nanocubes (see Figure  9.8 ). TEM studies showed a localized etching process which 
began on the cubes surface and later extended to the structures ’  interior. After 
20   h, the cubes had become completely hollow and possessed truncated corners 
and walls 8   nm thick. Some 4   h later, the etching process had led to the formation 
of nanocages: 10   nm punctures were observed in each boxes ’  corner, with the wall 
thickness being reduced to 6   nm.    



    Figure 9.6     TEM images of Pd nanoparticles 
obtained upon the volume percent 
adjustment of ethylene glycol in the thermal 
(100    ° C) reduction of Na 2 PdCl 4 . (a) 0%; 
(b) 9.1%; (c) 45.5%; (d) 72.7%; (e) Image 
obtained under similar conditions as (d), but 

ethylene glycol was replaced with di ethylene 
glycol; (f) Image obtained similar to (d), 
except that the reduction temperature was 
increased to 120    ° C.  Reproduced with 
permission from Ref.  [56] ;  ©  2007 American 
Chemical Society.   

(a) (b)

(c) (d)

(e) (f)
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    Figure 9.7     TEM image of 50   nm Pd nanocubes prepared by 
oxidative etching using FeCl 3 .  Reproduced with permission 
from Ref.  [57] ;  ©  2005 American Chemical Society.   

    Figure 9.8     TEM images showing the progressive etching Pd 
nanocubes to form nanoboxes and fi nally nanocages. 
(a) t   =   18   h; (b) t   =   21   h; (c) t   =   24   h.  Reproduced with 
permission from Ref.  [57] ;  ©  2005 American Chemical 
Society.   

(a) (b) (c)

  9.2.2.2   Triangular and Hexagonal Nanoplates 
 Polyol reduction of Na 2 PdCl 4 , followed by oxidative etching, was used to produce 
triangular and hexagonal palladium nanoplates  [58] . The synthesis of triangular 
nanoplates involved the addition of acidifi ed (HCl) Na 2 PdCl 4  and PVP to a pre-
heated, 85    ° C solution of ethylene glycol and FeCl 3 . Some 70% of the morphologies 
were triangular plates of approximately 28   nm edge length and about 5   nm thick-
ness (see Figure  9.9 ). The formation of hexagonal nanoplates followed a similar 
procedure, with twice the amount of FeCl 3  being added. The reduction rate of the 
metal salt must be retarded for these anisotropic features to form. The cumulative 
effective of both FeCl 3  and O 2 /Cl  −   were crucial to the reaction kinetics, while the 
addition of HCl enhanced the etching power of O 2 /Cl  −  . By varying the concentra-



tion of FeCl 3  the quantity of triangular nanoplates could be controlled; indeed, a 
twofold increase in concentration led to a doubling in the number of plates 
observed. If the concentration of FeCl 3  exceeded this threshold, however, hexago-
nal plates were the major products observed. Although the etching power 
of the O 2 /Cl  −   pair may be signifi cantly enhanced by increasing the concentration 
of acid, it was shown that a variation in such concentration was disadvantageous 
to the formation of uniform nanoplates. It was also shown that relatively low 
reaction temperatures led to an increase in the yield of nanoplates. The percentage 
of triangular nanoplates in the fi nal product, as well as the morphologies observed, 
were also found to be dependent on the molar ratio between the stabilizer and the 
Pd precursor. A ratio of 5   :   1 produced 70% triangular nanoplates, whereas any 
increase or decrease in the ratio led to a signifi cant decline in the proportions 
observed.   

 The hydroxyl functionality of PVP has been shown to act as a very mild reducing 
agent to kinetically control the reduction process  [59] . As a result, hexagonal 
and triangular plates can be formed. The fabrication procedure involved the 
addition of Na 2 PdCl 4  to an 80    ° C aqueous solution of PVP, and the solution 
was allowed to refl ux for 5   h. The reduction kinetics was controlled by varying the 
molar ratio of PVP to Na 2 PdCl 4  and the molecular weight of the PVP. A 5   :   1 molar 
ratio and a PVP  molecular weight  ( MW ) of 55   000   led to 70% hexagonal plates of 
average edge length 45   nm and an estimated thickness of 8   nm. By comparison, 
palladium triangular nanoplates of average edge length 50   nm were produced 
when the molar ratio was adjusted to 15   :   1 and PVP of molecular weight 10   000 
was used. 

 A biologically driven approach to the formation of palladium crystals was 
demonstrated by Eaton and coworkers, who discovered that selected modifi ed 
RNA sequences could effectively mediate the growth of hexagonal palladium 

    Figure 9.9     TEM image of triangular nanoplates prepared at 
85    ° C in the presence of HCl and the etchant FeCl 3  and molar 
ratio of stabilizer to palladium salt as 5   :   1.  
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nanoparticles  [60] . It was proposed that RNA possessed catalytic capabilities in the 
construction of inorganic particles due mainly to its ordered structure, and its 
ability to be folded reproducibly into complex three - dimensional arrangements. 
Furthermore, the positioning of the nucleotides at selected loci make RNA 
extremely attractive as a biopolymeric stabilizer for the size or shape control of 
nanoparticles. 

 An  in vitro  selection technique was applied to evolve a collection of catalytically 
active family of RNA sequences, with 5 - (4 - pyridylmethyl) - uridine 5 ′  triphosphate 
( * UTP) being used to provide additional metal – RNA coordination sites (beyond 
the nitrogen - containing heterocycles available in the native RNA structure). The 
RNA is then incubated with the zerovalent metal complex, tris - (dibenzylideneace-
tone) dipalladium(0) ((Pd 2 dba) 3 ) in an aqueous medium, for 2   h at ambient 
temperature. 

 Eaton and colleagues recognized four families of evolved RNA sequences capable 
of catalyzing the formation of hexagonally shaped Pd plates, or Pdases (families 
1 – 4 contained 14, 6, 2 and 2 members respectively, and were categorized by their 
conserved regions) (Figure  9.10 )  [61] . Five pyridyl - modifi ed RNA sequences, rep-
resenting each of the different catalytically active families, were found to form 
hexagonal plates (1.24    ±    0.57    μ m), while another unrelated pyridyl - modifi ed RNA 
sequence was found exclusively to produce cubes (0.10    ±    0.05    μ m), under similar 
conditions.   

 The synthesis of nanoparticles in aqueous solutions is particularly attractive 
from an environmental perspective. Multifaceted palladium nanoparticles (Figure 
 9.11 ) were synthesized using a solution of Na 2 PdCl 4 , PVP and citric acid, and 
heating the reactants at 90    ° C for 26   h  [62] . The concentration of Na 2 PdCl 4  and citric 
acid were modulated to control the morphology of the particles produced. A ratio 
of 5   :   1 (PVP to Na 2 PdCl 4 ) led to the formation of smooth - faced and sharp - cornered 
palladium octahedra of edge length  ∼ 20   nm and in approximately 90% abundance 
(Figure  9.12 ). The relationship between particle anisotropy and palladium precur-
sor was observed when the concentration of Na 2 PdCl 4  was reduced by 20%, where-

    Figure 9.10     TEM images of (a) hexagonal and (b) cubic 
palladium particles formed in the presence of two pyridyl -
 modifi ed RNA sequences (Pdases 17 and Pdase 34, 
respectively).  Reproduced with permission from Ref.  [61] ; 
 ©  2005 American Chemical Society.   

(a) (b)



    Figure 9.11     Summary of reaction conditions required for the 
formation of decahedron - , octahedron -  and icosahedron 
palladium nanoparticles.  Reproduced with permission from 
Ref.  [63] ;  ©  2007 Wiley Interscience.   

    Figure 9.12     (a) SEM image and (b) TEM image of octahedral 
Pd nanoparticles.  Reproduced with permission from Ref.  [63] ; 
 ©  2007 Wiley Interscience.   

(a) (b)

upon an 80% abundance of icosahedral palladium nanoparticles was formed 
(Figure  9.13 ). Pd decahedra were synthesized in high yield ( > 80%) when the con-
centration of precursor and citrate was increased beyond the threshold responsible 
for octahedral and icosahedral symmetry. In addition, it has also been reported 
that at relatively high concentrations of citrate, the abundance of decahedra 
approaches 90% (Figure  9.13 ).   

 Reetz ’ s group discovered that certain tetra -  n -  octylammonium carboxylates func-
tion as both reductants and stabilizers, and could be used to synthesize triangular 
palladium nanostructures (Figure  9.14 )  [64] . This preparation involves the addition 
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    Figure 9.13     (a, b) SEM and TEM images, respectively, of 
decahedral Pd nanoparticles; (c) TEM and SEM image (inset) 
of icosahedral Pd nanoparticles.  Reproduced with permission 
from Ref.  [63] ;  ©  2007 Wiley Interscience.   

(a) (b) (c)

    Figure 9.14     TEM image of glycolate - stabilized palladium 
nanoparticles with a high abundance of triangular 
nanostructures.  Reproduced with permission from Ref.  [64] ; 
 ©  2000 American Chemical Society.   

of Pd(NO 3 ) 2  to tetraoctylammonium glycolate in THF. Refl uxing at 66    ° C for 6   h 
led to the formation of trigonal palladium nanoparticles of edge length  ∼ 3.6   nm 
in 40 – 50% abundance.    

  9.2.2.3   High - Aspect Ratio  P  d  Nanoparticles 
 Wehrspohn and coworkers fabricated palladium nanotubes (Figure  9.15 ) through 
a template - assisted process  [65]  whereby dichloromethane or chloroform was used 
to form a solution of  poly( D , L  - lactide)  ( PDLLA ) and palladium acetate. The solution 
was added to porous alumina in a 1   :   1 ratio under ambient conditions. Vaporiza-
tion of the solvent resulted in the formation of Pd(OAc) 2 /PDLLA tubes, followed 
by annealing at 200    ° C which degraded the precursor to elemental palladium. 
Further pyrolytic treatment at 3500    ° C removed PDLLA, while the alumina tem-



plate was dissolved by aqueous KOH solution. The shape and length of the tem-
plate determined the size of the tube formed. The structure of DNA had also 
inspired its use as a biological scaffold, functioning as a surface for the depositions 
of metals, to form nanowires. Filoramo an coworkers demonstrated the fabrication 
of palladium coated nanowires via the metallization of DNA immobilized on a 
silicon wafer  [66] . The process involved two steps: the slow, selective precipitation 
of PdO, and the subsequent reduction of the metal oxide. The DNA strand was 
fi rst combed onto a bexamethyldisiiazane (HMDS) coated Si substrate followed by 
its incubation in a solution of palladium chloride. Since the deposition of PdO on 
the DNA scaffold is slow, adjustments in the incubation time and temperature 
have been shown to produce wires of specifi c aspect ratios. Higher incubation 
temperatures encourage the increased deposition of PdO on the DNA scaffold, 
owing to the decreased solubility of PdO at elevated temperatures. Finally, the 
wafer containing the PdO - coated DNA, is immersed in a slightly alkaline, milli-
molar solution dimethylaminoborane  –  the reducing agent. The process produces 
wires ranging in mean width from 20 – 65   nm and up to 1    μ m in length.   

 Mirkin and coworkers have applied  dip - pen nanolithography  ( DPN ) to produce 
a thin resist layer of palladium, patterned into controllable features  [67] . An oxi-
dized silicon wafer was fi rst cleaned and dried in nitrogen, after which the sub-
strate surface was coated with a 1   nm - thick adhesion layer of titanium, via thermal 
evaporation. A 20   nm layer of palladium was then deposited as a thin fi lm by 
similar means. The prepared metal substrate was then patterned with 1 - 
octadecanethiol by DPN with 1 - octadecanethiol thermally evaporated onto a Si 3 N 4  
cantilever at 65    ° C. After patterning with 1 - octadecanethiol, the palladium sub-
strate was immersed in a solution of a FeCl 3  - based etchant for 10 – 30   s (the role of 
the etchant is to remove unprotected palladium from the surface of the silicon 
wafer). Immersion in a HF solution for 10 – 15   s effectively removed the 1   nm tita-
nium layer exposed after etching. The explanation given was that the monolayer 
of 1 - octadecanethiol adsorbed to the metallic substrate beneath acted as a resist, 
preventing such loci from being removed in the etching process. Subsequently, 

    Figure 9.15     Scanning electron micrographs of 
Pd nanotubes (pore diameter 400   nm, pore 
depth 100    μ m) obtained by wetting porous 
alumina and after annealing at 200    ° C for 
6   h and removing both the template and 

poly( D , L  - lactide (PDLLA). (a) An array of 
aligned palladium nanotubes; (b) Cross -
 sectional view of an individual nanotube. 
 Reproduced with permission from Ref.  [62] ; 
 ©  2007 Wiley Interscience.   

(a) (b)
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DPN was used to produce Pd nanowires of uniform width (39   nm) when a write 
speed of 0.13    μ m   s  − 1  was used (Figure  9.16 ).   

 Minko and colleagues have used a straightforward chemical route to fabricate 
wire - like Pd structures from a single synthetic polycation,  poly(methacryloyl)
oxyethyldimethylbenzylammonium chloride  ( PMB - Cl ) (Figure  9.17 )  [68] . The 
preparation of such structures is based on the deposition of Pd - clusters on single 
PMB - Cl molecules adsorbed onto a silicon wafer from an aqueous solution. Minko 
 et al.  found that the length and diameter of the underlying polymer chain deter-
mined the length and diameter of the wire formed. The procedure involved the 
actual synthesis of the polycation designated using methacryloyloxyethyldimethyl-
benzylammonium chloride and 2,2 ′  - azobis (2 - amidinepropane) hydrochloride. 
After thoroughly cleaning a highly polished silicon wafer, PMB - Cl was deposited 
on the surface by immersion in a solution of the polycation for 1   min, at ambient 
temperatures. The coated wafer was then immersed in a saturated and acidifi ed 
aqueous solution of palladium acetate for 1   min, also at ambient temperatures. 
Finally, an aqueous solution of dimethylamine borane was used to reduce the 
palladium to its elemental state; the resultant Pd nanowires appeared as intercon-
nected clusters of the metal.   

 He and coworkers have devised a simple, templateless solution - phase fabrica-
tion of one - dimensional, ribbon - shaped palladium nanoassemblies  [69] . Palladium 
nanoparticles were fi rst synthesized; this involved the dissolution of Pd 3 (OAc) 6 , 
and  tetraoctadecylammonium bromide  ( TOAB ) in a 5   :   1 (v/v) toluene – THF mixed 
solvent system, followed by the addition of absolute ethanol and refl uxing the 
solution for 12   h at 75    ° C. Colloidal Pd was then precipitated with excess absolute 
ethanol, after which the sample was dried by mild heating. The TOAB - stabilized 
Pd nanoparticles (4.5    ±    0.2   nm) were then used to construct the palladium nanorib-
bons (Figure  9.18 ). The formation of these nanostructures was accomplished by 
dispersing the Pd nanopowder in toluene, and incubating the sample at room 
temperature for designated periods of time. He and colleagues showed that an 

    Figure 9.16     Atomic force microscopy (AFM) image of Pd 
nanostructure on a silica wafer, written at a speed of 
0.13    μ m   s  − 1  with 1 - octadecanethiol.  Reproduced with 
permission from Ref.  [67] ;  ©  2004 American Chemical Society.   



    Figure 9.17     AFM images of (a) tetraoctadecylammonium 
bromide - stabilized palladium nanoparticles. Palladium 
nanoribbons of varying length have been produced by altering 
incubation times: (b) 4   h; (c) 6   h; (d) 24   h. Scale bar   =   1.5    μ m. 
 Reproduced with permission from Ref.  [68] ;  ©  2002 American 
Chemical Society.   

    Figure 9.18     AFM images of palladium nanoribbons. (a) 24 -
 day incubation of TOAB - stabilized palladium nanoparticles 
in toluene; (b) 24 - day incubation in toluene, with 1 -
 hexadecanethiol added on day 6.  Reproduced with permission 
from Ref.  [68] ;  ©  2002 American Chemical Society.   
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increase incubation time led to the formation of longer ribbons (there was a limit, 
however, where further incubation led to instability of the overall structure). There 
were no signifi cant changes in height and width (7.0    ±    1.0   nm and 75.0    ±    15.0   nm 
respectively) of the nanoribbons as time evolved. He ’ s group also highlighted the 
fact that the width and height remained appreciably uniform throughout the 
length of the ribbon (height 6 – 8   nm; width 60 – 90   nm). When the addition of 1 -
 hexadecanethiol was shown to impede the nanoribbon ’ s growth, He  et al.  rational-
ized that the thiol was binding strongly to the surface of palladium, and was not 
easily desorbed. The TOAB ligand which passivates the palladium nanoparticles 
in the original synthesis, however, may be easily displaced, an effect which caused 
the individual metal particles to increase the forces of attraction among them-
selves, allowing them to align in an ordered fashion.   

 Wang and coworkers were able to synthesize palladium nanotubes via 
 electroless deposition  (Figure  9.19 )  [70] . The template used was a track - etched 
polycarbonate fi lter, coated with PVP to increase its hydrophilicity. Before 
deposition of the elemental palladium, the polycarbonate membrane was fi rst 
sensitized and activated by immersion in a solution of tin chloride and trifl uro-
acetic acid; these reagents are added to encourage the tethering of Sn 2+  to the 
wall of the membrane pores. After thoroughly rinsing in methanol, a solution of 
AgNO 3  in ammonia was administered. On addition of Ag +  ions, a redox reaction 
occurred whereby the surface - bound Sn 2+  was oxidized to Sn 4+  and Ag +  reduced 
to elemental Ag. The nanosized silver aggregates acted as nucleation sites and 
catalysts for the deposition and growth of palladium on the polycarbonate mem-
brane. After rinsing in methanol, the activated membrane was transferred to a 
solution containing PdCl 2 , disodium EDTA and N 2 H 4 . The chelating agent, 

    Figure 9.19     Scanning electron micrograph of palladium 
nanotubes after the polycarbonate membrane has been 
removed by rinsing the sample in methylene chloride. 
 Reproduced with permission from Ref.  [70] ;  ©  2005 American 
Chemical Society.   



disodium EDTA, sequesters Pd 2+  ions to form [Pd(EDTA)] 2 −  , which is slowly 
reduced at room temperature by N 2 H 4  in the following reaction:

   Pd EDTA N H OH Pd EDTA Naq
2

4 aq aq s aq g( )[ ] + + → + +( )
−

( ) ( )
−

( ) ( )
−

( )2
4

24 2 ++ ( )4H O2 1     (9.2)     

 Jones and colleagues have also synthesized hollow Pd nanostructures using 
freshly prepared cobalt nanoparticles as sacrifi cial templates (Figure  9.20 )  [71] . The 
NaBH 4  reduction and citric acid stabilization of CoCl 2  in a nitrogen - fi lled atmo-
sphere led to the formation of cobalt nanoparticles, with the resultant colloid 
immediately being added to a stirring solution of H 2 PdCl 4  at room temperature. 
The TEM analysis of a centrifuged sample indicated the formation of hollow, 
raspberry - like spheres, the shell of which ( ∼ 15   nm thickness) was composed of 
small, individual palladium nanoparticles, while the complete sphere possessed a 
mean diameter of 80   nm. One - dimensional tube - like,  ∼ 60   nm - diameter nanostruc-
tures were also synthesized with the addition of one - tenth the amount of citric 
acid. Jones  et al.  suggested that these hollow Pd nanostructures had been synthe-
sized via a replacement reaction between elemental cobalt (nanoparticles) and the 
administered palladium salt:

   Co PdCl Pd Co Cl+ → + +− + −
4
2 2 4     (9.3)     

 The respective differences in the redox potentials of the Co 2+ /Co ( − 0.277   V vs. 
SHE) and   PdCl Pd4

2−  (0.591   V vs. SHE) couples provide the thermodynamic driving 
force to encourage the aforementioned reaction, with   PdCl4

2− being immediately 
reduced upon its addition to the colloidal mix of elemental cobalt. As this replace-
ment reaction proceeds, the reduced palladium atoms nucleate, forming a thin 
perimeter of nanoparticles around a cobalt core. Removal of the cobalt metal 

    Figure 9.20     TEM images of: (a) hollow, raspberry - like 
palladium nanoparticles and (b) a nanotube - like palladium 
nanostructure.  Reproduced with permission from Ref.  [71] ; 
 ©  2008 American Chemical Society.   

(a) (b)
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core is believed to occur by the  Kirkendall effect , in which the rate of diffusion of 
two components at an interface leads to a net directional fl ow. If the diffusion of 
cobalt atoms occurs at a faster rate compared to that of Pd atoms, then at the newly 
formed partition a net fl ow of Co atoms from the core occurs, and these are imme-
diately oxidized by the incoming   PdCl4

2− species. The eventual diffusion of Co 
atoms leads to the hollow central cavity being observed. The formation of tube - like 
nanostructures is related to the single magnetic dipole character that this one -
 dimensional structure adopts to minimize its magnetostatic energy. Thus, the 
reaction between chain - like cobalt nanoaggregates and   PdCl4

2− allows the forma-
tion of nanotube - like 1 - D structures. 

 The preparation of anisotropic palladium nanoparticles has also been accom-
plished by Berhault and coworkers, using an aqueous phase seeding synthesis 
approach (Figure  9.21 )  [72] . Spherical seeds were fi rst synthesized upon the reduc-
tion of Na 2 PdCl 4  by NaBH 4 , and passivation of the nascent particles by the surfac-
tant CTAB. The freshly prepared seeds were stirred for another 15   min and used 

    Figure 9.21     TEM images of palladium (a) nanorods of fi vefold 
symmetry; (b) polyhedric nanoparticles formed from six 
tetrahedral subunits; (c) round - edged tetrahedral particles; 
and (d) round - edged nanocubes.  Reproduced with permission 
from Ref.  [72] ;  ©  2007 Elsevier.   

(a) (b)

(c) (d)



only after 2   h had expired (to ensure the decomposition of excess borohydride 
species). In order to synthesize anisotropic palladium nanoparticles, a growth 
solution of Na 2 PdCl 4  and CTAB was prepared at 30    ° C, after which sodium ascor-
bate was administered followed by the injection of an aliquot of the pre - prepared 
palladium seeds. When the colloidal preparation had aged for 48   h, a TEM analysis 
revealed an assortment of morphologies. Palladium nanocubes    –    the most minis-
cule geometry observed (18    ±    3   nm)    –    were produced in low yield (3    ±    1%), while 
nanorods of aspect ratio  ∼ 2.2 were the most abundant (47    ±    4%). A signifi cant 
yield of 24    ±    5   nm polyhedric morphologies was also observed (43    ±    4%), together 
with a small percentage (3    ±    1%) of 29    ±    1   nm tetrahedrons.     

  9.2.3 
 Characterization 

 Elaborate synthetic approaches have been developed that enable signifi cant control 
over the size and shape of palladium nanostructures. In order to understand the 
properties of the materials formed based on the preparation method, several char-
acterization techniques have been used. These include electron microscopy,  scan-
ning probe microscopy  ( SPM ),  nuclear magnetic resonance  ( NMR ) spectroscopy, 
 ultraviolet – visible  ( UV - Vis ) spectroscopy,  infrared  ( IR ) spectroscopy, electrochem-
istry,  X - ray diffraction  ( XRD ),  thermogravimetric analysis  ( TGA ), electron diffrac-
tion, photoelectron spectroscopy,  dynamic light scattering  ( DLS ),  extended X - ray 
absorption fi ne structure  ( EXAFS ), BET surface area analysis and  X - ray refl ectivity  
( XRR ). In the following section we will describe the information provided by each 
of these characterization techniques. 

  9.2.3.1   Electron Microscopy 
 Electron microscopy is a powerful technique for the characterization of Pd nanopar-
ticles, and is capable of providing information of the morphology, topography and 
composition of the material under investigation. Here, we describe details of TEM 
and  scanning electron microscopy  ( SEM ), both of which are capable of providing 
detailed information about particle shape and size distribution. 

  9.2.3.1.1   Transmission Electron Microscopy ( TEM )     The fi rst TEM instrument 
was developed in 1931 by Max Knoll and Ernst Ruska in Germany. The instru-
ment emits an electron beam by a tungsten fi lament (at a voltage of 100   keV) 
as its source of radiation. The electron beam is transmitted through the sample 
and the output transmittance provides the image. TEM allows the direct visu-
alization of particles and so has been a very important imaging tool for deter-
mining particle formation, shape and size distribution. For TEM, the specimen 
is placed on a mounting surface, typically a carbon coated copper grid. The 
sample for analysis is prepared by either quickly contacting the carbon - coated 
side of the grid with the Pd nanoparticles colloid, or by dropping a few micro-
liters of the Pd colloid onto the grid. The sample is allowed to dry before being 
placed in the instrument for analysis. Figure  9.22  shows the TEM images of 
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    Figure 9.22     TEM images of Pd nanoparticles 
in  o -  xylene, reduced from precursor 
Pd(fod) 2  and stabilized by several ammonium 
salts [R(CH 3 ) 3 ] + Br  -   (surfactants). (a) 
Dodecyltrimethylammonium bromide (DTAB); 
(b) Meristyltrimethylammonium bromide 

(MTAB); (c) Cetyltrimethylammonium 
bromide (CTAB); (d) 
octadecyltrimethylammonium bromide 
(OTAB).  Reproduced with permission from 
Ref.  [73] ;  ©  2004 Institute of Physics.   

(a) (b)

(c) (d)

Pd nanoparticles  [73] ; here, only the Pd core provides a contrast and not the 
surrounding ligand, such that TEM allows the determination of size distribu-
tions for each Pd NP sample.   

 Advancements in electron microscopy have led to the development of  high - 
resolution transmission electron microscopy  ( HRTEM ), which allows the analysis 
of nanoparticles with resolution up to 0.8    Å . This is made possible by using a 



    Figure 9.23     (a) HRTEM images of crystalline 
Pd nanoparticles in two different 
magnifi cations. These have quasi - hexagonal 
shape and a clear hexagonal lattice; 
(b) HRTEM images of amorphous Pd 

nanoparticles exhibit a round shape and shell -
 like structures.  Reproduced with permission 
from Ref.  [74] ;  ©  2003 American Chemical 
Society.   

(a)

(b)

high - voltage (200 – 300   keV) power supply for the electron beam. HRTEM also 
allows structural features which are only a few angstroms in size to be imaged, so 
that the crystal structure can also be investigated. A HRTEM image of Pd nanopar-
ticles is shown in Figure  9.23 . Consistent with the lattice spacing of Pd (111), a 
lattice fringe of 2.2    Å  in Pd – C - passivated nanoparticles (2 – 4   nm) was observed 
using HRTEM  [74] . One disadvantage of using either TEM or HRTEM is that the 
high accelerating voltage required may decompose the surface ligand, resulting in 
a  ‘ dewetting ’  of the particle surface that induces particle fragmentation  [75] .    

  9.2.3.1.2   Scanning Electron Microscopy ( SEM )     The operating principles of SEM 
are very similar to those of TEM, except that a high - voltage (a few hundred eV to 
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    Figure 9.24     SEM images of rectangular Pd nanoparticles 
(a) before and (b) after tilting the silicon wafer by 45    ° . Both 
nanocube and nanorods are of rectangular shape.  Reproduced 
with permission from Ref.  [55] ;  ©  2007 American Chemical 
Society.   

100   keV) electron beam is used to excite the sample. The electron beam is scanned 
across the sample in a rastering fashion. The process creates low - energy secondary 
electrons which emit from the surface to form an image. The main difference 
between the images produced by these two methods is that TEM provides a 2 -
 dimensional image, while SEM gives a 3 - dimensional representation of the 
object being observed. The resolution of SEM is also about an order of magnitude 
lower than that of TEM.    

  9.2.3.1.3   Scanning Probe Microscopy ( SPM )      Atomic force microscopy  ( AFM ) and 
 scanning tunneling microscopy  ( STM ) have both proved to be effi cient in the 
characterization of palladium nanoparticles. One advantage of SPM is that it is 
able to resolve details of surfaces with atomic - level resolution. Both techniques 
operate by scanning the surface of the sample in the  xy  raster pattern, using a 
sharp tip that moves up and down along the z - axis. The main difference between 
STM and AFM is that, whereas in STM the sample being analyzed must be 
conductive, this is not a requirement in AFM (Figure  9.25 ). Several groups have 



used SPM to analyze the morphology and topography of Pd nanostructures  [68, 
69, 75, 77] .     

  9.2.3.2   Spectroscopic Techniques 

  9.2.3.2.1   Infrared ( IR ) Spectrometry     IR spectrometry enables the determination 
of ligands at the surfaces of Pd nanostructures, provides information of the degree 
of order and relative orientation of surface - bound ligands  [19, 78 – 82] , and also 
plays an important role in confi rming the completion of a ligand exchange reaction 
 [74] . A number of groups have described the usefulness of IR spectroscopy in the 

    Figure 9.25     (a, b) AFM topography images of wire - shaped Pd 
nanostructures; (c) Cross - sectional profi le along the long axis 
of nanowires on image (b). Pd nanowires were produced by 
mineralization of Pd(OAc) 2  in polycation molecules. 
 Reproduced with permission from Ref.  [77] ;  ©  2004 American 
Chemical Society.   

(a)

(b)

(c)
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characterization of Pd nanostructures. For example, Yee and coworkers compared 
the IR spectrum of free  octadecanethiol  ( OCT ) and OCT - stabilized Pd nanoparticles 
 [18] , by observing signifi cant changes in the symmetric and asymmetric stretching 
modes of the carbon adjacent to the thiol group. This occurred at a slightly lower 
wavenumber [ v  as (CH 2 )   =   2917   cm  − 1 ;  v  s (CH 2 )   =   2849   cm  − 1 ) when bound to the surface, 
relative to the stretching mode before binding ( v  as (CH 2 )   =   2955   cm  − 1 ; 
 v  s (CH 2 )   =   2871   cm  − 1 ]. Such shifts in the IR spectrum provide insights into the 
nature of the binding of the ligand to the surface. In addition, if a ligand has more 
than one functional group that might bind to the Pd surface, IR can be used to 
determine which group is actually bound to the surface. As an example, Tabuani 
 et al.  reported the synthesis of Pd nanoparticles supported on hyperbranched aro-
matic polyamides with both amino and carboxylic acid functional groups. Following 
fabrication of these nanostructures, IR spectroscopy showed that the carboxyl group 
band did not change after Pd absorption and reduction, whereas the amino groups 
did change. This observation suggested that only amino groups were involved in 
binding to the Pd surface  [80] . Such analysis is particularly important when the 
terminal functional group is required for a subsequent reaction.  

  9.2.3.2.2    UV  - Visible Absorbance Spectrometry     UV - visible absorbance spectros-
copy is used to characterize Pd nanoparticles in primarily two ways: (i) to monitor 
the palladium precursor as it is reduced to the zero - valent state, indicating forma-
tion of palladium nanoparticles; and/or (ii) to monitor the position of the palla-
dium nanoparticles ’   surface plasmon resonance  ( SPR ) peak. 

 UV - visible absorbance spectroscopy has often been used to reveal the comple-
tion of reduction, as the absorption for Pd(0) and Pd(II) differ signifi cantly. Obare 
 et al.  monitored the change in the  metal - to - ligand charge transfer  ( MLCT ) band 
located at 400   nm of Pd 3 (OAc) 6  as it was reduced from Pd 2+  to Pd 0   [48] . The reduc-
tion was accompanied by a color change from yellow to black, as shown in the 
inset of Figure  9.26 .   

 Anisotropic Pd nanoparticles appear to display well - defi ned absorbance peaks 
that have been described as being due to SPR. Xia and coworkers  [58]  reported 
that the SPR peaks for triangular ( ~ 28   nm edge length, 5   nm thickness) and hex-
agonal ( ~ 20   nm edge length, 10   nm thickness) nanoplate suspended in aqueous 
solution were located at 520 and 530   nm, respectively, and proposed that such 
peaks were due to the dielectric function of Pd and the thin nature of the plates. 
Xia ’ s group also showed that hollow Pd nanocubes displayed a controllable increase 
in absorbance from blue (410   nm) to the near - infrared (1200   nm), with a decrease 
in particle size (Figure  9.27 )  [83] .    

  9.2.3.2.3   Nuclear Magnetic Resonance ( NMR ) Spectroscopy     NMR spectroscopy 
(most commonly  1 H NMR) has been used primarily to characterize the nature of 
binding of the ligand at the Pd nanoparticles ’  surface. For example, Ghosh  [84]  
and coworkers observed the disappearance of phenyl proton peaks in phenol 
diazonium - passivated Pd nanoparticles when compared to the free ligand (see 
Figure  9.28 ). These authors proposed that the proton peaks of the ligand had 



    Figure 9.26     UV - visible absorbance spectra of 
[Pd 3 (OAc) 6 ] and  n  - dodecyl sulfi de in a 1   :   5 
molar ratio, respectively, dissolved in toluene. 
As the temperature is raised from room 
temperature to 95    ° C, Pd nanoparticles begin 
to form, and the color of the solution changes 
from yellow to dark brown. At 80    ° C, the 
solution color is dark brown, indicating the 
formation of Pd nanoparticles. (a) 0   min; 

(b) 10   min; (c) 20   min; (d) 30   min; (e) 40   min. 
The photograph in the inset shows the 
corresponding color changes associated with 
each spectrum. No change in UV - visible 
absorbance spectra was observed after 
40   min, indicating Pd nanoparticle formation. 
 Reproduced with permission from Ref.  [48] ; 
 ©  2007 American Chemical Society.   

0

0.2

0.4

0.6

0.8

1

300 350 400 450 500 550 600 650 700

Wavelength (nm)

A
bs

or
ba

nc
e

(a)

(b)
(c)

(d) (e)

Changes in solution color as reaction time 
increases and Pd nanoparticles are formed

    Figure 9.27     UV - visible spectra of Pd nanocubes. A longer 
corrosive etching time produced a thinner wall of hollow Pd 
nanocubes with a 48   nm edge length. The surface plasmon 
resonance peaks red - shift with a thinner wall.  Reproduced 
with permission from Ref.  [83]   ©  2005 Wiley Interscience.   
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broadened due to the slow tumbling rate of the nanoparticles, and used these data 
to confi rm that the ligands were indeed bound to the particle surface.  13 C and  31 P 
NMR have also proved useful methods. For example, Son and coworkers studied 
the coordination chemistry of various phosphine ligands on Pd NPs using  31 P 
NMR spectroscopy  [85] . Moreover, they were also able to conduct ligand - exchange 
reactions at the Pd surface to confi rm not only the binding of different ligands but 
also the relative binding affi nity of one phosphine ligand relative to another  [86] .     

  9.2.3.3   Chemical Analysis Techniques 

  9.2.3.3.1    X  - Ray Photoelectron Spectroscopy ( XPS )     XPS is a surface chemical 
analysis technique based on the photoelectric effect, which describes the phenom-
enon of the ejection of electrons when photons with suffi cient energy impinge 
upon a surface. Due to the characteristic binding energy of each element, the peaks 
in the resultant spectrum provide information on the chemical state and composi-
tion of the surface atoms. For the analysis of Pd nanostructures, XPS has been 
used primarily to examine the valent states of Pd  [74, 80] . Tabuani and colleagues 
conducted an experiment in which they monitored the reduction of Pd 2+  to Pd 0  by 
XPS, and observed a progressive transition of Pd 2+  (337.5 and 342.8   eV) to Pd 0  
(336.0 and 341.3   eV)  [80] . 

    Figure 9.28      1 H NMR spectra of Pd 
nanoparticles (a, c) and free ligands (b, d). 
The four phenol protons identifi ed at 7.6 and 
8.6   ppm disappear after decylphenyldiazonium 
(d) was bound to the Pd nanoparticles. The 

nine phenol protons in biphenoldiazonium 
(b) characterized at peaks between 7.4 and 
7.7   ppm changes after binding.  Reproduced 
with permission from Ref.  [84] ;  ©  2008 Royal 
Society of Chemistry.   

(a)

(b)

(c)

(d)



 The ligand surrounding the Pd nanostructures infl uences the Pd oxidation state. 
For example, Lu  et al.   [74]  revealed that the main component of Pd in thiol - 
stabilized Pd nanoparticles (either crystalline or amorphous phase) was Pd 0 , which 
they were able to determine based on the Pd 3 d  signal with a binding energy of 
335.2   eV. In addition, the presence of PdS in which the Pd 3 d  signal of 337.3   eV 
and S 2 p  signal of 162.3   eV (Figure  9.29 ) was also observed.   

 One limitation to XPS in the analysis of Pd nanostructures is that prolonged 
exposure to X - rays results in fragmentation of the particles. This problem was 
fi rst observed during the TEM examination of a sample acquired after a long 
period of XPS analysis. However, a reduced time of X - ray analysis ( < 20   min) 
should overcome this drawback and provide an unaffected photoelectron signal 
 [80] .  

  9.2.3.3.2   Energy - Dispersive  X  - Ray ( EDX ) Analysis     Similar to XPS, EDX is a 
technique that allows the chemical composition of a material to be determined. 
Here, X - ray beams are used to excite a surface, while the emission spectrum 
provides information on the elemental composition within the sample being 
analyzed, as each element provides a characteristic emission upon excitation. 
EDX has been coupled with electron microscopy to provide a powerful analytical 
tool for the chemical characterization of nanomaterials. In addition, EDX can 
provide quantitative data on the composition of each element contained in a 
sample.   

    Figure 9.29     Line shapes of the high - resolution 
Pd 3 - D core level spectra indicate that there 
are two types of valent states: zerovalent and 
nonzerovalent (PdS interphase). 337.6 and 
342.8   eV are attributed to Pd 3d 5/2  and 3d 3/2  

spin - orbit doublet peaks indicating an 
ionic Pd 2+  state.  Reproduced with permission 
from Ref.  [80] ;  ©  2003 American Chemical 
Society.   
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  9.2.3.4   Physical Analysis Techniques 

  9.2.3.4.1    X  - Ray Diffraction ( XRD )     XRD is effi cient in providing information 
regarding the crystallographic structure of a sample. The technique uses X - ray 
radiation that passes through a sample, such that the scattered beams form a dif-
fraction pattern based on that sample. The common  face - centered cubic  ( FCC ) 
structure of Pd gives (111), (220) and (200) (e.g. Figure  9.30 ) diffraction peaks 
which correspond to diffraction lines at 2 θ    =   40.039    ° , 46.581    ° , 68.047    ° , respec-
tively  [87] . The particle size ( d ) can be calculated from the width of the (111) peak 
by using the Scherrer formula:  [88] :

   d = ×( )0 9. cosλ β θ     (9.4)  

where  λ  is the wavelength of the X - rays,  β  is the  full width at half maximum  
( FWHM ) of diffraction peak, and  θ  is the angle corresponding to the peak.    

  9.2.3.4.2    X  - Ray Refl ectivity ( XRR )     XRR is a surface - sensitive analytical technique 
used to characterize surfaces and thin fi lms. When X - rays strike a surface at a 
critical angle (total refl ection), the refl ectivity intensity changes based on the 
roughness of the surface. The critical angle varies depend on the electronic density 
of the surface materials. At the interface between two thin layers, the refl ected X -
 rays interfere causing the oscillation of refl ectivity intensity with angle. In this way, 
XRR provide information on the thickness, roughness and density of thin fi lms 
on a surface. XRR has been applied in the study of multilayers by Rafailovich ’ s 
group, who deposited a monolayer Langmuir fi lm of dodecanthiolate Pd nanopar-
ticles under a pressure 7.8   mN   m  − 1 . A six - layer model was employed to simulate 

    Figure 9.30     Diffractogram of 18    ±    5   nm Pd nanoparticles 
stabilized by high - molecular - weight ionic liquid polymer (ILP). 
 Reproduced with permission from Ref.  [87] ;  ©  2006 Wiley 
Interscience.   



the structure of the fi lm by nonlinear least - squares fi tting  [55b] . The six layers 
consisted of Si substrate, SiO 2 , thiol (hydrocarbon), Pd/thiol, glutathiol and air, 
respectively. By using XRR, the thickness of the Pd/thiol layer was determined in 
this case to be about 13.3    Å .  

  9.2.3.4.3   Selected Area Electron Diffraction ( SAED ) Pattern     The  selected area elec-
tron diffraction  ( SAED ) pattern is a diffraction technique that is usually coupled 
with TEM to identify crystal structures and examine crystal defects. The technique 
is similar to XRD, but unique in that areas as small as several hundred square 
nanometers in size can be examined. An example is shown in Figure  9.31 , in 
which ammonium salt - stabilized Pd nanoparticles that exhibit (111), (200), (220) 
and (311) ring patterns are measured and indicate the face - centered cubic (fcc) 
crystal structure of Pd  [73] . Today, SAED is recognized as being a routine and 
important method for characterizing Pd nanostructures.    

  9.2.3.4.4   Thermogravimetric Analysis ( TGA )     TGA is a powerful technique for 
elucidating not only the nature of binding of surface ligands on the nanoparticles, 
but also the ratio of Pd atoms to stabilizing ligands. Weight loss is recorded as a 
function of increasing temperature and time, while a decomposition gradient 
accesses the thermal stability and compositions of the nanomaterial. As an 
example, Lee  et al.   [86]  examined the dynamic and isothermal thermogravimetry 
of  syndiotactic polystyrene  ( s - PS ) - stabilized Pd nanoparticles. Neat s - PS was found 
to begin weight loss at about 330    ° C, whereas for the nanocomplex the onset of 

    Figure 9.31     Electron diffraction pattern of Pd - surfactant 
complex of 14   nm size, where the stabilizing surfactant is 
cetyltrimethylammonium bromide (CTAB). Electron diffraction 
reveals crystalline structure with fcc packing arrangement. 
 Reproduced with permission from Ref.  [73] ;  ©  2004 Institute 
of Physics.   
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degradation began at 360    ° C. Similarly, Rao and coworkers  [89]  observed two distinct 
weight losses at 218 and 388    ° C for laurylamine - capped Pd nanoparticles, with the 
two drops in the TGA profi le indicating two possible binding modes of the amine 
ligand with the Pd nanoparticle surface. TGA was also carried out to estimate the 
total organic content of a Pd - nanoparticle - cored dendrimer (Figure  9.32 )  [90] . Here, 
the fi rst decomposition was caused by the removal of trapped solvent and phase -
 transfer agent tetraoctylammonium bromide (TOBA), while the second decomposi-
tion step occurred due to volatilization of the G - 3 dendron. These data showed the 
weight percentages of Pd and dendron to be 54 and 38%, respectively.   

 By combining TEM and TGA data it becomes possible to calculate the number 
of Pd atoms per nanoparticle by assuming that Pd clusters have the same density 
as bulk fcc Pd (i.e. 12.03   g   cm  − 3 ). 

 Thus, the Pd atom number in one nanoparticle can be calculated by the 
equation:

   N DPd nm= ( )( )( )−68 63 3π     (9.5)  

where  D  is the average diameter of the nanoparticle (in nanometers). Thus, the 
weight of the Pd core ( W  Pd ) is:

   W NPd Pd  where  is the atomic weight of Pd .= × ( )106 4 106 4. .   

 By using this method, Gopidas  et al.  determined that their dendrimer - stabilized 
Pd nanoparticles had the formula Pd 300 G3 14   [90] , while Zamborini  et al.  estimated 
two different - sized thiol - stabilized Pd clusters of approximately 3.0 and 2.4   nm, 
which had 34.7% and 45% organic ligands, respectively. These data gave average 
formulas of Pd 976 C12 274  and Pd 459 C12 198 , respectively  [19] .  

    Figure 9.32     Thermogram of palladium - nanoparticle - cored 
dendrimer. The rate of heating was 10    ° C   min  − 1 .  Reproduced 
with permission from Ref.  [90]  (Supplementary information); 
 ©  2003 American Chemical Society   



  9.2.3.4.5   Dynamic Light Scattering ( DLS )     DLS is an effective technique that is 
used to determine particle size distribution in a solution  [91] . As signifi cant syn-
thetic approaches have been developed to control particle size, DLS has been 
increasingly utilized in this role. For DLS, a coherent light source (typically a laser) 
with a known frequency is used to irradiate particles moving under Brownian 
motion. As the light interacts with the particles it becomes scattered at a different 
frequency, depending on the particle size: small particles cause a greater shift in 
light frequency relative to larger particles.   

  9.2.3.5   Electrochemistry 
 Electrochemical techniques have been useful when characterizing Pd nanoparti-
cles, where information on both the metallic component and the stabilizing ligand 
can be obtained.  Cyclic voltammetry  ( CV ) has been used to study the behavior of 
ligands at the surface  [19, 92] . The quantum confi nement in Pd nanoparticles has 
been found to infl uence the electron - transfer abilities of ligands at the surface. A 
similar technique,  differential pulse voltammetry  ( DPV ) has also been used as a 
characterization technique for palladium nanoparticles. The difference between 
CV and DPV is that, in CV, the current is measured as a function of applied 
potential, whereas in DPV the current at the working electrode is recorded while 
the pulse potential between the working and reference electrodes is swept linearly 
in time. Recently, the DPV of alkanethiol - stabilized Pd nanoparticles with diame-
ters less than 5   nm displayed  quantized double - layer  ( QDL ) charging and discharg-
ing, and thus behaved in a similar manner to capacitors  [19, 92] . The success of 
these measurement relies on the presence of uniform and small Pd nanoparticles 
for accurate QDL measurement. The data reveal a consistent spacing between 
successive peaks ( Δ  V ), which is inversely proportional to the capacitance (sub - aF), 
as shown in Equation  9.6 . The data allow the average size of Pd particle to be 
calculated.

   ΔV
e

C

ed

r r dMPC

= =
+( )4 0π ε ε

    (9.6)  

where  e  is the electron charge (1.6    ×    10  − 19  coulombs),  d  is the thickness of the 
monolayer medium,  ε  is the dielectric constant of the monolayer medium around 
the metal core,  ε   0   is the permittivity of free space [8.85    ×    10  − 12    F   m  − 1  (or C 2    N  − 1    m 2 )] 
and  r  is the radius of the metal core. 

 By combining this equation with DPV results obtained from dendrimer - 
stabilized Pd nanoparticles, Crooks  et al.   [92]  showed that Pd nanoparticles with 
140 atoms, where the peak spacing was refl ected ( Δ  V    =   270    ±    20   mV) had a capaci-
tance value of 0.59   aF (Figure  9.33 ). This value corresponded to an average diam-
eter size of 1.6   nm yet, when using TEM this size was measured as 1.7   nm. Several 
reasons were proposed to explain this discrepancy. First, an interaction of the Pd 
nanoparticles with the TEM grid may have altered the structure of the Pd nanopar-
ticles. Second, Pd does not provide a good contrast, which makes it diffi cult to 
resolve particles of less than 2   nm. Third, the parameters in the equation are arbi-
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trary in varying environmental conditions. Therefore, argument persists regarding 
the reliability of TEM data versus electrochemical results for particles of such small 
size.   

  9.2.3.5.1   Scanning Tunneling Microscopy and Spectroscopy ( STM / STS )      Scanning 
tunneling microscopy/spectroscopy  ( STM/STS ) allows the electronic measure-
ment of individual nanostructures by probing the local density of electronic states 
and the band gap of particles at the atomic scale. The experiment uses a STM tip 
fi xed on top of a selected Pd nanoparticle, but the feedback loop is turned off. In 
this case, the  current – voltage  ( I – V ) curves provides information on the  single -
 electron tunneling  ( SET ) process that occurs in a  double barrier tunneling junction  
( DBTJ ). This consists of two capacitances between the tip and ligand - capped Pd 
nanoparticles and the substrate. In order to generate tunneling current, the charg-
ing energy e 2 /2 C  must exceed the thermal energy  k  B  T , and the resistances of the 
two tunneling junctions must be larger than the resistance quantum  h / e  2  (where 
 C  is capacitance;  e  is the electron charge;  k  B  is Boltzmann ’ s constant,  T  is tempera-
ture and  h  is Planck ’ s constant)  [74] . 

 An ultrahigh vacuum is required to avoid the infl uence of atmospheric moisture. 
Lu  et al.  used STS to measure Pd nanoparticles at a low temperature (4.2   K) for 
crystalline and amorphous Pd nanoparticles, as shown in Figure  9.34 . The resul-
tant  I – V  curves display Coulomb blockade due to single - electron transfer. and 
Coulomb staircases where the current is zero before the voltage becomes suffi cient 
to overcome the band gap of the Pd nanoparticle. These data show that the elec-
tronic properties differ signifi cantly for the two phases, though this may be due 
to atomic ordering or disordering within the particles  [74] . Although STS has not 
yet been fully exploited with various shapes of Pd nanoparticles, it is expected to 
provide much detail about the electronic properties of Pd nanostructures.       

    Figure 9.33     (a) Differential pulse voltammetry plots of 
1.1   m M  MPC - 6(Pd140) solution; (b) Relationship between the 
peak potentials in (a) and the charge state of the MPCs. 
 Reproduced with permission from Ref.  [92] ;  ©  2005 American 
Chemical Society.   



  9.3 
 Life Sciences - Related Applications of Palladium Nanoparticles 

 Whilst the primary applications of Pd nanoparticles have been in catalysis, a 
number of reports have described other important applications related to the life 
sciences. Scheme  9.2  shows several such uses of Pd nanoparticles, although for 
the purpose of this chapter we focus on those applications in the  ‘ white ’  boxes as 
these relate to the life sciences. They include the role of Pd in environmental 
remediation, as well as in biological and chemical sensing. It is anticipated that, 
with the recent successes in controlling the shape of Pd nanoparticles and an 
improved understanding of their chemical and physical properties, a host of new 
applications will be discovered in the near future.   

  9.3.1 
 Catalysis 

 Palladium is widely used for a signifi cant number of synthetic transformations, 
and has the potential to become a major infl uence on the synthesis of pharma-
ceuticals and agricultural products  [93] . The key challenges in this area are not 
only to prepare palladium nanoparticles with controlled sizes but also to stabilize 
them against sintering into larger particles and leaching into solution during 
liquid - phase catalysis. Pd nanoparticles are known to effectively catalyze  carbon –
 carbon  ( C - C ) coupling reactions, including the Suzuki reaction, the Heck reaction 
and the Stille reaction. As shown earlier in this chapter, the synthesis of Pd 

    Figure 9.34      I – V  curves and d I /d V – V  for 
crystalline and amorphous Pd 300  of ca. 2   nm 
diameter. The extra - fi ne features in each step 
for crystalline Pd particles are due to the 
discrete energy level induced by the ordered 

atomic structure. (The  ←  arrow indicates the 
 I – V  curves, while the  →  arrow represents the 
d I /d V – V  curve.  Reproduced with permission 
from Ref.  [74] ;  ©  2003 American Chemical 
Society.   
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nanostructures in many cases results in colloidal particles that typically are sur-
rounded with stabilizing ligands. The removal of stabilizing ligands from the par-
ticle surface results in particle aggregation, with a concomitant decrease in catalytic 
activity due to the reduction in surface area. In addition, colloidal Pd nanoparticles 
create complications with regards to the separation of particles from reactants and 
products. For this purpose, Pd nanoparticles may be immobilized on solid sup-
ports via their physical adsorption onto a range of supports, most notably poly-
mers, charcoal, silica or alumina  [94] . This immobilization creates a heterogeneous 
catalytic system that is reusable for several catalytic cycles. 

 Soluble colloidal nanoparticles present unique opportunities for homogeneous 
catalysis due to better activity and selectivity  [95] . Palladium nanoparticles can be 
used as homogeneous catalysts in their colloidal state, although this is accompa-

    Scheme 9.2     Applications of palladium nanoparticles (NPs).  
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nied by certain limitations. Obare and colleagues compared the effect of colloidal 
versus immobilized Pd nanoparticle catalysts in the hydrogenation of styrene 
to 1 - ethylbenzene  [48] . The catalytic activity and structures of the thioether - 
stabilized Pd nanoparticles with 1.7    ±    0.2   nm, 2.5   nm    ±    0.1   nm and 3.5    ±    0.1   nm 
diameters were monitored before and after a catalytic reaction. Pd nanoparticles 
examined by TEM following the fi rst catalytic cycle were found to aggregate, 
with the smaller 1.7   nm Pd nanoparticles forming larger - sized aggregates, relative 
to the larger 2.5   nm    ±    0.1   nm and 3.5    ±    0.1   nm Pd nanoparticles. Both, the 
2.5   nm    ±    0.1   nm and 3.5    ±    0.1   nm Pd nanoparticles had similar - sized aggregates 
following one catalytic cycle. After the fi rst catalytic cycle, the average reaction 
yields for the 1.7    ±    0.2   nm, 2.5   nm    ±    0.1   nm and 3.5    ±    0.1   nm Pd nanoparticles 
were 98, 96 and 95%, respectively. In the second catalytic cycle, the reaction yields 
decreased to 12, 25 and 43% respectively, and continued to decrease with addi-
tional cycles, as shown in Figure  9.35 . The 1.7   nm Pd nanoparticles showed no 
catalytic activity following two cycles. However, the results shown in Figure  9.35  
revealed that the reactivity of the Pd nanoparticles increased with an increase in 
Pd nanoparticle size. This is in contrast to what might be expected    –    that is, the 
reactivity would be expected to decrease with increases in particle size, due to 
smaller particles having a greater percentage of their atoms on the particle surface 
compared to the larger particles. This observation has also been reported by others 
 [41, 96, 97] . In addition to a loss of catalytic activity of the homogeneous Pd 
nanoparticles, particle recovery proved to be problematic. A second disadvantage 

    Figure 9.35     Percentage conversion plotted 
against the number of catalytic cycles for the 
conversion of styrene to 1 - ethylbenzene. 
Comparison of colloidal and SiO 2  - immobilized 
1.7   nm, 2.5   nm and 3.5   nm Pd nanoparticles. 
For colloidal particles, the larger the size, the 
more reusable was the catalyst. When 

immobilized on SiO 2 , the conversion 
effi ciencies were highly improved compared to 
the colloidal counterpart; however, the smaller 
the particle size the better was the conversion 
effi ciency.  Reproduced with permission 
from Ref.  [48] ;  ©  2007 American Chemical 
Society.   
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in using homogeneous metal nanoparticle catalysts is the challenge of their recov-
ery, and in this respect metal nanoparticle immobilization onto solid supports has 
become a routine, attractive and widely used approach. The advantage here is that 
the activity of the Pd nanoparticles can be utilized whilst simultaneously allowing 
the system to behave heterogeneously. Obare  et al.  further examined the catalytic 
activity of the 1.7    ±    0.2   nm, 2.5   nm    ±    0.1   nm and 3.5    ±    0.1   nm Pd nanoparticles 
immobilized on SiO 2  (Pd/SiO 2 ) for styrene hydrogenation, and compared the 
results to those obtained with nonimmobilized Pd nanoparticles. As shown in 
Figure  9.35 , all three sizes of Pd/SiO 2  showed no loss in catalytic activity after eight 
reaction cycles. In addition, the 1.7   nm Pd/SiO 2  showed consistent improved con-
version rates ( ∼ 99%) compared to the larger 3.5    ±    0.1   nm particles. These results 
demonstrate the importance of immobilizing metallic nanoparticles onto solid 
supports for their use in catalysis.   

 A number of reports relating to Pd - supported catalyzed reactions are available 
in the literature, with many such reactions having been carried out in the organic 
phase. Future advancements in the use of nanoparticles for the life sciences will 
rely on an ability to carry out such transformations in the aqueous phase, thus 
creating environmentally friendly chemistries. In the following section we will 
showcase some notable examples of Pd - catalyzed C – C coupling reactions in the 
aqueous phase. It is anticipated that, based on the successes in synthetic proce-
dures and an increased understanding of the chemical and physical properties, 
future progress in this area will indeed be extensive. 

  9.3.1.1   Suzuki Reaction 
 In addition to the well - known organic - phase transformations, the Suzuki reaction 
also offers methods for the crosscoupling of aryl halides with hydrophilic func-
tional groups. These reactions therefore, require polar solvents such as water. El -
 Sayed ’ s group prepared 3.6    ±    0.73   nm PVP - stabilized palladium nanoparticles and 
showed them to act as effi cient catalysts for the Suzuki crosscouplings as colloids 
 [15] . One limitation to this reaction was that the Pd metal precipitated during the 
reaction causing a decrease in catalytic activity. To investigate this effect further, 
a series of PVP - Pd nanoparticles of varying size was prepared to catalyze the 
Suzuki reaction between phenylboronic acid and iodobenzene in aqueous solution 
 [16] . Although the results showed the catalytic activity to increase as the particle 
size decreased, the tendency for aggregation increased as the particle size decreased. 
This suggested that the reactivity of the particles was indeed  ‘ structure - sensitive ’     –
    that is, the coordinately unsaturated vertex and edge atoms on the particle surface 
were each active sites for the catalysis. 

 El - Sayed ’ s group also investigated the effect of three different stabilizers on the 
catalytic activity and stability of the Pd nanoparticles when catalyzing a Suzuki 
reaction in the aqueous phase  [17] . Results showed that the Pd nanoparticles, when 
stabilized by PVP, block copolymer and G3 dendrimer, were all effi cient catalysts. 
However, in the case of dendrimers, the strong encapsulation of Pd particles 
within the dendrimers resulted in a loss of catalytic activity. 



 In another study, Gallon  et al.  used  polyaniline  ( PANI ) nanofi ber - supported 
palladium nanoparticles as catalysts for the coupling of aryl chlorides with phenyl 
boronic acid in water  [98] . Typically, the aryl chlorides were ineffective in most 
Suzuki coupling reactions but, by substituting the aryl halide appropriately, it 
could be shown that Pd nanoparticles were capable of carrying out the transforma-
tion in the aqueous phase.  

  9.3.1.2   Heck Reaction 
 The Heck reaction is one of the most versatile and useful tools in organic synthe-
sis, and provides a direct route for the synthesis of many important olefi ns  [99] . 
Normally, the Heck reaction employs a palladium catalyst in the presence of 
phosphine ligands and a base, under an inert atmosphere. However, as polar 
aprotic solvents remain the major media for the Heck reaction  [100] , this has 
greatly limited the reaction ’ s industrial application. 

 Very few examples have been reported of Pd - catalyzed Heck reactions being 
carried out in the aqueous phase. The most notable is the investigation conducted 
by Bhattacharya and coworkers, who used CTAB - stabilized Pd nanoparticles 
as catalysts  [101] . In this reaction, CTAB had the dual role of providing a 
strong micellar effect and also acting as a stabilizer for the Pd nanocluster 
formation. These Pd catalysts achieved good yields for the CTAB - mediated Heck 
reaction in water, although some low - loading Pd catalysts also showed effective 
results.  

  9.3.1.3   Stille Reaction 
 Several groups have demonstrated the effi cacy of Pd nanoparticles in catalyzing 
the Stille reaction  [102 – 105] . In all such cases the Pd nanoparticles were immobi-
lized on inorganic supports, such as polyoxometalates, alumina, silica and 
polymers, and the reactions took place in organic solvents. However, Crooks ’  
group reported  dendrimer - encapsulated nanoparticle s ( DEN s), consisting of size - 
monodisperse Pd nanoparticles within  poly(amidoamine)  ( PAMAM ) dendrimers 
 [106] . The major improvement with these highly monodisperse Pd nanoparticles 
as catalysts for the Stille reaction was that it was easy to achieve a high yield, at 
room temperature, and in water.  

  9.3.1.4   Hydrogenation Reactions 
 Crooks ’  group prepared monodisperse (1.7    ±    0.2   nm) palladium nanoparti-
cles within the interiors of three different generations of hydroxyl - terminated 
PAMAM dendrimers  [41] . This process involved encapsulation of the nonselec-
tive catalyst (the Pd nanoparticle) within a selective nanoporous cage (the dendr-
imer). These dendrimer - encapsulated palladium nanoparticles were used as 
catalysts to hydrogenate allyl alcohol and four R - substituted derivatives in a metha-
nol/water mixture. The results showed that higher - generation  dendrimer encap-
sulated catalyst s ( DEC s) or larger substrates resulted in lower turnover 
frequencies.   
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  9.3.2 
 Environmental Remediation 

 Halogenated hydrocarbon compounds are prevalent pollutants in the environ-
ment, and consequently several methods have been examined to identify reliable 
and effective ways of removing such toxic materials from the environment. Hence, 
Pd nanoparticles, with their excellent reducing capabilities, may represent possible 
candidates for this role. 

 Cal ò  and coworkers reported that Pd nanoparticles catalyzed the hydrodehaloge-
nation reactions of aryl chlorides in ionic liquids  [107] . Here, molten tetrabutylam-
monium bromide was used as the solvent, and tetrabutylammonium acetate as 
the base. The results showed the Pd nanoparticles to be capable of the hydrode-
halogenation of various aryl chlorides under hydrogen, at atmospheric pressure. 
These authors also noted that the catalyst showed only a small decrease in catalytic 
activity with recycling experiments, due mainly to a minor leaching of palladium 
from the ionic liquid phase. 

 In further studies, Roberts  et al.   [108]  showed that 2.4   nm polysugar - stabilized -
 Pd nanoparticles catalyzed the hydrodechlorination of trichloroethylene, an 
extremely diffi cult pollutant to remove from the environment. Mertens and 
coworkers recently reported a new approach for degradation of the toxic pesticide 
lindane (  γ  - hexachlorocyclohexane ;   γ  - HCH ) through a dechlorination process cata-
lyzed by Pd nanoparticles  [109] . A heterogeneous catalyst was used in which col-
loidal Pd nanoparticles were immobilized onto the biomass of  Shewanella oneidensis . 
The results showed that, upon interaction with the Pd nanoparticles, the dechlo-
rination of lindane in water in a membrane reactor was highly effective. Indeed, 
when compared to a commercially available, powdered Pd(0) material, the immo-
bilized Pd nanoparticles showed a high catalytic activity in the dechlorination of 
 γ  - HCH.  

  9.3.3 
 Sensing 

 A number of new reports have been made describing the ability of Pd nanoparti-
cles to function as effective sensors. For example, Fang ’ s group used Pd nanopar-
ticles supported on  multi - walled carbon nanotubes  ( MWCNTs ) to modify a  glassy 
carbon electrode  ( GCE ). This material was then used in a DNA sensor system  [110]  
where DNA hybridization processes were monitored by electrochemical measure-
ments using the dye,  methylene blue  ( MB ) as an indicator [MB can be used to 
distinguish between  single - stranded DNA  ( ssDNA ) and  double - stranded DNA  
( dsDNA )]. The results showed that Pd nanoparticles could affect the redox reaction 
of MB by adsorbing/releasing hydrogen; furthermore, the MWCNTs/Pd - NPs, 
when combined with MB, functioned as a sensitive and selective DNA sensor. 

 Foxx  et al.  reported the synthesis of polymer - stabilized Pd nanoparticles on 
carbon supports  [111] . An oxidase enzyme was immobilized on the nanocomposite 
graphite - Pd surface to fabricate the biosensor, after which the particles were used 
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for sensing glucose by monitoring the oxidation or reduction of H 2 O 2  (the byprod-
uct of glucose oxidation). Lim and coworkers also reported the details of a glucose 
biosensor in which Pd nanoparticles and the enzyme  glucose oxidase  ( GOx ) were 
codeposited onto a  carbon nanotube  ( CNT ) fi lm  [112] . The results showed the Pd -
 GOx - Nafi on CNT bioelectrode to be an effi cient sensor for the oxidation and 
reduction of the enzymatically liberated H 2 O 2 , thus providing a rapid and sensitive 
quantifi cation of glucose. 

 Huang and coworkers reported the details of biosensors based on Pd nanopar-
ticles  [113] . Here, Pd nanoparticles loaded onto  carbon nanofi ber s ( CNF s) (known 
as Pd/CNFs) were used to modify a  carbon paste electrode  ( CPE ) for the 
electrochemical - sensing of H 2 O 2  and NADH. Based on these experiments, the 
Pd/CNF - CPE showed high sensitivity and selectivity, as well as a rapid response 
to H 2 O 2  and NADH. These authors claimed that the presence of Pd, a good electric 
conductivity, a high active surface area and a high catalytic activity led to a signifi -
cant improvement in the properties of the sensor.   

  9.4 
 Future Perspectives 

 One of the major challenges in nanoscale science is the development of straight-
forward synthetic approaches that produce desired nanostructures, in high yield 
and with uniformity in both size and shape. Over the past decade, signifi cant 
advancements have been made in our understanding of the chemistry required to 
control the size and shape of Pd nanoparticles. Such progress has opened several 
avenues for the exploration of applications of Pd beyond catalysis. Quantum con-
fi nement coupled with the shape - control of Pd has demonstrated some interesting 
properties, including surface plasmon resonance, charge transfer and sensor 
applications. With additional progress devoted towards an understanding of the 
physical properties of Pd nanoparticles, it is expected that in future these materials 
will play important roles in medical applications, the environmental sciences and 
in electronics. Yet, the major task will be to bring together the expertise of synthetic 
chemists with that of physicists, biologists and engineers in order to assess the 
potential of these novel materials.  
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  10.1 
 Introduction 

 Morphology plays an important role in determining the chemical and catalytic 
properties of platinum nanostructures, because the surface atomic arrangements 
and electronic confi gurations are largely determined by the shape of crystals  [1 – 6] . 
The recent demonstration of superior catalytic property in fuel oxidation by tetra-
hexahedral platinum nanocrystals is one such example  [7] . Shape controlled, low -
 dimensional nanocrystals can also be used to build hierarchical structures through 
self - assembly or oriented attachment  [3, 8 – 12] . The higher - ordered nanostructures 
may generate additional unique functionality. 

 While the syntheses of nanoparticles have traditionally been conducted in 
aqueous solutions using colloidal methods, most of the successful strategies for 
controlling the shape of nanocrystals in recent years have been conducted in non-
hydrolytic systems  [13 – 15] . Such colloidal methods are also used for general plati-
num metal nanoparticles. The main advantages of nonhydrolytic solutions may 
lie in the fact that the choice of reagents and reaction conditions can be substan-
tially broadened, because various metal precursors, stabilizing agents and reduc-
ing reagents can be identifi ed based on the selection of solvents. 

 Although, in recent years, we have witnessed tremendous progresses in the 
shape control of metal nanoparticles, and a large variety of systems have been 
developed  [2, 6, 16 – 20] , silver and gold nanostructures have received a great deal 
of attention due to their simple synthetic approaches, chemical stability and poten-
tial applications in plasmonics, sensing, imaging, catalysis, biology and therapy 
 [16, 17, 19, 20] . The subjects of size, shape and surface chemistry of silver and 
gold metal nanostructures have been reviewed by several groups. Even though 
the basic principles on size and shape control that have been developed for gold 
or silver nanoparticles should still apply to platinum, a  face - centered cubic  ( fcc ) 
noble metal, material systems can be very different when creating platinum 
nanostructures. For instance, whereas thiolates can serve as very good capping 
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agents for gold and silver, amines are the preferred functional groups for platinum 
due to the binding strength between the capping agent and the metal surface. 
Today, new sets of synthetic mixtures and conditions must be determined in order 
to prepare platinum nanostructures with specifi c morphologies. 

 Although various topics relating to the control of platinum nanostructures have 
been briefl y described in several recent reviews, the discussions have in general 
been rather generic  [2, 6] . As yet, to the best of our knowledge, the shape - control 
of platinum nanostructures has not been systematically reviewed, in part due to 
the relatively small number of publications in related subjects. Those areas that 
have been covered well include the catalytic properties of platinum particles  [1] , 
while some degree of effort has been applied to certain aspects of the shape control 
of Pt nanostructures, such as multipods and dendritic nanostructures  [21] . 

 In this chapter, we examine the basic principles for the shape control of plati-
num nanostructures, and review state - of - the - art research data on synthetic 
approaches and the characterization of platinum nanostructures with different 
morphologies. Thermodynamic and kinetic parameters are discussed and used to 
understand the evolution of shape and control of uniformity during nucleation 
and growth processes, with emphasis on concepts related to shape control, such 
as defect formation. Initially, we discuss classical homogeneous nucleation theory, 
which centers on concepts such as excess free energy, cluster size, critical radius 
and nucleation rate, and describe how to design controllable experimental param-
eters based on theoretical analyses. The aim is to explain those aspects that can 
go beyond the classical LaMer concept, and which do not place emphasis on shape 
control; sequential growth and defect formation are also given special attention. 
Practical aspects of synthetic approaches to platinum nanostructures are detailed, 
with approaches being classifi ed as either aqueous or nonhydrolytic phase synthe-
ses. Colloidal and electrochemical methods by describing the choices of commonly 
used reagents for achieving shape control, and the choices of reagents used for 
nonhydrolytic systems. Representative recent examples on various shape - con-
trolled syntheses of platinum nanostructures are outlined for aqueous and non-
hydrolytic systems, respectively. 

 Finally, examples of synthetic and characterization approaches to zero - , one - , 
two -  and three - dimensional nanostructured platinum are presented. Although all 
dimensionality for low - dimensional nanomaterials is  ‘ pseudo ’  structures as plati-
num nanostructures are composed of three - dimensional unit cells, these nano-
structures are classifi ed according to convention. Simple, single crystal - based 
morphologies and spherical nanoparticles are categorized as zero - dimensional 
structures, while platinum nanomaterials with a high aspect ratio in a direction 
are termed one - dimensional structures. Two - dimensional nanostructures (e.g. 
plates and planar multipods) and three - dimensional (3D) structures (e.g. multi-
pods, nanofl owers, hollow spheres, hollow cubes, networks) are addressed. Emerg-
ing topics on the shape control of platinum alloys and intermetallics are also 
provided. The chapter concludes with some recent key developments in the shape 
control of platinum nanostructures.  



  10.2 
 The Principles of Shape Control of Nanocrystals During Nucleation and Growth 

 Multiple factors can affect the morphology of platinum nanoparticles during 
synthesis. In order to elucidate the effects of various parameters that govern the 
formation of shapes, we start from the basics of nucleation and growth of nano-
crystals  [22 – 24] . In general, at beginning stage, solute atoms are not completely 
free of movement and bonded with molecules. Under the right conditions, these 
solute atoms are reduced to form zero - valence metal atoms that can collide and 
form meta - stable small clusters, away from thermodynamic equilibrium. Some of 
these unstable clusters can dissolve, while new ones form. The number of clusters 
at various energy levels should obey the Boltzmann distribution. When the clusters 
reach a critical limit in size, namely the critical size ( r  * ), or overcome a certain 
energy level called the  critical energy barrier  ( Δ  G *  ), they become thermodynamically 
stable. This process is the so - called  nucleation stage , and the thermodynamically 
stable clusters are called  nuclei . The nuclei can either continue to consume free 
solute atoms or they can grow at the sacrifi ce of unstable small clusters ( r    <    r  * ), 
and eventually form crystalline particles. This whole process is complicated and    –
    for the sake of simplicity    –    is often divided into nucleation and growth, despite the 
fact that the two stages are usually intertwined. The reaction conditions and solutes 
can greatly affect the kinetics for both nucleation and growth of nanocrystals. What 
makes this process complex is that many parameters may vary in spatiotemporal 
domain, which makes it diffi cult to separate the various factors and describe their 
effects accurately. In the following sections, after a brief description of the nucle-
ation and growth processes, we will emphasize the key control lable reaction 
parameters that can affect the fi nal shapes of platinum nanocrystals. 

  10.2.1 
 Nucleation 

  10.2.1.1   Classical Nucleation Theory 
 The classical nucleation theory, as pioneered by Volmer and Weber  [25, 26]  and 
by Becker and Doring  [27] , deals with the nucleation process based on Gibbs free 
energy. For a single - solute system, at the initial stage, solute atoms ( A ) collide and 
form small clusters in the solution atom - by - atom:

   A A A+ ↔ 2     (10.1)  

   A A A2 3+ ↔     (10.2)  

   A A An n+ ↔ +1     (10.3)   

 On average, the number of the clusters with radius  r  ( N r  ) can be obtained by the 
following equations  [22 – 24] :
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where  N  0  is the total number of free solute atoms per unit volume in the system, 
 Δ  G r   is excess free energy of cluster formation,  γ  is surface free energy per unit 
surface area,  Δ  G V   is change of free energy between solute atoms in solution and 
unit volume of the bulk crystal,  V m   is molar volume of bulk crystal,  T  is reaction 
temperature,  N A   is the Avogadro constant,  R  is the ideal gas constant, and  S  is the 
ratio between solute concentrations at saturation [ A ]  s   and at equilibrium [ A ]  eq  , 
respectively. 

 The excess free energy ( Δ  G r  ) contains two competing terms. One is usually 
positive, related to the creation of an interface between solute cluster and medium 
of solution, which is unfavorable. The other is related to the bond formation in 
nuclei, which can be either positive or negative according to the value of  S . If the 
solute is not oversaturated (i.e.  S     ≤    1),  Δ  G r   is positive and increases with the 
growth of clusters. The larger the cluster size, the more thermodynamically unsta-
ble it becomes, and therefore particles cannot form in such systems. Only when 
the solute is saturated (i.e.  S     >    1) can  Δ  G r   decrease with the increase of cluster 
radius, and the formation of crystals is then preferable. In other words, the nuclea-
tion and growth of particles occurs when the solute is supersaturated. Under 
the condition  S     >    1, the relationship between  Δ  G r   and  r  can be illustrated, as in 
Figure  10.1 .   

 In this relationship, the excess free energy for the formation of clusters  Δ  G r  , 
fi rst increases then decreases with the radius of the particles,  r . The critical radius, 
 r  * , is associated with a maximum excess free energy,  Δ  G *  . Accordingly, there 
exists a critical number of atoms,  n  * , in cluster   An* at the radius of  r  * . When  r     <     r   *  , 
the system can lower its free energy by dissolution of clusters. Thus, these clusters 
are not thermodynamically stable and dissolve quickly, whereas some new clusters 
form due to spontaneous collisions. These unstable particles   ( *)A An n<  are known 
as  clusters  or  embryos , and their numbers follow the Boltzmann distribution and 
decrease exponentially with increases of  Δ  G r  , as described in Equation  10.4 . When 
the radius of a cluster is larger than the critical value ( r     >     r  * ), it becomes stable 
and is referred to as a  nucleus . Thus, the expressions of critical radius  r  *  and 
maximum excess free energy  Δ  G *   can be obtained mathematically when  d  Δ  G r  / dr  
is equal to zero  [22, 23, 28] :
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 Similarly, the number of clusters that reach the critical size,   Nr* and nucleation 
rate,   dN dtr*  can be given by the following two equations:
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where  f  0  is the ratio of critical - sized clusters becoming stable nuclei and a function 
containing variables such as vibration frequency of the atoms, activation energy 
for diffusion in liquid, and surface area of critical nuclei. 

 The  r  * ,  Δ  G *  ,   Nr* and   dN dtr*  values can be used to describe how easy or diffi cult 
it is for a solute to nucleate. Nuclei form easily when a system has small values 
of  r  *  and  Δ  G *  , since the clusters need to overcome only a small energy barrier 
and incorporate few atoms to become stable. In contrast, if  r  *  is large and  Δ  G *   is 
very positive, the formation of stable nuclei is diffi cult. Only a small portion of 
clusters can then grow into stable nuclei, and a slow nucleation rate is expected.  

  10.2.1.2   Controllable Parameters for Nucleation 
 Surface free energy ( γ ), reaction temperature ( T ), degree of supersaturation 
( S ) and ratio of critical - sized clusters converting into stable nuclei (  f  0 ) are the 
important variables that must be taken into consideration in this context, based 

    Figure 10.1     Illustration of the overall excess free energy,  Δ  G r   as a function of cluster size  r .  
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on the above equations of  r  * ,  Δ  G *  ,   Nr* and   dN dtr* .  f  0  is a rather complex term 
and cannot be readily reduced to controllable parameters experimentally. Thus,  γ , 
 T  and  S  are the three important parameters which affect the nucleation process 
and can be controlled experimentally. The qualitative correlations between these 
variables and their effects on the nucleation are summarized in Table  10.1 .   

 Clearly, a large surface free energy results in diffi culty in nucleation, as the 
unstable clusters need to reach a large critical size and overcome a high energy 
barrier to become nuclei. As a result, a small number of clusters can reach the 
critical size, leading to a reduced nucleation rate. On the other hand, the reaction 
temperature and ratio of supersaturation have the opposite effects since, when 
these two variables increase, the nucleation becomes easy due to a relatively small 
critical size, a low energy barrier, a large number of clusters reaching the critical 
size, and a fast nucleation rate.  

  10.2.1.3   Types of Nucleation 
 There are three commonly known nucleation processes: homogeneous, heteroge-
neous, and secondary nucleation. 

  Homogeneous nucleation  is the most common of the three, where the formation 
of nuclei from solute atoms can occur in the absence of any outside stimulant, 
such as solid interface and contaminant. The solute atoms are thermodynamically 
unstable when supersaturation is reached, and form stable nuclei to reduce the 
overall system energy. The classical nucleation theory can be used to depict a 
homogenous nucleation process. 

 In the case of  heterogeneous nucleation , a certain amount of surface energy is 
released through interfaces by introducing proper foreign species. The critical 
value for the energy barrier is smaller than that for the corresponding homoge-
neous nucleation, and this results in a faster nucleation rate. The equations for 
describing the  r  * ,  Δ  G *  ,   Nr* and   dN dtr*  in homogeneous nucleation must be 
modifi ed by adding additional terms related to the surface energy, as given below 
 [22, 23] :
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 Table 10.1     Effects of key experimental parameters on nucleation.     a      

  Experimental parameters    Effects on nucleation  

   g     T    S     r  *      D  G  *       Nr*       dN dtr*   

   ↑  ( ↓ )     –      –      ↑  ( ↓ )     ↑  ( ↓ )     ↓  ( ↑ )     ↓  ( ↑ )  
   –      ↑  ( ↓ )     –      ↓  ( ↑ )     ↓  ( ↑ )     ↑  ( ↓ )     ↑  ( ↓ )  
   –      –      ↑  ( ↓ )     ↓  ( ↑ )     ↓  ( ↑ )     ↑  ( ↓ )     ↑  ( ↓ )  

    a  The symbols  ‘  ↑  ( ↓ ) ’  indicate the increase (decrease) of a given variable.   
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where  S ( θ ), a numerical value less than unity, is a shape factor which describes 
the geometric relationship between the heterogeneous nuclei and the substrate, 
 N site   is the number of heterogeneous nucleation sites per unit volume, and 
 f ( N A  [ A ]  eq   S ,  N site  ) is a function of  S  and  N site   depicting the number of atoms in contact 
with the heterogeneous nucleation sites per unit volume. 

 The third type of nucleation    –     secondary nucleation     –    refers to the formation of 
nuclei induced by experimental conditions such as stirring, and can continue in 
the growth stage of particles. As yet, no complete theory has been developed to 
describe secondary nucleation.   

  10.2.2 
 Growth 

  10.2.2.1   Uniformity Control Related to the Morphology of Nanocrystals 

  10.2.2.1.1   Principles for Uniformity Control   Control of reaction conditions to 
create distinguishable nucleation and growth steps is generally required for the 
preparation of uniform particles. LaMer ’ s concept  [29]  of a bursting nucleation 
followed by diffusion - controlled growth  [30 – 32]  is widely used to guide the basic 
experimental designs. As discussed above, three major controllable variables, 
namely S,  γ  and  T , can affect the nucleation process. The surface free energy and 
reaction temperature can be fi xed once the reaction system and conditions have 
been chosen, but the degree of supersaturation is usually a function of reaction 
time that changes throughout the nucleation and growth. This is especially the 
case for particle growth in solutions, where the amount of introduced solute atoms 

 10.2 The Principles of Shape Control of Nanocrystals During Nucleation and Growth  363



 364  10 Spherical and Anisotropic Platinum Nanomaterials

is diffi cult to keep constant. Thus, the original LaMer model is modifi ed to include 
those cases which involve the evolution of  S  with an increase in reaction time and 
under sequential growth conditions, as illustrated in Figure  10.2 .   

 As indicated in Figure  10.2 , the whole synthetic process can be divided into 
three distinguishable stages. At Stage I, free solute atoms form through either 
the reduction or decomposition, and the degree of supersaturation increases. 
When the degree of supersaturation reaches the critical value, nucleation 
occurs explosively, leading to the simultaneous formation of a large number of 
nuclei, the so - called Stage II. This process rapidly consumes solute atoms and 
results in a decrease in the  S  value. When the degree of supersaturation falls below 
the critical threshold value, nucleation stops and the growth stage, Stage III, 
becomes dominant. During this stage, formed nuclei grow at the expense of free 
solute atoms and unstable clusters, the radii of which are smaller than the critical 
value  r  * . 

 The particle growth is usually either diffusion -  or reaction - limited, although 
there are cases where these two processes are comparable. In a solution, a 
diffusion - limited process is dominant under most conditions and the rate for 

particle growth,   
dr

dt
, can be depicted according to the following equation  [30, 31] :
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where  t  is the reaction time,  δ  the thickness of the diffusion layer, and  K  is a con-
stant proportional to the diffusion constant of the solute.  

  10.2.2.1.2   Size Focusing and Defocusing (Ostwald Ripening)   Based on the above 
expression, the diffusion - limited growth rate in a solution is strongly dependent 
on the particle size. The larger the particle size is, the slower the growth rate is; 

    Figure 10.2     Change of supersaturation ratio as a function 
of time during the nucleation and growth of faceted 
nanoparticles.  



while those unstable clusters with radius less than  r  *  disappear. Such a process 
leads to a narrow size distribution, and is usually called  ‘ size focusing ’   [30, 31] . 
This occurs at the start of Stage III as described in the LaMer plot, where nucle-
ation stops but  S  is still relatively high. At this stage, the size of many just - formed 
nuclei is only slightly larger than the critical radius  r  * . These nuclei grow into 
particles by consuming free solute atoms and unstable clusters. On the other hand, 
 S  quickly decreases during this growth process as the solute is consumed, and as 
a consequence, both  r  *  and  Δ  G *   increase. Some of the stable particles with radii 
slightly larger than the critical size now become unstable under the condition, with 
decreasing  S . They dissolve and reduce in number, whilst the large particles 
continue to grow. This process broadens the particle size distribution and is the 
 defocusing step  or the so - called  ‘ Ostwald ripening ’   [31, 33 – 35] . 

 The above theory predicts that a synthetic system with rapid nucleation followed 
by distinguishable growth is typically required for the preparation of uniform 
nanoparticles. The narrower the band for Stage II is, the more uniform particles 
can be.  Rapid reduction  and  hot injection  are two widely used techniques for prepar-
ing uniform nanoparticles  [14, 36] . The free solute atoms are released within a 
very short period of time, and the degree of supersaturation ( S ) quickly becomes 
much larger than the critical value, resulting in a burst of nucleation. Conse-
quently, most of the solute atoms are consumed and the growth stops immediately 
after the nucleation stage. In order to prepare large uniform nanostructures, a 
sequential process is usually applied. In this case, the degree of supersaturation 
cannot be too high    –    as this can result in new nucleation    –    or too low    –    which can 
cause Ostwald ripening. The seed particles formed at Stage II eventually grow into 
uniform large particles at the expense mostly of the released solute atoms.   

  10.2.2.2   Shape Controls 
 During the growth of nanocrystals, both thermodynamic and kinetic factors can 
play important roles in most cases, and either factor may be dominant under 
certain circumstances. In this section, we discuss the strategies of shape controls 
of platinum nanocrystals according to the factors in the following two major 
categories. 

  10.2.2.2.1   Growth Habits and Defects for Shape Control   The shape control of Pt 
nanoparticles based on growth habits is largely governed by thermodynamic 
factors. As platinum metal is fcc, the low - index surfaces that are most relevant to 
determine the crystal shapes are (100), (110) and (111). The surface energy follows 
the order of (111)  <  (100)  <  (110)  [37] . Pt clusters form facets with the lowest surface 
energy to minimize the total excess free energy, and in most cases these clusters 
eventually grow into nanoparticles bound by these surfaces. Figure  10.3  illustrates 
some common shapes based on the crystal growth habits.   

 The total excess free energy can further decrease by introducing  crystal defects . 
 Twinning defects , those in (111) plane for fcc metals in particular, are the most 
common and widely observed type in the shape control of metal nanostructures 
 [38, 39] . The introduction of twin planes reduces the symmetry and alters the 
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growth directions of the nanoparticles, leading to the formation of shapes that 
cannot exist in single crystal form  [40] . Twinning in the (111) plane is preferable 
in comparison with that of other low - index planes, due to the relatively low surface 
energy and suitable inter - planar angles. Some common shapes of fcc metals con-
taining twin planes, all of which contain either single or multiple (111) twin planes, 
are summarized in Figure  10.4 . These shapes include bipyramid, decahedron, 
icosahedron, triangular plate, tripod, nanorods and nanowires.   

 Based on a global energy analysis, if the decrease in interfacial energy can com-
pensate the increase in energy due to defects, the formation of a twin plane is then 
thermodynamically favorable. This relationship among these energy terms can be 
depicted in the following equation:

   ′ + + <γ γ γ γtwin strain     (10.19)  

where  γ   ′  and  γ  are crystal - solution interfacial energy with and without twin planes, 
respectively;  γ   twin   is the surface energy for the formation of twin plane, and  γ   strain   is 
the stain energy induced by the formation of twin plane due to lattice distortion 
or geometric mismatch. A decahedron is composed of fi ve tetrahedra and is 
bound by ten (111) plane. As the interplanar angle of the tetrahedron is approxi-
mately 70.5    ° , the decahedron needs to accommodate a 7.5    °  gap. This geometric 
mismatch induces positive strain energy which increases with the expansion of 
the gap, and is adverse for the formation of twin planes. This mismatch can par-
tially explain why only limited shapes containing twin planes have been observed, 
as a given shape must be energetically favorable and geometrically allowable. It 
may also attribute to the observation that large, multiple - twinned nanocrystals 

    Figure 10.3     Selected common shapes of single crystalline 
platinum nanoparticles bound by (a) one group and (b) two 
groups of facets, where the notation ( n, m ) represents the 
number of defects,  n , and different facets,  m , in the crystals.  



such as icosahedrons are rarely observed  [6, 41, 42]  because the  γ   strain   increases 
rapidly with the size of particles. 

 The creation of energetically favored conditions for stable multiply twinned 
defects during both the nucleation and growth is necessary when preparing various 
Pt nanoparticles with symmetry - reduced shapes. According to Equation  10.19 , a 
large difference in crystal - solution interfacial energy, with and without twin planes, 
favors the formation of defects. Experimentally, this difference can be generated 
by using proper capping reagents which interact selectively with various crystal 
surfaces and reduce their interfacial energy. Heterogeneous nucleation is another 
approach where the lattice mismatch between the two species and difference in 
chemical composition may help defect formation by reducing the system energy. 
As reported by Teng  et al. , even a small amount of silver precursors triggered the 
formation of platinum multipods  [43] . The shapes of multiply twinned nanoparti-
cles can be further controlled by using inorganic species through the selective 
etching of certain twin planes  [9, 44, 45] . Oxygen, chloride and bromide ions have 
been used in the growth of Ag or Pd nanocrystals. Those shapes with twin planes 
can be etched away, resulting in only single crystal forms if Cl  −   is used  [9, 45] . 
When a weaker etchant such as Br  −   is used, however, nanoparticles with multiple 
twin planes can be etched, while those nanocrystals containing single twin planes 
survive  [45] .  

  10.2.2.2.2   Kinetics on Shape Control 

  Adsorptive Organic Capping Agents   Organic capping agents, which have been 
widely employed to achieve shape control of Pt nanoparticles, affect particle growth 
mainly in three areas: 

    Figure 10.4     Selected common shapes of fcc metals 
containing twin planes, where the notation ( n, m ) represents 
the number of twin planes,  n , and different types of facets,  m .  
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   •      They can stabilize the nanoparticles from aggregation by offering the proper 
hydrophobicity.  

   •      Their interaction with nanoparticles reduces the surface energy, and in turn the 
total excess free energy, which prevents the nanoparticles from growing into 
bulk crystals.  

   •      If the adsorption of a capping agent to specifi c crystal surfaces is favored over 
that of others, anisotropic growth can be achieved.    

 As an example, Pt nanoparticles with various shapes such as cubes or tetra-
hedrons can be synthesized using acrylic acid  [46] , polyacrylate  [47]  and 
sodium polyacrylate  [48 – 50]  as capping molecules.  Tetradecyltrimethylammonium 
bromide  ( TTAB ) is an effective capping agent for preparing cubic and cubo - 
octahedral Pt nanoparticles  [4, 5] . Cubic Pt nanoparticles can also be prepared in 
organic solutions in the presence of oleic acid and oleylamine  [51 – 53] .  

  Soft Templates   Soft templates include a variety of functional structures such as 
micelles, reverse micelles and microemulsions. Molecules that make use of such 
templates are usually composed of long - chain lipophilic organic fragments and 
hydrophilic heads. When the concentration reaches a certain value    –    the  critical 
micelle concentration  ( CMC )    –    these molecules self - assemble into organized struc-
tures in order to decrease the system energy. In a microemulsion, one immiscible 
phase is dispersed as stable droplets in the other continuous phase. These micelles 
and microemulsions are thought to provide confi ned spaces during the synthesis 
of nanoparticles, where the chemical species are concentrated. This model is 
rather rudimentary, however, as the structures of soft templates are dynamic in 
solution and their stability changes with composition during the reaction  [54] . 
However, the concept of soft templates has been used to design experiments to 
control the shape of nanomaterials; for example, Pt nanorods have been obtained 
in the presence of  cetyltrimethylammonium bromide  ( CTAB )  [55] . Some two -
 dimensional (2 - D) and three - dimensional (3 - D) Pt nanostructures have also been 
prepared by using liposomes  [56 – 60] .  

  Inorganic Ions and Molecules   Recently, inorganic ions or molecules have been 
used instead of adsorptive organic molecules to control the shape of Pt nanopar-
ticles (Figure  10.5 ). These ions or molecules can selectively adsorb onto certain 
surfaces to either promote or inhibit further growth. One such example is the 
growth of Pt nanostructures in presence of silver species  [9, 61] . Here, the Ag 
species in the form of Ag 0  or   Ag4

2+ are thought to adsorb more strongly onto {100} 
than {111} facets of Pt, which results in an enhanced growth along only one set 
of the directions. When different amounts of Ag ions are added into the reaction 
systems, Pt cubes, cubo - octahedrons and octahedrons are obtained. In a separate 
study, PtCl 5 (H 2 O)  −   and PtCl 4 (H 2 O) 2  were thought to form during the reaction  [50] . 
These species, which have good oxidizing strength, preferentially adsorb onto Pt 
{111} facets and accelerate their growth, and this results in the formation of Pt 



nanocrystals enclosed with {100} facets. Copper ions (Cu 2+ ) have also been found 
effective  [62] . For example, a strong effect of ion concentration on size and shape 
has been observed for the formation of Pt nanocubes in the galvanic displacement 
reaction between Cu foil and K 2 PtCl 4 . Nitrite ions   NO2

−( ) are also thought to 
promote the anisotropic growth of Pt by forming complexes with Pt(II) and Pt(IV) 
species  [63] . Fe(II) and Fe(III) ions have been used to mediate the reduction rate 
of Pt(IV) species in the synthesis of Pt nanorods  [64, 65] .     

  10.2.2.2.3   Oriented Attachment   In addition to control at the atomic level, where 
the solute atoms are deposited continuously on the surfaces, nanoparticles can 
grow by aggregation with small primary particles. This process, which involves 
the attachment of small particles and is known as  secondary growth , has a much 
higher rate of growth than normal, since the primary particles are usually small -
 sized and have active surfaces. Secondary growth can reduce the total surface 
energy and excess free energy of the system by minimizing the exposed active 
surfaces. A decrease in the strong electrostatic repulsion between primary particles 
by introducing a less - polar solvent represents one way to grow Pt wire - like nano-
structures through induced attachment along preferred directions  [66] . The attach-
ment can be further controlled by selectively modifying the primary particle 
surfaces. For example, platinum porous nanoparticles can form from primary 
nanoparticles  [11] ; here, Pt nanoparticles form through the thermal decomposition 

    Figure 10.5     Several strategies on controlling the shape of Pt 
nanoparticles by using: (a) capping agents of adsorptive 
organic molecules; (b) soft template of micelles; and 
(c) inorganic ions and molecules.  
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of platinum acetylacetonate (Pt(acac) 2 ) fi rst. One of the key capping agents, 1 -  
adamantanecarboxylic acid  ( ACA ), can preferentially adsorb onto Pt surfaces  [67, 
68] , and this results in a preferred secondary growth along  〈 111 〉  directions  [11] . 
The so - called  single crystalline  porous Pt nanostructures have been obtained by 
creating an oriented attachment between (111) facets. Unfortunately, these porous 
structures are not thermodynamically stable, and may develop into large particles 
through Ostwald ripening.     

  10.3 
 General Synthetic Approaches 

  10.3.1 
 Aqueous - Phase Synthesis 

  10.3.1.1   Colloidal Synthesis 
 The term  ‘ colloid ’  refers to a two - phase system where insoluble particles are dis-
persed in water  [69]  or, broadly speaking, in solvents. Some selected recent exam-
ples of the shape control of platinum nanostructures in aqueous systems are 
summarized in Table  10.2 . The reduction of Pt salts by reducing agents in the 
presence of capping agents is a general method for preparing Pt nanoparticles in 
aqueous solutions. Hexachloroplatinic acid (H 2 PtCl 6 )  [87 – 92] , potassium hexachlo-
roplatinate (K 2 PtCl 6 )  [89]  and potassium tetrachloroplatinate (K 2 PtCl 4 )  [5, 46, 48, 
49, 70, 75, 83, 108]  are the widely used precursors; they can dissolve readily in 
water as   PtCl6

2− and   PtCl4
2−, respectively. As the standard reduction potentials are 

0.68   V for the   PtCl6
2− anion and 0.755   V for   PtCl4

2−, they can be readily reduced by 
a range of reducing agents, including borohydride  [87, 88, 109 – 112] , hydrazine 
 [91, 111, 113, 114] , hydrogen  [5, 48, 49] , citrate  [83, 115]  and ascorbic acid  [116, 
117] . Other chemicals such as ethanol, formic acid, vitamin B 2  and potassium 
bitartrate have also been used to reduce Pt salts. In general, the use of a strong 
reducing agent results in a high  S  value during the nucleation stage and a 

high growth rate,   
dr

dt
, during the growth stage, both of which are advantageous 

for the formation of uniform Pt nanoparticles. These nanoparticles typically 
do not possess facets due to an inability to reconstruct their surfaces during 
the short time spend. However, by selecting mild reducing reagents the 
nucleation and growth rate can be slowed down to the point where facets 
can develop without the generation of new nuclei. Experimentally, a two - step 
method is often used to control both the monodispersity and shape of Pt nanopar-
ticles. In this process, a strong reducing reagent is fi rst used to create uniform 
seed crystals, followed by the use of a mild reductant to facilitate the growth of 
particles.   

 One key factor for controlling the Pt shape during nucleation and growth is 
surfactant. A good surfactant should interact selectively with either Pt nanoparti-
cles or precursors in order to confi ne the growth. Organic molecules, polymers 



 Table 10.2     Shape control of  P  t  nanostructures in aqueous systems. 

  Precursor    Reductant   a       Surfactant   b       Additive   c       Condition   d       Shape   e       Reference(s)  

  K 2 PtCl 4     H 2     Na[PA]    pH    RT, 12   h    C, T     [48, 49, 70, 71]   

  K 2 PtCl 4     H 2     Acrylic acid    pH    RT, 12   h    C, T     [46]   

  K 2 PtCl 4     H 2     poly - NIPA        LCST    C     [72]   

  K 2 PtCl 4     H 2     poly - NEA        LCST    Tri     [73]   

  K 2 PtCl 4     H 2     PVP, poly - NIPA, 
Na[PA]  

      RT    Tri, Sq, 
Hex  

   [74]   

  K 2 PtCl 6     H 2     Na[PA]    HCl    RT    C, TO     [50]   

  K 2 PtCl 6     H 2     PVP        25 – 45    ° C    T     [75]   

  H 2 PtCl 6 , K 2 PtCl 4     H 2     PVP        RT, overnight    T     [76]   

  K 2 PtCl 4     H 2     Na 3 [Cit]    NaOH    RT    C, T, 
Hex  

   [77]   

  H 2 PtCl 6     H 2     PVP        RT, overnight    Tri, SW     [78, 79]   

  K 2 PtCl 6     H 2     PVP        RT    Tet     [80, 81]   

  Na 2 PtCl 4     PVP    PVP        80    ° C    Tri, SP     [82]   

  K 2 PtCl 6     Na 3 [Cit]    Na[PA]        refl ux, 3.5   h    SP     [83]   

  K 2 PtCl 6     NaBH 4 , H 2 , 
AA  

  TTAB        50    ° C    C, CO, 
PP  

   [4, 5]   

  H 2 PtCl 6     NaBH 4     CTAB    AgNO 3     RT    C     [84]   

  K 2 PtCl 6     NaBH 4     CTAB    HCl    RT, 12   h    DD     [85]   

  H 2 PtCl 6     EtOH    poly - NIPA        refl ux    SP     [86]   

  H 2 PtCl 6     NaBH 4 , H 2     Pluronic L64        RT    SP     [87]   

  H 2 PtCl 6     NaBH 4     MSA            SP     [88]   

  K 2 [Pt(C 2 O 4 ) 2 ]
K 2 PtCl 4 
K 2 PtCl 6   

  H 2         K 2 C 2 O 4 , 
CaCl 2   

  RT or 55    ° C    C, Hex     [89]   
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  Precursor    Reductant   a       Surfactant   b       Additive   c       Condition   d       Shape   e       Reference(s)  

  K 2 PtCl 4     Cu foil        Cu 2+         C     [62]   

  Na 2 PtCl 6     Vitamin B 2     Vitamin B 2         RT    SP     [90]   

  H 2 PtCl 6     Hydrazine    AOT    Isooctane    RT    SP     [91]   

  K 2 PtCl 4      γ  - Ray    CTAB    Hexanol    RT    NR     [55]   

  H 2 PtCl 6     Hydrazine    Berol 050    Isooctane    RT    SP     [92]   

  K 2 PtCl 4     UV, AA    SDS, Brij - 35, 
DSPC  

  SnOEP, 
chol  

      SP     [56 – 59]   

  K 2 PtCl 4     Ag NR                C/S     [93]   

  H 2 PtCl 6     Co NP            95    ° C    Hol     [94, 95]   

  H 2 PtCl 6     H 2             200    ° C for 4   h    Nec     [96]   

  H 2 PtCl 6     ED            RT    SP     [97]   

  K 2 PtCl 4     ED    AA    H 2 SO 4     RT    THH     [7, 98]   

  K 2 PtCl 6     ED        H 2 SO 4     RT    NH     [99]   

  Na 2 PtCl 6     ED        HCl    RT    NW     [100 – 102]   

  K 2 PtCl 6     ED        H 3 BO 3     RT    NT     [103]   

  H 2 PtCl 6      γ  - Ray        MeOH    RT    SP     [104, 105]   

  H 2 PtCl 6     UV        MeOH    RT    NW     [106]   

  PtCl 4     Microwave         α  - Glucose        SP     [107]   

    a  PVP   =   poly( N  - vinyl - 2 - pyrrolidone); Na 3 [Cit]   =   sodium citrate; AA   =   ascorbic acid; EtOH   =   ethanol; NR   =   nanorod; 
NP   =   nanoparticle; ED   =   electrodeposition.  

   b  Na[PA]   =   sodium polyacrylate; poly - NIPA   =   poly( N  - isopropylacrylamide); poly - NEA   =   poly( N  - ethylacrylamide); 
TTAB   =   tetradecyltrimethylammonium bromide; CTAB   =   hexadecyltrimethylammonium bromide; Pluronic 
L64   =   EO 13 PO 30 EO 13  triblock copolymer; MSA   =   mercaptosuccinic acid; AOT   =   sodium bis(2 - ethylhexyl)
sulfosuccinate; SDS   =   sodium dodecylsulfate; DSPC   =   1,2 - distearoyl -  sn  - glycero - 3 - phosphocholine.  

   c  MeOH   =   methanol; SnOEP   =   Sn(IV) - octaethylporphyrin; chol   =   cholesterol.  
   d  LCST   =   lower critical solution temperature; RT   =   room temperature.  
   e  C   =   cube; T   =   tetrahedron; O   =   octahedron; THH   =   tetrahexahedron; CO   =   cubo - octahedron; TO   =   truncated 

octahedron; SP   =   spherical particle; Tri   =   triangular; Sq   =   square; Tet   =   tetragonal; Hex   =   hexagonal; NR   =   
nanorod; NW   =   nanowire; NT   =   nanotube; Nec   =   necklace structure; C/S   =   core/shell structure; SW   =   snow -
 like particles; DD   =   dendrite; PP   =   porous particles; NH   =   nanohorn; Hol   =   hollow structure.   

Table 10.2 Continued



and inorganic ions have all been used to control the growth of Pt nanoparticles in 
aqueous solutions. Polyacrylate  [48, 49, 70, 71, 74] , acrylic acid  [46] , TTAB  [4, 5] , 
 poly( N  - vinyl - 2 - pyrrolidone)  ( PVP )  [76, 78 – 82] , poly( N  - isopropylacrylamide)  [72, 74, 
86] , poly( N  - ethylacrylamide)  [73] , mercaptosuccinic acid  [88] , oxalate  [89] , sodium 
citrate  [77] , vitamin B 2   [90] , bis(2 - ethylhexyl)sulfosuccinate (AOT)  [91]  and CTAB 
 [55, 84, 85]  are some of the capping agents used in the growth of Pt nanostructures. 
These can either adsorb selectively onto specifi c surfaces, or form micelles and 
liposomes that guide the growth of Pt. In addition, the growth of various low -
 dimensional Pt nanostructures including nanowires  [96, 118, 119] , nanotubes 
 [120] , hollow nanocubes  [120]  and hollow nanospheres  [94, 95, 121] , can be realized 
by using hard templates.  

  10.3.1.2   Electrochemical Methods 
 In the electrochemical method, electrons supplied externally by a power source 
are used to convert ions into zero - valent metals. For platinum metal made from   
PtCl6

2− and   PtCl4
2−, reduction occurs once the external potential is below about 

0.68 – 0.75   V. Experimentally, these reactions can occur once the potential is low 
enough to overcome the reduction overpotential. Pt nanoparticles have been elec-
trochemically deposited on a variety of electronically conducting supports  [97, 
122 – 126] . Pt nanowires and nanotubes have also been prepared electrochemically 
by introducing hard templates  [100 – 103]  or lithographically patterned templates 
 [127] . Recently, Tian  et al.  have synthesized Pt tetrahexahedra from nanospheres 
electrochemically using a square - wave potential profi le  [7, 98] . These faceted 
nanoparticles are single crystalline and bound by some high - index surfaces such 
as (730), (210) and (520).  

  10.3.1.3   Other Methods 
 In addition to the above - mentioned methods,  radiation   [55, 104 – 106]  and  sonication  
 [118]  can be used to produce large amount of radicals that can act as strong reduc-
ing agents.  Microwaves  can also be used to create nanoparticles, by rapidly heating 
up the reaction mixtures  [107] . Nucleation tends to occur rapidly in these cases, 
followed by simultaneous growth, and small nanoparticles without any character-
istic facets are the normal morphology obtained in this way. A  hydrothermal method  
has also been investigated for preparing Pt nanoparticles  [128] ; here, the reaction 
mixtures are heated above the boiling temperatures of the solvents in pressurized 
autoclaves.   

  10.3.2 
 Nonhydrolytic Synthesis 

 Nonhydrolytic systems refer to those using solvents other than water in the syn-
thesis of Pt nanoparticles. While all the control principles for aqueous systems 
should be applicable to nonhydrolytic systems, the possible choices for solvents, 
Pt precursors, surfactants and reducing reagents are broaden for the latter 
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cases. The reaction conditions can also differ drastically for nonhydrolytic systems; 
notably, the reaction temperature is no longer limited to below 100    ° C, the boiling 
temperature of water. Some recent examples of shape - controlled syntheses of 
platinum nanostructures in nonhydrolytic systems are listed in Table  10.3 . The 
solvents and reactants commonly used for preparing Pt nanostructures in these 
nonhydrolytic systems are discussed in the following sections.   

 Table 10.3     Shape control of  P  t  nanoparticles in nonhydrolytic systems. 

  Precursor   a       Surfactant   b       Solvent   c       Reductant   d       Additive    Shape   e       Reference(s)  

  H 2 PtCl 6      PVP    EG    EG    Fe 2+  or Fe 3+     BM, NW, SP     [64, 129, 130]   

    PdCl4
2−

    NW     [65]   

  AgNO 3     C, CO, O     [9]   

  NaNO 3     SP, O, TP, OP     [63]   

      NW, Pl     [64, 82, 131]   

  K 2 PtCl 4             K 2 C 2 O 4 , EG, H 2     Pt seed    NW     [132]   

  Pt(acac) 2     OAm    Toluene    H 2         C, TP, OP, MP     [51, 52]   

  OAc, OAm    ODE        Fe(CO) 5     C     [53, 133, 134]   

  OAm    OAm        NW     [135]   

  [BMIM][Tf 2 N]    HDD        SP     [136]   

  HDA, ACA    HDA, DPE    HDD, DDD    AgNO 3     C, MP, F, bipod, 
tripod, BM.  

   [11, 40, 43, 137]   

  Pt 2 (dba) 3         [BMI][BF 4 ]
[BMI][PF 6 ]  

  H 2         SP     [138]   

  HDA    THF, toluene    CO, H 2         SP, NW     [139]   

    a  acac   =   acetylacetonate; dba   =   dibenzylidene acetone.  
   b  PVP   =   poly( N  - vinyl - 2 - pyrrolidone); OAm   =   oleylamine; OAc   =   oleic acid; HDA   =   hexadecylamine; ACA   =   1 -

 adamantanecarboxylic acid.  
   c  EG   =   ethylene glycol; ODE   =   1 - octadecene; DPE   =   diphenyl ether; [BMIM][Tf 2 N]   =   1 - butyl - 3 - methylimidazolium 

bis(trifl ylmethyl - sulfonyl) imide; [BMI][BF 4 ]   =   1 -  n  - butyl - 3 - methylimidazolium tetrafl uoroborate; [BMI][PF 6 ]   =   1 -
  n  - butyl - 3 - methylimidazolium hexafl uorophosphate; THF   =   tetrahydrofuran.  

   d  HDD   =   1,2 - hexanedecanediol; DDD   =   1,2 - dodecanediol.  
   e  C   =   cube; T   =   tetrahedron; O   =   octahedron; CO   =   cubo - octahedron; SP   =   spherical particle; NW   =   nanowire; 

OP   =   octopod; TP   =   tetrapod; Pl   =   Plate; MP   =   multipod; BM   =   branched multipod; F   =   nanofl ower.   



  10.3.2.1   Solvents 

  10.3.2.1.1   Ethers and Amines   Ethers and amines are good solvents for many 
syntheses, because they have high boiling temperatures and are thermally stable. 
 Diphenyl ether  ( DPE ) is one of the widely used organic solvents in the preparation 
of Pt with controlled morphologies  [11, 40, 43, 137] , while  oleylamine  ( OAm )  [135, 
140]  and  hexadecylamine  ( HDA )  [140]  are the two most commonly used amines 
for creating Pt nanoparticles and nanostructures. When amines are used, the 
amine functional groups not only interact with Pt surfaces but also function as 
weak reducers in the reactions. Thus, amines may often play multiple roles in the 
synthesis, by acting as both reducing and capping agent, as well as solvent in some 
cases  [140] .  

  10.3.2.1.2   Polyols    Ethylene glycol  ( EG ) is among the best known of the polyols 
in the synthesis of Pt nanostructures. As EG is miscible with water, the result is 
a mixture that has a broad range of controllable boiling temperatures and solubility 
for both inorganic and organometallic salts of different platinum precursors. 
Because of its hydroxyl group, EG can also act as mild reductant and a weak 
capping agent. Various progress has been made during recent years in the use of 
EG or its mixtures in controlling the shapes of Pt nanostructures. For example, 
by introducing silver ions, Yang  et al.  prepared Pt cubes, cubo - octahedrons and 
octahedrons in EG  [9, 61] . Pt multipods and nanowires can be produced in EG in 
the presence of nitrite and iron ions  [63 – 65] . K 2 C 2 O 4  has also been used to confi ne 
the growth of Pt nanowires by reducing K 2 PtCl 4  in EG  [132] . In addition to EG, 
glycerol has also been used as solvent to prepare Pt nanoparticles  [141] .  

  10.3.2.1.3   Ionic Liquids   Unlike molecular solvents,  ionic liquid s ( IL s) are com-
posed of cation – anion pairs at room temperature. The use of ILs to control the 
shape of nanoparticles is a new, but potentially fruitful, research direction because 
of their unique solvation properties, such as extended hydrogen bonding  [142 –
 144] . Several different types of IL have been applied to the synthesis of Pt nano-
particles  [116, 138, 142, 145] . In our laboratory, uniform Pt nanoparticles have 
been prepared in 1 - butyl - 3 - methylimidazolium bis(trifl ylmethyl - sulfonyl) imide 
([BMIM][Tf 2 N]) as IL, using platinum acetylacetonate (Pt(acac) 2 ) as the precursor, 
1,2 -  hexadecanediol  ( HDD ) as the reducing agent, and oleic acid and oleylamine 
as capping agents  [136] .  

  10.3.2.1.4   Other Solvents   Recently,  toluene  has been used as solvent to prepare 
Pt cubes and other nanostructures  [51, 52] . Pt nanospheres, nanowires and den-
drites have also been obtained in  tetrahydrofuran  ( THF )  [139, 146, 147] . Both, 
supercritical methanol  [148]  and supercritical CO 2   [149, 150]  have also been used 
as solvents in the creation of Pt nanoparticles.   

  10.3.2.2   Precursors 
 Solubility, redox potential and thermal stability are important parameters to be 
considered when designing experiments, and  organometallics  are commonly used 
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precursors in nonhydrolytic systems. Platinum acetylacetonate (Pt(acac) 2 ) is most 
often used on the basis of its good solubility and thermal stability  [11, 40, 43, 135, 
137] , and the use of platinum dibenzyl idene acetone (Pt 2 (dba) 3 ) as precursor has 
also been reported  [139] . In polyol processes    –    and especially those when EG is 
used    –    inorganic compounds such as H 2 PtCl 6 , K 2 PtCl 6  and K 2 PtCl 4  can also be used 
as metal precursors, due mainly to their good solubilities  [9, 63 – 65, 132, 151] .  

  10.3.2.3   Reducing Agents 
 Diols are a group of reducing agents that have attracted regular use in nonhy-
drolytic systems to prepare Pt nanostructures; two such examples are HDD  [11, 
40, 43, 137]  and  DDD   [40, 137] . These compounds have two neighboring 
hydroxyl groups, and function as mild reductants at elevated temperatures in 
the reactions; this in turn leads to relatively slow reaction kinetics that can be 
controlled. 

 Amines also serve as weak reducing agents, as the amidocyanogen groups can 
be oxidized into nitriles  [152, 153] . Both OAm and HDA have been used as reduc-
ing agents, besides their roles as capping agents and solvents in several studies 
 [135, 140] . In addition, hydrogen    –    typically in the form of forming gas    –    can acts 
as a mild reductant in the fi ne control of reducing rates of Pt salts  [51, 52, 139] .  

  10.3.2.4   Capping Agents 
 A capping agent plays a key role in controlling the morphology of platinum nano-
structures. Amine -   [51, 52, 135, 139, 140] , fatty acid -   [11, 40, 43, 137]  and thiol -   [154]  
based surfactants can interact with Pt surfaces effectively, and hence are used in 
the control of shape. OAm has been used to prepare platinum cube, triangular 
prism, nanorod, multipod and dendrite forms  [51, 52, 135] . 1 - Adamantanecarbox-
ylic acid (ACA) is a capping agent which is thought preferentially to be adsorbed 
onto Pt surfaces such that, dynamically, it can facilitate growth along given direc-
tions  [11, 43] . It is often important to use several surfactants simultaneously in 
order to achieve a fi ne control of morphology. For example, when both OAm and 
oleic acid are used, platinum nanocubes form in octadecene  [53] . ACA is often 
used in conjunction with amines such as HDA and long carbon chain diols to 
produce platinum multipods  [40, 137] .    

  10.4 
 Pseudo - Zero - Dimensional  Pt  Nanoparticles 

 Here, pseudo zero - dimensional platinum particles refer to those simple shapes 
such as spheres and highly symmetrical platonic shapes, including tetrahedrons, 
octahedrons, cubes,  tetrahexahedron s ( THH s), and their truncated forms  [70, 75, 
155] . Some  transmission electron microscopy  ( TEM ) images of faceted particles 
that have been recently obtained and categorized as pseudo - zero - dimensional 
nanostructures, due to their small size, symmetrical shape and single crystalline 
nature, are shown in Figure  10.6 . Typically, spherical nanoparticles are composed 



of various types of undefi ned surfaces, while cubic platinum nanoparticles are 
bound by {100} facets and tetrahedrons by {111} facets. The recently discovered 
tetrahexahedral nanoparticles of platinum, which are composed of 24 facets with 
{730}, {210}, and/or {520} surfaces  [7] , are important as they represent a few 
known examples of well - defi ned Pt nanostructures bound by high - index facets.   

  10.4.1 
 Faceted Particles 

  10.4.1.1   Nanocubes 
 El - Sayed and coworkers were the fi rst to report the synthesis of Pt nanoparticles 
of cube and tetrahedron - like shapes prepared in aqueous solutions by using 
sodium  polyacrylate  ( PAA ) as capping reagent and hydrogen as reductant  [47 – 49] . 
In that synthesis, Pt ions in K 2 PtCl 4  were reduced under mostly static conditions 
by hydrogen after its introduction to the reaction system. The  molecular weight  
( MW ) of PAA was found to be a key factor in the production of cubes since, by 
using PAA with MW 5100, about half of the population of Pt nanostructures were 
created in a cubic shape  [71] . Subsequently, Miyazaki  et al.  synthesized platinum 
cubes by using a similar hydrogen reduction method  [72, 156] ; here, the proportion 
of cubes was increased to about 70% by using  poly( N  - isopropylacrylamide ) 

    Figure 10.6     TEM images of representative (a) cubic  [40] , 
(b) tetrahedral  [75] , (c) octahedral  [9] , (d) cubo - octahedral  [4] , 
(e) truncated octahedral  [81]  and (f) tetrahexahedral  [7]  Pt 
nanoparticles.  

 10.4 Pseudo-Zero-Dimensional Pt Nanoparticles  377



 378  10 Spherical and Anisotropic Platinum Nanomaterials

as capping reagent and controlling the reaction temperature. The type of platinum 
precursor was also found to be an important factor on the growth of Pt nanostruc-
tures when using the H 2  reduction method in aqueous solution  [147] . Fu  et al.  
compared the performance of K 2 [Pt(C 2 O 4 ) 2 ], K 2 PtCl 6  and K 2 PtCl 4  as precursors in 
the shape control of Pt nanoparticles by using oxalate as a stabilizing reagent  [89] , 
and showed the proportion of Pt nanocubes to exceed 90% when K 2 [Pt(C 2 O 4 ) 2 ] was 
used. The addition of a small amount of CaCl 2  could also be used to improve shape 
control. Ren  et al.  also recently developed a H 2  assistant decomposition method 
for preparing highly monodispersed Pt nanocubes  [51, 52]  in which Pt(acac) 2  was 
reduced under 3   bar pressure of hydrogen in toluene at 70    ° C for 20   h. The con-
centration of Pt(acac) 2  may affect the size distribution. 

 Niesz  et al.  prepared 7.1   nm Pt nanocubes by using EG as reductant and PVP 
as the capping reagent, at 196    ° C  [117] . The groups of both Yang and Somorjai 
synthesized Pt cubes with well - defi ned morphologies by using sodium boro-
hydride (NaBH 4 ) as reductant and TTAB as capping agent  [4, 5] . In this synthesis, 
the formation of a stoichiometric metal – surfactant complex, (TTA) 2 PtBr 4 , before 
the reduction was critical. This complex could be produced from a reaction mixture 
of TTAB and K 2 PtCl 4  at 50    ° C, whereupon the platinum nuclei grew into nano-
cubes when the pH of the solution was approximately 12. CTAB was also used as 
the capping agent when NaBH 4  was used as the reductant  [84] . When platinum 
acetylacetonate (Pt(acac) 2 ) and mediate agents were used, the polyol process 
became the method of choice for preparing faceted platinum nanocrystals. Song 
 et al.  reported the synthesis of Pt nanocubes from Pt(acac) 2  in boiling EG in the 
presence of a small amount of AgNO 3  (the AgNO 3 /Pt(acac) 2  molar ratio was ca. 
1   :   100)  [9] . In addition to silver nitrate, iron carbonyl (Fe(CO) 5 ) was also found to 
be a useful mediating agent in the decomposition of Pt(acac) 2   [133, 134] . Uniform 
Pt nanocubes were formed in the presence of a small amount of Fe(CO) 5  using 
oleic acid and OAm as capping agents  [53] . Finally, Qu  et al.  succeeded in synthe-
sizing cubic Pt particles by galvanic displacement between an aqueous solution of 
K 2 PtCl 4  and a Cu foil substrate  [62] .  

  10.4.1.2   Tetrahedron, Cubo - Octahedron and Octahedron 
 The group of El - Sayed found that, when PVP was used as the capping agent, 
tetrahedral Pt particles were formed preferentially, yet when PAA was used the 
cube was the dominant shape  [70, 75, 155, 157, 158] . The reduction rate of Pt 4+  
ions was also seen to be important by others  [159] , with tetrahedral particles domi-
nating when H 2 (PtCl 6 ) was reduced by H 2 , but truncated octahedral particles being 
the main product when methanol was used as the reducing agent. The slow reduc-
tion rate of Pt 4+  ions by hydrogen may lead to the formation of tetrahedral Pt nuclei 
bound by {111} facets that have a low surface energy and are thermodynamically 
stable. Such rapid reduction might also result in the creation of truncated octa-
hedral nuclei, although the roles of each ingredient and the mechanism of shape 
control in these systems remain the subject of much debate  [50, 79, 81] . 

 The  seed - mediated approach  represents another effective strategy for the synthesis 
of tetrahedral Pt nanoparticles using PVP as capping agent and H 2  as reductant 



in an aqueous solution. The particle size could be controlled by changing the 
molar ratio between the Pt precursor and seed  [76] . Henglein  et al.  reported 
that, depending on the concentration of the stabilizing additive (e.g. citrate), 
Pt colloids consisting of polyhedra of different shapes (cube, tetrahedron, trun-
cated octahedron) were formed when using H 2  as the reductant in basic aqueous 
solution  [77] . The formation of a hydroxylated precursor, and its subsequent reduc-
tion, were the two key steps in this process. In the presence of AgNO 3 , the polyol 
process could also be used to prepare cubo - octahedrons, at a AgNO 3 /Pt(acac) 2  
molar ratio of approximately 3   :   25, or octahedrons when the ratio was about 
47   :   100  [9] .  

  10.4.1.3   Tetrahexahedron 
 In addition to those Pt nanoparticles bound by low - indexed surfaces, Tian  et al.  
synthesized tetrahexahedral platinum nanoparticles by using an electrochemical 
method  [7] . Here, a square - wave potential function was used to treat Pt nano-
spheres supported on glassy carbon, and this led to the formation of Pt nano-
crystals bound by high - indexed {730}, {210} and/or {520} facets. These particles 
proved to be catalytically active due to their high density of atomic steps and kinks 
 [98] .   

  10.4.2 
 Spherical Nanoparticles 

 A variety of methods exists for preparing monodispersed Pt ultrafi ne particles in 
solution phase through the reduction of Pt salts. The choice of reductant can be 
made from a list of reagents including hydrazine  [91, 111, 113, 114] , borohydride 
 [87, 88, 109 – 112] , ethanol  [70, 86, 160] , EG  [63, 151] , citrate  [83, 115] , vitamin B 2  
 [90] , potassium bitartrate  [161]  and ascorbic acid  [116, 117] . In aqueous solution, 
the typical synthetic procedure involves the addition of a reductant to a solution 
of platinum salt precursor and a capping reagent, with vigorous stirring. Both, 
Vidal - Iglesias and coworkers  [111, 114]  and Chen and colleagues  [91]  reported the 
synthesis of platinum ultrafi ne particles in reverse micellar solutions. In this case, 
the concentration of surfactant and oil (if used) were important in determining 
the particle size and size distribution. In organic solution, the polyol process 
becomes a common approach for producing Pt spherical nanoparticles, with the 
Pt precursors being reduced by polyols such as EG  [63, 64]  and glycerol  [141] , often 
under refl uxing conditions. 

 Recently, ILs have been used in the synthesis and modifi cation of nanostruc-
tured materials because of their unique properties, such as extended hydrogen 
bonding. Notably, platinum particles can be formed regardless of whether capping 
agents are used. The addition of surfactant capping agents can greatly facilitate 
the control of particle uniformity and dispersity in solvents. For example, Scheeren 
 et al.  showed that a Pt precursor could be reduced by hydrogen to produce Pt 
spherical nanoparticles in the presence of cyclohexene, and 1 -  n  - butyl - 3 - methyl-
imidazolium tetrafl uoroborate ([BMI][BF 4 ]) or hexafl uorophosphate ([BMI][PF 6 ]) IL 
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 [138] . In another study, Wang  et al.  showed that platinum nanoparticles could be 
synthesized in a 1 - butyl - 3 - methylimidazolium bis(trifl ylmethyl - sulfonyl) imide 
([BMIM][Tf 2 N]) ionic liquid, using oleic acid and OAm as the capping agents  [136] . 
The precursor Pt(acac) 2  could be reduced by HDD at 230    ° C. The formed Pt 
nanoparticles settled out from the reaction mixture of [BMIM][Tf 2 N] IL, a process 
that greatly facilitated the separation from solvents. The spherical nanoparticles 
showed an excellent solvent dispersity over a range of conventional organic sol-
vents such as hexane (see Figure  10.7 ).     

  10.5 
 One - Dimensional Nanostructures: Nanowires and Nanotubes 

 A templating approach can be important for preparing low - dimensional platinum 
nanostructures, as the platinum metal has a fcc cubic symmetry. In template - free 
solution - phase synthesis, the introduction of defects can serve as a useful strategy. 
Some examples of nanorods, nanowires and nanotubes of platinum prepared 
using different methods, with and without templates, are shown in Figure  10.8 . 
Notably, when the diameter of nanowires becomes very small, they can exhibit 
excellent fl exibility and form interconnected networks.   

  10.5.1 
 Nanowires 

  10.5.1.1   Polyol and Template - Free Synthesis 
 Xia and coworkers have created a variety of Pt nanowires using the polyol process 
 [65, 129 – 131] . In a typical procedure, H 2 PtCl 6  or K 2 PtCl 6  was dissolved in EG, 

    Figure 10.7     (a) TEM image and (b) electron diffraction of 
solvent - dispersible Pt nanoparticles prepared in [BMIM][Tf 2 N] 
IL  [136] .  



    Figure 10.8     TEM images of selective 1 - D Pt nanostructures. 
(a) Nanorods  [129] ; (b) nanowires  [56] ; nanotubes synthesized 
(c) by the galvanic method  [162]  and (d) using AAO templates 
 [103] .  

which had the dual function of both solvent and reductant, in the presence of a 
trace amount of Fe 2+  or Fe 3+ . PVP was the most commonly used surface capping 
agent in these systems. The Pt nanowires were seen to grow on the surface of the 
agglomerates  [129] , and this procedure could be modifi ed to grow thick and 
uniform sheaths made from Pt nanoparticles. Nanowires on the surfaces of poly-
meric and ceramic particulates could be formed by using a catalyst of palladium 
nanoparticles  [65] . In this situation, the Pt nanowires were able to grow on the 
metal gauzes  [130]  and TiO 2  nanofi bers  [131] . Besides PVP, hydrogen could also 
be used as a reductant in order to grow Pt nanowires in polyol solutions, using a 
seed - mediated method  [132] . 

 Sun  et al.  demonstrated the formation of large quantities of single - crystal Pt 
nanowires from H 2 PtCl 6  aqueous solution with formic acid, at room temperature 
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 [163] . The spontaneous self - assembly and subsequent fusion of discrete Pt 
nanoparticles proved to be another template - free method for preparing long 
nanowires  [66] . In this synthesis, ethanol was used as a weak polar solvent to 
assemble Pt nanoparticles into an extended nanostructure. Vitamin B 2  was another 
reagent used to create Pt nanorods from nanoparticles in a water/isopropanol 
solution  [90] . Ramirez  et al.  reported that the organometallic compound platinum 
dibenzylideneacetone (Pt 2 (dba) 3 ) could be reduced by H 2  and CO and form nano-
wires in organic solvents of THF and toluene, using HDA as the stabilizer  [139] . 
The twin defect may be common among nanorods of platinum metal; for example, 
Yang and coworkers showed that Pt nanorods would grow out from a seed crystal 
with multiple twin planes  [40] . These nanorods had a (111) twin plane in the center 
of the nanostructure, along the growth direction (Figure  10.9 ).    

  10.5.1.2   Template Synthesis 
 The deposition or confi ned crystallization of metal atoms may be conducted within 
the pores in  anodic aluminum oxide  ( AAO ) membranes  [92, 101, 103, 164, 165] , 
mesoporous silica  [96, 102, 106, 166, 167] , or micelles in solution  [55, 56, 139] . 
The crystallization of metal atoms within templates can be achieved through a 

    Figure 10.9     Representative Pt nanorod grown 
from a twin crystal seed. (a) High - resolution 
TEM images of the core (left), middle (center) 
and tip (right) regions; (b – d)  Selected area 
electron diffraction  ( SAED ) pattern of (b) the 

whole and (c) arm of the nanorod, and 
(d) superimposed two simulated pattern 
along zone axis  〈  − 110 〉  offset by 141    °   [40] . The 
inset in (b) shows the nanorod used for the 
SAED study. Scale bar in inset   =   50   nm.  



direct electrodeposition inside pores followed by the  in situ  photoreduction or 
chemical reduction of the adsorbed metal ions in the channel of the templates. 
Both, wires and rods can be prepared through the confi nement of physical tem-
plates. The electrodeposition of platinum is usually carried out in a three - electrode 
cell containing solutions of Pt ions. The aspect ratios of Pt nanowires can typically 
be controlled by changing the deposition conditions. Sakamoto  et al.  synthesized 
Pt nanowires using mesoporous silica HMM - 1 impregnated with H 2 PtCl 6  in 
the presence of adsorbed water and methanol, through photoreduction  [106] . 
Similarly, Song  et al.  prepared platinum nanowires by the chemical reduction 
of a platinum complex using sodium borohydride in the presence of soft 
templates formed by CTAB in a water/chloroform two - phase system  [56] . Later, 
Krishnaswamy  et al.   [55]  synthesized Pt nanowires by  γ  - irradiation in a soft tem-
plate formed by CTAB in aqueous solution.   

  10.5.2 
 Nanotubes 

 The generation of nanotubes replies largely on the templating approach, and both 
nanorods or nanowires and nanoporous structures have been explored. By using 
the polyol process, Xia ’ s group was able to produce a large quantity of straight 
colloidal silver nanowires and, by the galvanic method, they synthesized Pt nano-
tubes using these silver nanostructures as sacrifi cial templates  [120, 162, 168, 169] . 
Yan and coworkers prepared both Pt and Pt/Pd alloy nanotubes using a similar 
approach  [170] . 

 Among the porous templates for preparing nanotubes, the AAO membrane is 
the most frequently used. Yuan  et al.  synthesized Pt nanotube arrays by using this 
template via electrochemical deposition  [103] . Here, the inner wall of the AAO 
pores was modifi ed with 3 - aminopropyltrimethoxysilane to allow the easy transpart 
of ionic precursors and release of the nanotubes. The electrodeposited Pt nuclei 
grew along the modifi ed wall to form tubes. The Pt nanotubes were obtained after 
the removal the template, using chemical etching.   

  10.6 
 Two - Dimensional Platinum Nanostructures 

 As with the 1 - D nanostructures discussed in Section  10.5 , the formation of 2 - D Pt 
nanostructures relies upon either defects in seed crystals or using templates. The 
most commonly encountered defects with platinum metal are those due to stack-
ing faults, such as twin defects in (111) planes. Lipids and micelles at the interface 
are the types of soft template most useful for the generation of 2 - D nanostructures. 
Some TEM images of representative, recently created 2 - D Pt nanostructures are 
shown in Figure  10.10 ; these structures include planar multipods (bipods and 
tripods), triangular plates and dendritic sheets.   
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  10.6.1 
 Planar Tripods and Bipods 

 Yang and coworkers recently developed a synthetic approach to platinum planar 
tripods and bipods  [40, 137] . In this method, Pt(acac) 2  was reduced by HDD in 
DPE. The interaction between capping agents of ACA and HDA and the platinum 
growing surface was important. The optimal reactant molar ratio for producing Pt 
planar tripods was Pt(acac) 2    :   ACA   :   HDD   :   HDA   :   DPE of 1   :   3 – 4   :   24   :   33   :   25. In this 
way, nanometer - sized planar tripods with a population of about 25% could be 
achieved, and the length of individual branches could be controlled between 50   nm 
and slightly over 200   nm by varying the reaction conditions (e.g. reaction time). 
The average width of the branches changed correspondingly from about 6   nm to 
10   nm. 

 The seed crystal containing a twin defect is a key for reducing the symmetry 
of cubic - phase platinum metal  [40] . A proposed mechanism for the formation 
of Pt planar tripods is shown in Figure  10.11 . The twin defect in the (111) 
plane can result in the formation of seed crystals that have two sets of growth 
directions in the growing plane. Those belonging to the  〈 211 〉  directions have 
re - entry troughs and are favored kinetically  [171] . The concentration gradient 
generated around the tip regions of the growth front can facilitate the growth of 
branches  [172] .    

  10.6.2 
 Nanoplates 

 Xia and coworkers also reported that the reduction of platinum salt by hydroxyl 
groups of PVP could induce the formation of Pt nanoplates (see Figure  10.10 b) 
 [82] . By adjusting the molar ratio between PVP and the metal precursor, or by 
choosing PVP with different molecular weights, the morphology of these plates 
could be controlled. Nevertheless, in comparison with other shapes or other metals 
(such as silver and gold), colloidal Pt nanoplates are still underdeveloped.  

    Figure 10.10     TEM images of 2 - D Pt nanostructures. 
(a) Tripods and bipods  [137] ; (b) Triangular nanoplates 
 [82] ; (c) Dendritic nanosheet  [58] .  



  10.6.3 
 2 -  D  Nanodendrites and Nanosheets 

 The formation of continuous or textured 2 - D nanosheets often relies on soft 
templates, and occurs at the interface. Kijima  et al.  synthesized a 2 - D network 
of Pt nanosheets using a mixture of lyotropic liquid crystals (LCs) which con-
fi ned the growth  [173] . Song  et al.  prepared 2 - D dendritic Pt nanosheets using 
liposomal surfaces  [58] ; here, the nanosheets began to grow on liposomes and 
became attached to each other to form continuous sheets with textures at the 
interface. Besides the methods based on colloidal growth or soft templates, 
nanocrystalline Pt thin fi lms could also be generated via  metal organic chemical 
vapor deposition  ( MOCVD )  [174]  and cool argon sputtering techniques at the 
interfaces  [175] .  

  10.6.4 
 Porous Nanonetwork Prepared with the Langmuir – Blodgett ( LB ) Technique 

 The 2 - D Pt network could be prepared at the air – water interface by using the LB 
deposition technique  [176] . The dispersion phase used was composed of oleic 
acid - capped Pt nanocrystals in chloroform at a concentration of  ∼ 1   mg   ml  − 1 . The 
Pt nanoparticles were spread at the air – water interface in the LB trough, using 
water as a subphase, due to the hydrophobic nature of the long - chain capping 
agents. However, by compressing the Pt particles onto the AAO porous membrane 

    Figure 10.11     Formation of planar tripods of platinum 
nanostructures. The insets show TEM images where scale 
bars are 10   nm for Stages 1 – 5, and 100   nm for Stage 6  [40] .  

 10.6 Two-Dimensional Platinum Nanostructures  385



 386  10 Spherical and Anisotropic Platinum Nanomaterials

and subsequent calcination in an argon atmosphere, the Pt particles could be 
produced in a carbonaceous, porous fi lm (Figure  10.12 ).     

  10.7 
 Three - Dimensional Nanostructures 

 In this section, hyperbranched multipods, nanofl owers, hollows, foams and open 
networks are classifi ed as three - dimensional (3 - D) nanostructures. These 3 - D 
nanostructures are some of the latest forms of platinum metal that can be obtained. 
While self - assembly and galvanic replacement play a role in the synthesis, many 
of these shapes are produced by using solution - phase approaches with capping 
agents. Besides twin defects, secondary growth from primary nanoparticles is an 
important pathway. If the oriented attachment is dominant during the secondary 
growth, then the fi nal shapes of the Pt nanostructures may resemble those of 
simple platonic counterparts, but have textures. 

  10.7.1 
  Pt  Multipods and Flower - Like Nanostructures 

  10.7.1.1    Pt  Multipods 
 Teng  et al.  reported that Pt multipods could be synthesized by an induced aniso-
tropic growth in the presence of HDA, ACA, DPE, and a small amount of Ag(acac) 
 [43] . Hyperbranched Pt nanostructures with multiple high aspect ratio branches 

    Figure 10.12     Porous Pt nanoparticle fi lms made using the Langmuir – Blodgett technique  [176] .  



were found in these reaction systems (Figure  10.13 a). The twin defects that were 
seen to be important for the formation of tripods also played an essential role in 
the formation of platinum multipod nanocrystals  [40] . In the latter case, both fi ve -  
and two fold twin planes could be involved. Xia and coworkers were able to syn-
thesize Pt tetrapods using a modifi ed polyol method  [63] . In this reaction, NaNO 2  
was added to slow down the nucleation rate and control the growth direction of 
Pt nanocrystals. Tilley and coworkers also reported a preparation of tetrapods via 
the reduction of Pt(acac) 2 , under 3   bar H 2  pressure, in toluene  [51] , with OAm 
being used as the surface capping agent. Besides the above approaches, a seeding -
 mediated growth method was also developed for preparing Pt multipods nano-
crystals  [177] . Here, the shape of the Pt nanostructures could be controlled by 
varying the ratio between the seed and the precursor.    

  10.7.1.2   Nanofl owers and Dendritic Nanostructures 
 Three - dimensional, fl ower - like nanostructures can be synthesized in DPE using 
Pt(acac) 2  as precursor and HDD as reducing agent (Figure  10.13 b)  [11] . In this 
reaction, HDA functioned as both the surface capping and solvent, while ACA was 
used as a co - surface capping agent that could kinetically stabilize the platinum 
surfaces temporarily during nucleation and growth. The reaction temperature for 
creating the secondary growth was 210    ° C    –    this was higher than the temperature 
used for the induced growth of Pt multipods using similar reaction mixtures, but 
without the additives  [43] . The difference interaction between capping agents and 
the platinum growing surfaces favored anisotropic attachment of the primary 
particles, while the time at which the reaction was terminated was critical for pro-
ducing the fl ower - like Pt nanostructures. 

 Depending on the morphology of the primary particles and reaction conditions, 
other modes of attachment are also possible. Zhang  et al.  synthesized branched 

    Figure 10.13     TEM images of (a) hyperbranched nanostructures and (b) nanofl owers  [11] .  
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Pt nanoparticles by directly decomposing Pt(acac) 2  at 250    ° C in OAm  [135] ; here, 
the Pt nanostructures evolved from spherical particles to branched nanoparticles 
when the reaction temperature was decreased. Ullah and coworkers reported a 
method of using a NaBH 4  - mediated reduction to create 3 - D branched Pt nano-
structures  [85] . In this case, the reactant precursor CTAB – Pt(IV) complex was 
reduced to CTAB – Pt(0) under varying reaction conditions, including pH value. 
Finally, a second generation of carboxyl - cored dendrimer ([G - 2] - COOH dendrimer) 
was successfully used as the stabilizer for preparing Pt nanodendrites at the water/
toluene interface  [178] .   

  10.7.2 
 Hollow Nanostructures 

 Tan  et al.  prepared Ag@Pt core - shell nanocubes by the coreduction of Ag +  and   
PtCl6

2− with sodium citrate  [179] . The Ag cores could be removed by adding  bis - ( p  -
 sulfonatophenyl) phenylphosphine  ( BSPP ) solution to form hollow Pt nanocubes 
(Figure  10.14 a). Similarly, Li  et al.  used Co nanoparticles as sacrifi cial templates 
to produce Pt hollow spheres  [95] , the shells of which was made primarily of Pt 
nanocrystallites. Galvanic replacement was also employed to create hollow spheres 
by Liang  et al.  (Figure  10.14 b)  [94] . Finally, Selvakannan and Sastry used the gal-
vanic replacement reaction between silver nanoparticles and chloroplatinate ions 
in chloroform to create platinum hollow nanoparticles  [180] .   

 Besides hard inorganic metal templates, lipid molecules are used in the synthe-
sis of foam - like nanostructures. Shelnutt and coworkers synthesized foam - like Pt 
nanospheres with a 2   nm - thick shell and diameters of up to 200   nm in the presence 
of liposomes, through either a chemical or photochemical reduction process 
(Figure  10.14 c)  [57 – 59] . Here, ascorbic acid was used as the chemical reducer for 
the platinum precursor. Alternatively, hydrophobic Sn(IV) octaethylporphyrin 
(SnOEP) could be used as the photocatalyst molecule under white light irradiation. 

    Figure 10.14     TEM images of Pt nanoparticles with hollow 
structures. (a) Hollow cubes  [179] ; (b) Hollow spheres  [94] ; 
(c) Nanofoams  [59] .  



The dendrite - like structures were made from highly porous hollow spheres. As 
the SnOEP became localized at the benzene – water interface, the platinum seeds 
formed during the photoreduction were able to grow in autocatalytic fashion and 
form Pt dendrites that eventually became nanofoams  [60] .  

  10.7.3 
 3 -  D  Networks 

 Both, templating and self - assembly approaches have been explored in order to 
create extended networks of 3 - D nanostructures. In an initial templating method, 
ordered mesoporous structures such as MCM41, MCM - 48 and their derivatized 
forms were popular templates  [119, 181] . For this method it was fi rst necessary to 
introduce Pt precursors into the channels of the templates through surface adsorp-
tion. The 3 - D network of platinum could then be generated after reduction by 
hydrogen gas. 

 A second method was based on the direct assembly of platinum building 
blocks, where hyperbranched multipods with high aspect ratios could serve 
as the nanostructured precursors. A network of platinum nanowires directly 
assembled from a solution phase is shown in Figure  10.15 . Unlike the networks 
made from templates, these assembled networks could either be disassembled 
into individual multipods in dispersion form, or sintered into connected 
networks.     

    Figure 10.15     Platinum 3 - D network from the self - assembly of hyperbranched multipods.  
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  10.8 
 Platinum Alloys and Intermetallics 

 While much progress has been made in recent years on the shape control of plati-
num nanostructures, the number of reports relating to Pt alloys and the forms of 
intermetallics is somewhat limited. As an alloy has the nature of a solid solution, 
the control of facet formation may represent a major challenge. Nevertheless, the 
basic principles of shape control can often be applied to platinum alloys and inter-
metallics through judicious selection of the reaction precursors and conditions. A 
series of platinum intermetallic rods, shaped alloy dendrites and spheres that have 
been prepared in solution phase and in the presence of surface capping agents 
is shown in Figure  10.16   [12, 182, 183] . The PtPb nanorods (Figure  10.16 a) 
were synthesized by simultaneously reducing Pt(acac) 2  and Pb(acac) 2  with a  tert  -
 butylamine borane (TBAB) complex in a mixture of DPE, ACA, HDA and  hexa-
decanethiol  ( HDT ) at 180    ° C  [182] . In this synthesis, ACA and HDT played key 
roles in the control of rod formation. As with Pt nanofl owers formed in non-
hydrolytic systems, the 3 - D nanodendrites of PtRu alloys could be prepared from 
Pt(acac) 2  and Ru(acac) 2  using HDD, 1 -  adamantaneacetic acid  ( AAA ) and HDA 
(Figure  10.16 b)  [12] . At the nanometer scale, exotic alloy compositions can occa-
sionally be generated with well - defi ned shapes; however, for alloys between plati-
num and silver the large miscibility gap which is apparent in the bulk form did 
not seem to affect the formation of both spheres and nanowires of PtAg alloys 
(Figure  10.16 c)  [183] .    

  10.9 
 Concluding Remarks 

 Despite the present limitations in our ability to control the shape of platinum 
nanoparticles by design, tremendous progress has been made in this area 

    Figure 10.16     TEM images of PtM alloy and intermetallic 
nanostructures. (a) PtPb nanorods  [182] ; (b) 3 - D PtRu 
nanoparticles  [12] ; (c) PtAg nanospheres  [183] .  



during the past decade. The interaction between capping agents and various 
index planes of platinum surfaces    –    which is an important fundamental aspect    –
    has been studied in great detail, such that uniform platinum nanocrystals 
can now be constructed not only in platonic shapes but also in other low -
 dimensional morphologies, such as rods and multipods. Indeed, it would seem 
that solution - phase synthesis has become the main strategy in preparing 
 ‘ simple ’  platonic shapes such as cubes, tetrahedrons and octahedrons. Although 
aqueous systems are important and have been widely studied, nonhydrolytic 
systems involving polyols, ethers and other organic solvents have also become 
essential for the generation of shape - controlled platinum nanocrystals. In addi-
tion to the platinum precursors and solvents, surface capping agents and 
reductants can also play key roles in determining the fi nal shapes of platinum 
nanoparticles. 

 Defects in seed crystals are often pivotal in order to produce the symmetry -
 reduced morphologies of platinum nanoparticles. The production of twinning 
in (111) planes represents a strategy that has been used widely in recent years 
to prepare platinum nanorods, nanowires and multipods, and both two -  and fi ve-
fold twin defects have been observed in these low - dimensional shapes. Another 
approach which enables the control of platinum morphology is through the use 
of templates, the most frequently used of which include less - noble metal nano-
particles, lipid - based soft templates and porous anodic aluminum oxide mem-
branes. Platinum hollow spheres and nanotubes can be developed through galvanic 
replacement reactions on templating metal nanostructures, while lipids can be 
used to guide the deposition of platinum metal from salt precursors through 
reduction reactions, resulting in the formation of foam - like structures. Those 
nanorods and nanotubes fabricated from AAO porous membranes tend to be 
made from polycrystalline platinum. 

 Finally, secondary growth and self - assembly can be used to produce higher -
 order platinum nanostructures with reduced symmetries, while fl ower - like nan o-
particles can be generated from primary platinum nanoparticles in solution, 
through oriented attachments. The differences in surface properties among various 
low - indexed planes is the main structural reason for such anisotropic attachments. 
Interconnected networks and thin porous membranes of platinum nanoparticles 
prepared from Langmuir – Blodgett fi lms are examples of platinum nanostructures 
created through self - assembly.  
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  11.1 
 General Introduction 

 Nanotechnology represents the start of a revolutionary era, wherein the word 
 ‘ Nano ’  has attracted enormous attention from society, and especially from the 
scientifi c community. Nanotechnology is related to the activities of materials at 
the nanoscopic level, whereby the integration of materials can be manipulated to 
create a desired range of properties through controlled, size - selective syntheses 
and the assembly of nanoscale building blocks. Nanotechnology, as a multidisci-
plinary area of research and development, has grown explosively during the past 
few years such that today, microtechnology    –    the key technology during the twen-
tieth century    –    is being slowly but surely being replaced by nanotechnology. More-
over, the exponential growth of nanotechnology will continue to occur, based on 
the realization that new materials and devices created from nanoscale building 
blocks can provide access to new and improved properties and functionalities. 

 The essential theme of nanotechnology is the novel performance of materials 
at the nanoscale. Materials of nanoscopic dimensions display very different proper-
ties than they do on the macroscale, which in turn enables unique applications. 
Nanoparticular materials often exhibit very interesting electronic, optical, mag-
netic and chemical properties, which are not observed in their bulk counterparts 
 [1 – 10] . For example, inert materials become catalysts (platinum and gold), insula-
tors become conductors (silicon), stable materials become combustible (alumi-
num), solids turn into liquids at room temperature (gold), and opaque substances 
become transparent (copper). Yet, the fundamental question which arises when 
considering such examples is,  ‘ how do the electronic, optical and magnetic proper-
ties of a nanoscopic particle differ from those of a bulk sample of the same mate-
rial? ’  The principal factors responsible for such differences are  quantum size 
effects  and the  surface area . As the size of matter is reduced to the nanometer 
scale, quantum effects cause signifi cant changes in the optical, magnetic and 
electrical properties. When compared to a macrostructure, a much larger propor-
tion of the atoms or molecules of a nanostructure lie at the surface; this greatly 
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increases not only the surface area but also the surface - to - volume ratio, which is 
a critical factor in the case of chemical catalysis. Together, these factors lead to 
changes in reactivity, strength and electrical and optical characteristics. These 
novel structural properties of nanoscale materials will inevitably lead to their 
increased use in a wide variety of fi elds  [11 – 32] , with such applications broadly 
classifi ed into four major areas: (i) basic nanostructured materials; (ii) electronics 
and computing devices; (iii) bionanotechnology; and (iv) energy generation and 
storage (see Figure  11.1 ). It is clear that, whilst such a wide range of applications 
will have a huge impact on the lifestyle of humans, it will also necessitate the 
development of safe and effi cient synthetic strategies for nanomaterials.   

 In this chapter we provide an overview of the synthesis and characterization of 
spherical and anisotropic noble metal nanomaterials, with attention focused 
mainly on gold and silver nanoparticles, due to their increasing popularity in a 
variety of applications. In recent years, extensive studies have been conducted into 
the synthesis and characterization of metal nanoparticles  [1 – 4, 9, 16, 30, 32 – 35] , 
and some details of chemical and biological syntheses of spherical and anisotropic 
noble metal nanoparticles are provided here. Solution - phase chemical synthetic 
methods to produce different morphological architectures are discussed in terms 
of shape control, nucleation and growth mechanisms. The effects of various physi-
cal parameters on crystal growth are also described, with special focus on citrate 
reduction, polyol synthesis and seed - mediated synthesis, all of which allow mor-
phology to be controlled. Recently, the use of biological materials to synthesize 
metal nanoparticles has attracted much attention, notably from the perspectives 

    Figure 11.1     The general applications of nanomaterials.  



of  ‘ green chemistry ’ ; thus, some recent advances in the biosynthesis of gold and 
silver nanoparticles are reviewed, aimed at opening new insights into nanomateri-
als synthesis for further applications. Finally, we outline the efforts of our own 
group in characterizing nanoparticles by using plasmonic measurements and  X -  
ray absorption  ( XAS ) techniques; hopefully, this will provide the reader with some 
knowledge of the mechanism of crystal growth. A brief description is also provided 
of the synthesis and characterization of metal nanoparticles, such that the reader 
may better understand the mechanistic aspects, and current progress, of crystal 
growth. 

  11.1.1 
 Noble Metal Nanoparticles 

 Recently, noble metal nanoparticles    –    especially of gold and silver    –    have attracted 
considerable attention owing to their unique size - dependent properties    [1 – 4, 32 –
 36] . The strong absorption and scattering of light by gold and silver nanoparticles, 
coupled with their stability, have made them popular among the other inorganic 
nanocrystals. Michael Faraday was the fi rst to observe the ruby red color of 
a colloidal gold solution (this solution is still on display at the Faraday Museum, 
in London). Because of its chemical inertness, gold has been used internally 
in humans for biomedical applications; the earliest records of its medicinal 
and healing uses derive from Alexandria in Egypt where, over 5000 years ago, 
the Egyptians ingested gold for mental and bodily purifi cation. Gold was mainly 
used in medicine for its magico - religious powers, and played almost no role in 
rational therapeutics until the late middle ages. During the mid - nineteenth 
century gold was used in syphilis therapy and, at about the same time, the 
Keeley Institute in the USA used gold to treat alcoholism. In recent years,  gold 
nanoparticle s ( GNP s) served as molecular probes for the imaging and therapy of 
cancer cells, as they were found to accumulate selectively in tumor cells, where 
they demonstrated a bright scattering and an effi cient absorption of light 
 [37 – 42] . 

 Silver is also an attractive metal to examine on the nanoscale, due to its unusual 
optical properties, that depend on the nanoparticle size and shape. Silver nanopar-
ticles were demonstrated  in vitro , to attach and prevent  human immunodefi ciency 
virus  ( HIV - 1 ) from binding to host cells, through a size - dependent interaction  [43] . 
This was the fi rst medical study to ever explore the benefi ts of silver nanoparticles, 
and to date silver - based drugs have been used successfully in the treatment of a 
variety of viruses  [44] . An inventory of the nanomaterials, explicitly utilized in 
nanotechnology consumer products, is shown in Figure  11.2   [45] . The most 
common material mentioned in the product description is silver, which has been 
used in 139 products up to October 2007. Carbon, which includes fullerenes, is 
the second most referenced (44), followed by zinc (including zinc oxide) (28) and 
titanium (including titanium dioxide) (28), silica (27) and gold (13). As shown in 
Figure  11.2 , silver nanoparticles have been used in increasing numbers of 
consumer products such as food packaging, odor - resistant textiles, household 
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appliances and medical devices, including wound dressings. However, the toxicity 
and adverse impact of these nanoparticles on the environment demands special 
attention since, in recent reports, concerns have been raised on the unacceptable 
toxicity risk posed by silver nanoparticles on human health and the environment 
 [46 – 51] .   

 The various applications of these noble metal nanoparticles stem from the 
unique structural properties at the nanometer dimensions, which can be further 
related to the  surface plasmon resonance  ( SPR ) effect (see Section  11.1.2 ).  

  11.1.2 
 Origin of Surface Plasmon Resonance in Noble Metal Nanoparticles 

 Both, the origin and evolution of SPR in noble metal nanoparticles have been 
studied in great detail  [1 – 4, 33, 35] . Briefl y, when the light of a wavelength much 
larger than the nanoparticle size interacts with that nanoparticle, it sets up  stand-
ing resonance conditions , due to a collective oscillation of the electrons in the 
conduction band. As the wavefront of the light passes, the electron density in the 
particle is polarized to one surface and oscillates in resonance with the frequency 
of light, causing a  standing oscillation . The SPR conditions strongly depend on 
the shape, size and dielectric constants of both the metal and the surrounding 
material. SPR was fi rst calculated by solving Maxwell ’ s equations for small spheres, 
interacting with an electromagnetic fi eld  [52] , although later this theory was 
extended to ellipsoidal geometries. Modern methods, which use the  discrete dipole 

    Figure 11.2     Numbers of products associated with specifi c materials  [45] .  
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approximation  ( DDA )  [4, 53] , allows one to calculate the SPR absorption of arbi-
trary geometries. An increase in the intensity of the SPR absorption leads to an 
enhancement of the electric fi eld, and this has been exploited in many applica-
tions. Noble metal particles (especially gold and silver) exhibit a strong absorption 
band in the visible region, giving specifi c colors to the solutions. For example, gold 
spheres have a characteristic red color at 520   nm, whereas silver possesses a yellow 
color at 400   nm. Figure  11.3  shows the UV - visible extinction, absorption and scat-

    Figure 11.3     The effect of nanostructure shape on spectral 
properties. Calculated UV - visible extinction (black), absorption 
(red) and scattering (blue) spectra of silver nanostructures. 
 Reproduced with permission from Ref.  [54] ;  ©  2006 American 
Chemical Society.   
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tering spectra for a 40 - nm silver sphere in water, calculated using Mie theory  [54] . 
It should be noted that any variation in particle size, shape or dielectric environ-
ment will cause a change in the surface polarization, and thus the resonance peak. 
Hence, the SPR can be tuned across a range of wavelengths in the electromagnetic 
spectrum by varying the size, shape or local environment of the nanoparticles, 
with help from a variety of synthetic strategies. The general protocols used to 
generate metal nanoparticles are discussed in Section  11.2 .     

  11.2 
 General Synthetic Strategies 

 The engineering of materials at the nanoscale level with novel properties, through 
controlled synthesis and assembly, is an important issue. In recent years, nano-
technology has reached a stage whereby it is possible to produce, characterize and 
specifi cally tailor, the functional properties of nanoparticles. Nanoparticle synthe-
sis has been pursued intensively not only for fundamental scientifi c interest but 
also for many technological applications  [16, 30, 55 – 58] , and the synthesis of uni-
formly sized (or monodisperse) nanoparticles has become a very important 
research area  [59 – 63] . The two fundamentally different approaches used to syn-
thesize nanomaterials are known as  ‘ top - down ’  and  ‘ bottom - up ’ : 

   •      In the  ‘ top - down ’  approach, nano - objects are constructed from larger entities 
without atomic - level control. The process begins with a suitable starting material, 
and produces nanoscale structures by using machining and etching techniques. 
Common  ‘ top - down ’  techniques include  photolithography  and  electron - beam 
lithography  (generation of the mask). The main disadvantage of the  ‘ top - down ’  
technique is the need to remove large amounts of material.  

   •      In the  ‘ bottom - up ’  approach, the materials and devices are built from molecular 
components, which assemble themselves chemically, by the principles of 
molecular recognition. In this process the nanostructured building blocks 
are formed fi rst, and then assembled into the fi nal material. The  ‘ bottom - up ’  
approach is a particularly attractive synthetic route for nanoparticles, because of 
its inherent simplicity and speed of production. In some cases, however,  ‘ bottom -
 up ’  techniques can suffer from poor monodispersity, as growth cannot be 
arrested at the same point for all nanoparticles.    

 A schematic diagram of the two synthetic approaches, both of which have been 
used extensively in the formation of structural composite materials, is shown in 
Figure  11.4 .   

 The choice of approach is very important with regards to any further processing 
of the nanomaterials for possible applications. During the past few years,  ‘ bottom -
 up ’  techniques based on the self - assembly of building blocks have attracted con-
siderable attention for the synthesis of anisotropic nanoparticles. The use of some 
popular  ‘ bottom - up ’  techniques, for the rational design of spherical and highly 



anisotropic nanoparticles, has been illustrated in Section  11.2.3 . A variety of strate-
gies have been employed in the  ‘ bottom - up ’  synthesis of nanomaterials, including 
templating, chemical, electrochemical, sonochemical, thermal and photochemical 
reduction methods  [34, 64 – 67] . Although each of these strategies has contributed 
to the growth of the fi eld, the success of the synthetic strategies is found to depend 
on a variety of key issues: 

  1.     Particle size distribution (uniformity): Monodispersity of the nanoparticles  
  2.     Particle size control: Reproducibility in the synthesis  
  3.     Shape control: High yield with the desired shape  
  4.     Scale - up: Optimization of the synthetic strategy at large scale  
  5.     Compatibility: Ease of the synthesis for the realistic applications    

 In brief, an effi cient method should produce monodispersed nanoparticles 
in high yield, with reproducibility of the synthesis and good control over 
the fi nal size and shape. The method should also be capable of optimization on 
the large scale, without compromising any of the above issues. Compatibility of 
the nanomaterials is also important, in view of their potential applications, 
especially in the biomedical fi eld. Moreover, it is very important to achieve the 
above goals for the success of the synthesis. Shape variation, as one of the most 
important issues in the synthesis of nanomaterials, will be discussed in Section 
 11.2.1 . 

  11.2.1 
 Shape Variation 

 The shape control of nanoparticles is a very important aspect in nanotechnology, 
due to the spectacular effects that structural anisotropy may have on many of the 
material ’ s physical properties. Because of these size -  and shape - dependent proper-
ties, much effort has been expended in controlling the morphology and assembly 
of nanoparticles  [68 – 69] . The most common architecture of these nanocrystals is 
isotropic particles, ranging from spherical to highly faceted particles, such as cubic 
and octahedral.  One - dimensional  ( 1 - D ) anisotropic nanoparticles include uniform 
rods and wires, whereas  two - dimensional  ( 2 - D ) nanoparticles consists of nano-
discs, plates and other advanced shapes such as rod - based multipods and nanostars. 

    Figure 11.4     Schematic illustration of preparative methods of metal nanoparticles.  
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The schematic shown in Figure  11.5  represents the conventional shapes of 
fcc metals, which are enclosed by {111} and {100} facets with a low proportion 
of corner and edge sites  [70] . The surface energies of the different crystallographic 
facets decide the shapes of the fcc metals under thermodynamic considerations. 
Calculations of the surface energies of fcc metals suggest that the surface energies 
increase in the order  γ {111}    <     γ {100}    <     γ {110}    <     γ {hkl}, where {hkl} represents 
high - index facets, with at least one h, k and l equal to 2 or more  [71] . During 
the crystal growth, those facets with high surface energies are usually 
eliminated from the crystal surface as they grow much faster than others. As a 
result, low - index facets are enlarged at the expense of high - index facets during 
crystal growth. This alteration of the surface energies of various facets during 
nanocrystal growth is the controlling factor in deciding the fi nal shape of the 
nanocrystal.   

 The synthesis of silver and gold nanocrystals of various shapes has been accom-
plished through a variety of synthetic methods. Experimental parameters such as 
reaction time, temperature and the concentrations of reagents play crucial roles 
in determining the morphology of the fi nal product and, indeed, it is possible to 
achieve a much better shape control simply by adjusting these reaction parame-
ters. The factors and mechanism responsible for shape variation, based on energy 
considerations, are described in the following section.  

    Figure 11.5     Schematic of conventional shapes 
of face - centered cubic (fcc) metal 
nanostructures. The shapes in the top row are 
single crystals, in the second row are particles 
with twin defects or stacking faults, and in the 

third row are gold shells. Dark facets are 
{100} planes, light gray are {111} planes, 
and {111} twin planes are shown in red. 
 Reproduced with permission from Ref.  [70] ; 
 ©  2005 Materials Research Society.   
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  11.2.2 
 Nucleation and Growth 

 In solution - phase synthesis, the process of nanocrystal formation can be explained 
by nucleation and growth mechanisms, both of which can be either thermody-
namically or kinetically controlled. The reduction of metal ions generally results 
in the formation of atoms, which aggregate to form nuclei. When the nuclei have 
grown beyond a critical size (referred to as  ‘ seeds ’ ), they will have a relatively stable 
crystallinity and well - defi ned crystallographic facets exposed on their surfaces 
 [72 – 75] . The structure of a seed is determined primarily by the minimization of 
surface energy, which can be single - crystal, single - twinned or multiple - twinned. 
The nucleation stage and subsequent changes in the nuclei are critical in deciding 
the anisotropic shapes of the nanocrystals. Each seed will grow into a nanocrystal 
after the nucleation stage, with seed growth being infl uenced by factors such as 
the concentration of the metal precursor, the rate of reduction (the concentration 
and power of the reductant), the presence of a capping agent, and    –    most impor-
tantly    –    on the specifi c adsorption of a capping agent to a particular crystallographic 
plane. A schematic of the reactions pathways for the generation of different shapes 
of palladium nanostructures is shown in Figure  11.6   [76] .   

 The growth rate can be controlled by altering the surface energies of different 
facets to obtain different ratios of {111} and {100} facet areas. The relative areas 
of the crystallographic facets that enclose the nanocrystals decide the fi nal shape 
of the nanocrystal. The surfactants or capping agents interact with the different 
facets of fcc metals and change the order of free energies of different facets. For 
example,  polyvinylpyrrolidone  ( PVP ) binds most strongly to 100 facets  [77, 78] , 
whereas citrate ions bind most strongly to 111 facets  [79] ; this results in the forma-
tion of nanocubes and octahedrons, respectively. The capping agent plays an 
important role in shape guiding by chemical adsorption as it renders some facets 
thermodynamically favorable for crystal growth. In this way, other single crystal 
shapes such as octahedron, cube and tetrahedron become favorable in terms of 
surface energy  [76 – 79] . As shown in Figure  11.6 , twin defects (a single atomic layer 
in the form of a mirror plane) are formed, which are usually decahedral and ico-
sahedral with a small surface area. The surface coverage of {111} facets is maxi-
mized because of the reduction in the surface energy, in order to compensate the 
extra strain energy caused by twinning. Figure  11.7  shows the crystal habits of 
gold and silver rods and wires derived from the decahedral particles  [80] . The end 
faces of the nanorods are {111} - type planes, whereas the side faces are {100} - type; 
these can be viewed as fi vefold decahedra that have been elongated parallel to the 
twin planes. Under kinetic control, plate - like morphologies such as triangular, 
hexagonal and circular are formed, where the top and bottom faces are {111} 
facets.   

 In summary, nucleation followed by kinetically controlled growth is critical for 
the rational design of anisotropic and highly monodisperse nanoparticles, and 
necessitates separation between the nucleation and growth stages. Chemical 
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    Figure 11.6     A schematic illustration of 
the reaction pathways that lead to Pd 
nanostructures with different shapes. The 
green, orange and purple colors represent the 
{100}, {111} and {110} facets, respectively. 

Twin planes are delineated in the fi gure with 
red lines. The parameter  R  is defi ned as the 
ratio between the growth rates along the  〈 100 〉  
and  〈 111 〉  axes.  Reproduced with permission 
from Ref.  [76] ;  ©  2007 Wiley - VCH.   

methods for the synthesis of anisotropic gold and silver nanostructures are out-
lined in the following section.  

  11.2.3 
 Chemical Synthetic Approach 

 Chemical methods have been widely used to produce nanostructured materials 
with different strategies, not only to control the morphology of the product but 
also to achieve monodispersity. In general, metals (mostly with a cubic structure) 
tend to nucleate and grow into thermodynamically stable nanoparticles with their 
surfaces bound by the low - energy facets, so as to minimize the total surface energy 



 [81] . None the less, highly anisotropic shapes that are not favorable from the per-
spective of thermodynamics have been obtained by the introduction of capping 
agents, stabilizers or other additives, which can alter the surface energies for the 
different crystallographic planes  [58, 82 – 84] . A detailed study of the growth process 
has revealed that a gradual change in the morphology of the particles is directly 
related to the faster growth of certain crystallographic facets (see above). As the 
importance of capping agents, stabilizers and additives when growing nanoparti-
cles of silver and gold has already been stressed, the major emphasis now is on 
citrate reduction, polyol synthesis and seed - mediated synthesis. 

  11.2.3.1   Citrate Reduction 
 The citrate reduction method, which was developed by Turkevitch in 1951  [85] , is 
one of the most popular conventional techniques used to synthesize gold nanopar-
ticles. The reaction utilizes the reduction of chloroauric acid (HAuCl 4 ) in water 
using sodium citrate, and leads to the production of gold nanoparticles of about 
20   nm diameter. In this method, citrate plays a dual role of reductant and stabilizer 
in the formation of colloidal gold clusters. An excess of citrate stabilizes the parti-
cles by forming a complex multilayered assembly of anions of various oxidation 
states, lending an overall negative charge to the surface and thus preventing aggre-
gation. In 1973, Frens and coworkers developed a method for the synthesis of gold 
nanoclusters, wherein the ratio between the reducing/stabilizing agents (triso-
dium citrate   :   gold ratio) was varied  [86] . This method has proved to be useful for 
the synthesis of gold as well as silver nanoparticles. Recently, the role of citrate 
ions in the synthesis of spherical and anisotropic silver nanoparticles has been 
investigated  [87] . Studies comparing the impact of various concentrations of citrate 
ions in reactions, with a constant molar concentration of silver, have shown that 
an excess of citrate ions dramatically slows the growth of silver nanoparticles. 
Although the citrate reduction method generally produces spherical nanoparticles, 

    Figure 11.7     Crystal habits of the gold and silver rods and 
wires.  Reproduced with permission from Ref.  [80] ; 
 ©  2005 Wiley - VCH.   
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by varying the reaction conditions it is possible to tailor the particle shape. A 
simple procedure for the synthesis of crystalline silver nanowires has been dem-
onstrated in the presence of NaOH  [88] . Here, silver nanowires were produced 
without using any surfactant, polymer or external seed crystallites, and the capping 
of citrate on certain faces of the silver facilitates the growth of nanoparticles in 
one direction, which is in agreement with previous reports. The quantity of NaOH 
used was an important factor in determining the morphology of the fi nal product. 
The hydroxide ions in solution compete for the capping action with citrate, and 
this leads to the change in morphology of the products. Although the citrate reduc-
tion method has been found useful for the synthesis of metal nanoparticles, the 
need for a precise control over the morphology and greater stability of the products 
has led to a quest for alternative synthetic methods.  

  11.2.3.2   Polyol Synthesis 
 Polyol synthesis, one of the most well - known methods for the preparation of metal 
colloids, was fi rst developed by Fivet and coworkers as a simple and versatile route 
to synthesize metallic nanoparticles  [89] . In a typical polyol synthesis, the reduc-
tion of a metal salt was carried out by liquid polyol or diol in the presence of a 
stabilizing agent. Generally, PVP was used as the capping or stabilizing reagent 
owing to its excellent adsorption abilities, while  ethylene glycol  ( EG ) was com-
monly used as both the solvent to dissolve the metal precursor salts and the reduc-
ing agent. The highly temperature - dependent reducing power of polyol proved to 
be a convenient, versatile and low - cost route for the synthesis of metal and alloy 
particles with a quasi - spherical shape and narrow size distribution. The primary 
reaction of this process involves the reduction of an inorganic salt (the precursor) 
by polyol at an elevated temperature, which is shown in following equations  [90]  
(shown for reduction of Au).

   CH OH CH OH CH CHO H O2 2 3 2− → +     (11.1)  

   6 2 2 3 6 83 4
0

3 3CH CHO AuCl Au CH CO COCH H Cl+ → + − + ++ −     (11.2)   

 When AuCl 4  is reduced by EG to generate Au 0  atoms at a suffi ciently high rate, 
the fi nal product will generally take the thermodynamically favored shapes (quasi -
 spherical). However, as the reduction become substantially slower the nucleation 
and growth will be kinetically controlled such that the fi nal product may assume a 
range of shapes which deviate from the thermodynamic shapes. The reduction of 
metal ions by EG generally results in the formation of metal clusters, followed by 
the nucleation of seeds, and subsequent growth of seeds into different morpholo-
gies. The seminal studies of Xia and coworkers have opened up the possibility of a 
general methodology for shape control in metallic nanostructures by using a modi-
fi ed polyol process  [91] . By carefully controlling the reduction kinetics, particularly 
at the seeding stage, the formation of these highly anisotropic structures becomes 
favorable in a slow reduction process. Several research groups have employed such 
kinetic control to obtain anisotropic nanostructures of silver and gold using a modi-
fi ed polyol process  [92 – 94] . In addition, a microwave - assisted polyol process proved 



to be capable of synthesizing polygonal Ag and Au nanoplates, rods and wires  [95 –
 97] . The various parameters responsible for the shape control of silver and gold 
nanoparticles in the modifi ed polyol process are detailed in the following sections. 

  11.2.3.2.1   The Case of Silver     In the polyol synthesis, by controlling the PVP   :   
silver precursor ratio, it is possible to produce silver nanocubes, nanowires and 
quasi - spheres  [98] . PVP plays a crucial role in producing silver nanostructures with 
good stability and size/shape uniformity, as the oxygen and nitrogen atoms of the 
pyrrolidone unit promote the adsorption of PVP chains onto the silver surface. The 
specifi c adsorption of PVP to the {100} facets of the seeds results in the formation 
of either nanocubes (for single - crystal seeds) or nanowires (for multiply twinned 
seeds with a decahedral shape)  [77] . The overall growth process of silver nanostruc-
tures is depicted in Figure  11.8 . The initial reduction of silver ions by EG results in 
the formation of clusters of critical sizes (nucleation); the silver atoms generated by 
the reduction of silver nitrate (AgNO 3 ) then diffuse to the surface of the nuclei and 
position themselves at active surface sites. The essence of this shape control lies in 
varying the molar ratio between PVP and AgNO 3 , as this results in a modifi cation 
of the thickness of the PVP coating and the location of PVP chains on the seed 
surface. It has been suggested that the interaction strengths between PVP and dif-
ferent crystallographic facets of a silver lattice are substantially different, and may 
therefore induce the anisotropic growth of silver.   

  Silver Nanocubes     In polyol synthesis, silver nanocubes are the major product 
when the initial AgNO 3  concentration is high and the ratio between PVP and 
AgNO 3  is relatively low, which ensures rapid nucleation and growth of silver seeds 
at the expense of twin defect formation  [99] . PVP plays a crucial role in reducing 
the twin defect formation through selective adsorption onto {100} facets, thus 
making available {111} facets for the addition of silver atoms  [77] . The growth rate 
of each face of the silver nanocube will remain same after the cubic shape has 

    Figure 11.8     The reaction pathways leading to 
well - defi ned silver nanostructures. The growth 
of seeds can selectively enlarge (100) facets 
(dark gray) at the expense of (111) facets 

(light gray), resulting in the formation of 
cubes, bipyramids or wires.  Reproduced with 
permission from Ref.  [54] ;  ©  2006 American 
Chemical Society.   
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been formed, and further growth will mainly increase the size with no signifi cant 
morphological variation. 

  Scanning electron microscopy  ( SEM ) images of the product (see Figure  11.9 ) 
indicate that this method could produce uniform silver nanocubes in high yield. 
The surfaces of these silver nanocubes are smooth, with all corners and edges 
slightly truncated. An important feature of this method is that, the size of the silver 
nanocubes may be varied by changing the concentration of AgNO 3 . The  selected 
area electron diffraction  ( SAED ) pattern also confi rms that each silver nanocube 
is a single crystal bound primarily by {100} facets.    

  Silver Nanowires     In order to form the silver nanowires in high yield, control over 
the geometry of the seed is essential. Here, it is necessary to form  multiple - twined 

    Figure 11.9     (a, b) SEM images of silver 
nanocubes synthesized by heating a mixture 
of AgNO 3  and PVP in ethylene glycol for 
45   min. The sample stage was tilted at 20    °  in 
(b), showing that all corners and edges of 
each cube were slightly truncated; (c) XRD 
pattern obtained from the same batch of 
nanocubes deposited on a glass substrate. 
The drawing of one cube is shown as the 
inset. In this synthesis, the concentration of 
AgNO 3  solution was 0.25    M  and the molar 

ratio between PVP and AgNO 3  was 1.5; (d) A 
TEM image of the product obtained under the 
same conditions as in (a), except that the 
concentration of AgNO 3  was reduced to 
0.125    M  and the growth time shortened to 
30   min. The inset shows a typical electron 
diffraction pattern taken from any individual 
nanocube by directing the electron beam 
perpendicular to one of its square faces. 
 Reproduced with permission from Ref.  [99] ; 
 ©  2005 Wiley - VCH.   
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particle s ( MTP )s    –    which are thermodynamically stable  –    rather than single - crystal 
seeds    –    which are kinetically stable  –    in order to grow silver nanowires. Generally, 
the twin defect represents the highest energy site on the surface of an MTP, onto 
which silver atoms preferentially crystallize, leading to a uniaxial elongation of the 
decahedra into pentagonal rods. The pentagonal cross - section will be retained 
during growth of the silver nanowires. 

 One way to achieve the growth of MTPs is to lower the concentration of AgNO 3 , 
while keeping the ratio between PVP and AgNO 3  constant  [100] . In another modi-
fi cation, small amounts of sodium chloride (NaCl) and Fe(acac) 3  (iron acetylaceto-
nate) were added to reaction system  [101] . The role of the chloride ions was to 
prevent the agglomeration of seeds, which otherwise would form irregular parti-
cles. The proposal was that the chloride ions would adsorb onto the seeds and 
stabilize them (electrostatically) against agglomeration. The Fe(III) ions were 
added to prevent the etching of twinned seeds by chloride and oxygen. A SEM 
image of silver nanowires is shown in Figure  11.10 .    

  Silver Right Bipyramids     Right bipyramids of silver were prepared using a modifi ed 
polyol process by the selective nucleation and growth of silver nanoparticles with 
a single {111} twin. The selective generation of single twinned seeds was facilitated 
by the incorporation of sodium bromide (NaBr) to a polyol synthesis  [102] . Bromide 
ions play an important role in the formation of high yields of the single twinned 
seeds necessary to grow right bipyramids. As mentioned earlier, chloride ions 
essentially etched the nanoparticles with twinned defects, leading to the formation 
of single - crystal seeds. Bromide ions, which are less corrosive than chloride ions, 

    Figure 11.10     SEM image of silver nanowires. The inset shows 
 multiply twinned pentagonal  ( MTP ) seed.  Reproduced with 
permission from Ref.  [101] ;  ©  2007 American Chemical 
Society.   
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enable a moderate etching that is suffi cient to eliminate any multiple twinned 
defects, but not single twin defects. Figure  11.11  shows the SEM image of the 
silver bipyramids compared to a  computer - aided design  ( CAD ) model; here, the 
same bipyramid is viewed under SEM from above and after a 45    °  tilt away from 
the viewer, at four different clockwise rotations. The bipyramids, with average edge 
length 150   nm and with corners of average radius of curvature 11   nm, were 
obtained with over 80% yield. Size control was possible by controlling the growth 
time of the silver bipyramids.    

  Silver Nanohexapods     Silver nanohexapods (AgNHs) with a well - defi ned concave 
shape and unique structure were synthesized in almost 100% yield using a modi-
fi ed polyol process  [103] . The rate of injection of AgNO 3  and PVP into EG was 
modifi ed in order to form AgNHs, which had a well - defi ned shape and were 
formed within only 5   min of the initial injection of reactants into the EG. Figure 
 11.12  shows  transmission electron microscopy  ( TEM ) images, SAED patterns and 
the surface confi gurations of single - crystalline AgNHs along the three low - index 
zone axes. Each AgNH has a faceted concave shape with six branches along the 
{100} directions and a sharp tip of four {111} facets.     

    Figure 11.11     SEM image of silver right bipyramids compared 
with computer - aided design (CAD) model.  Reproduced with 
permission from Ref.  [102] ;  ©  2006 American Chemical 
Society.   
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    Figure 11.12     TEM images (left column), SAED patterns 
(center column) and surface confi gurations (right column) 
of the single - crystalline AgNHs along the three low - index 
zone axes (ZA): (a – c) ZA  [99] ; (d – f) ZA  [109] ; (g – i) ZA  [110] . 
 Reproduced with permission from Ref.  [103] ;  ©  2008 
American Chemical Society.   

  11.2.3.2.2   The Case of Gold     The synthesis of highly selective nanostructures of 
gold has been demonstrated using a polyol method  [98] . A systematic evolution of 
gold nanocrystals with sizes of 100 – 300   nm has been achieved with a modifi ed 
polyol process, where the distinct uniform shapes of tetrahedron, cube, octahedron 
and icosahedron were realized in high yield by using PVP and foreign ions. Here, 
the PVP played a dual role of stabilizer and shape - regulating polymer (i.e. essen-
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tially the same role as for silver nanostructures). The reducing ability of PVP can 
be attributed to the hydroxyl end groups present in the polymer, when water is 
used as the polymerization solvent. In the presence of EG, the reduction of AgNO 3  
takes place at a relatively high reaction temperature (160    ° C); however, when water 
molecules are used as solvent the reducing ability of PVP is enhanced dramatically, 
with PVP capable of reducing AgNO 3  at 60    ° C, or even at room temperature. The 
reducing ability of PVP or the reaction speed can be controlled by regulating the 
water content, thus improving the ability of PVP to kinetically control the growth 
of Au. In this regard, a novel two - phase system    –     water/PVP/ n -  pentanol  ( WPN )    –
    has been successfully exploited to realize the highly shape - selective synthesis of 
anisotropic Au nanoparticles with controlled sizes and remarkable shapes, such 
as regular octahedrons, triangles, rods, dumbbells, belts and hexagons  [104] . The 
synthesis conditions and factors responsible for the anisotropic growth of gold 
nanostructure are described in the following sections. 

  Gold Spheres     A simple, one - step, one - phase synthetic route for spherical gold 
nanoparticles with a uniform size distribution by using  o  - diaminobenzene as a 
reducing agent in the presence of PVP has been achieved  [105] . In this reaction, 
PVP was used as the capping agent that controlled the particle growth and stabi-
lized the micro/nanoparticles in high yield (almost 100%). The diameter of the 
gold micro/nanoparticles could easily be controlled by changing the molar ratio 
of PVP to HAuCl 4 .  

  Gold Nanocubes     The size control of gold nanocubes has been achieved by a modi-
fi ed polyol process which involves a rapid reduction of gold precursors in refl uxing 
1,5 - pentanediol in the presence of 1/200 equivalents of silver nitrate  [106] . As PVP 
alone (without AgNO 3 ) was insuffi cient to stabilize the gold particles, AgNO 3  was 
used as a stabilizer during the growth of the nanocubes. The suggestion was that, 
the introduction of AgNO 3  might suppress the growth of a certain face at some 
rates, thus preventing large cluster formation and providing stability to the nano-
crystals. The schematic of gold nanocube formation is shown in Figure  11.13 . The 
fi rst addition of gold precursors resulted in the formation of seeds of diameter 

    Figure 11.13     Schematic of the formation of gold nanocubes. 
 Reproduced with permission from Ref.  [106] ;  ©  2006 
American Chemical Society.   
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approximately 60   nm; subsequently, larger particles grew at the expense of smaller 
seeds, a situation typical of Ostwald ripening. The edge sharpening of the crystals, 
together with shape and size focusing, resulted in the formation of gold 
nanocubes.    

  Gold Octahedra     Octahedral Au particles of hundreds of nanometers in size were 
easily synthesized by a modifi ed polyol process, in which EG was replaced with 
 polyethylene glycol 600  ( PEG 600 )  [107] . In the initial stages of the synthesis, the 
Au octahedra were in low yield and always mixed with other types of Au nano-
structure. However, the addition of NaBH 4  to PEG 600 dramatically increased the 
yield of single crystalline Au nano - octahedra, from an initial value of less than 
15% to more than 90%. Here, the NaBH 4  acts as a strong reducing agent that 
directly reduces the Au III  ions in Au salts to Au 0  atoms. The formation of octahe-
dral Au nanocrystals is facilitated by a preferential adsorption of PVP onto the 
{111} planes of Au nuclei, reducing the growth rate along the {111} direction but 
enhancing that along the {100} direction. The ratio of growth rates along the {100} 
to {111} directions has been shown to determine the geometric shape of a crystal. 
The shape of a cubic nanocrystal evolves from a perfect cube ( R    =   0.58) to a cubo -
 octahedron ( R    =   0.87), a truncated octahedron (0.87    <     R     <    1.73), and fi nally to a 
perfect octahedron ( R    =   1.73) as  R  increases. Figure  11.14  shows the  fi eld emission 

    Figure 11.14     (a) Low - , (b) medium and (c) high - magnifi cation 
FESEM images and (d) X - ray diffraction pattern of the Au 
nano - octahedra. Scale bars for (a), (b) and (c) are 2   mm, 
200   nm and 50   nm, respectively.  Reproduced with permission 
from Ref.  [107] ;  ©  2007 Wiley - VCH.   
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scanning electron microscopy  ( FESEM ) images of the Au nano - octahedra and  X -
 ray diffraction  ( XRD ) pattern, which confi rm that the products consisted of pure 
crystalline fcc Au nanoparticles.   

 In another method, regular gold octahedra were synthesized in high yield by 
using a modifi ed polyol process in which Au octahedra were obtained by sequen-
tially adding aqueous citrate and ethanol solutions of HAuCl 4  · H 2 O to a  n  - pentanol 
solution of PVP  [108] . In this reaction, the average edge length of the regular 
octahedra could be tuned by using appropriate amounts of PVP, water and sodium 
citrate.  

  Gold Nanosheets     Single crystalline gold nanosheets, with triangular, hexagonal 
or truncated triangular shapes, have been successfully synthesized in high yield 
using a polyol process  [109] . Both, EG and PVP in the solution play important 
roles in the formation of Au nanosheets. The concentrations of the precursors 
(PVP, HAuCl 4 ) and the reaction temperature are also crucial in determining the 
morphology and size of the fi nal product. A schematic of the formation of hexago-
nal nanosheets and nanobelts, formed along with triangular sheets in low yields, 
is shown in Figure  11.15 .   

 The formation of small triangular and truncated triangular (or hexagonal) 
nanosheets is attributed to the preferential adsorption of PVP onto the {111} 
planes of Au nuclei; this greatly decreases the surface energy of the {111} planes 
and leads to preferential growth along the {110} directions. It is believed that small 
nanosheets are connected together along the {110} lateral planes, which are of 

    Figure 11.15     Schematic of the formation of: (a) triangular 
nanosheets; (b) hexagonal nanosheets; (c) nanobelts. 
 Reproduced with permission from Ref.  [109] ;  ©  2007 
Wiley - VCH.   



relatively high surface energy, leading to the formation of triangular or hexagonal 
nanosheets (Figure  11.15 a and b). Small triangular nanosheets with the same size 
are also connected into a long and thin nanobelt (Figure  11.15 c) along the  〈 110 〉  
direction. A TEM image of a single triangular nanosheet, together with the corre-
sponding SAED pattern, are shown in Figure  11.16 . Here, the surfaces of the Au 
nanosheets are atomically fl at, as indicated by the inner sets of spots {111} pattern, 
originated from the 1/3{422} plane.   

 In brief, polyol synthesis has been successfully applied to the generation of 
spherical and anisotropic nanomaterials of gold and silver, with high yields. More-
over, the method exhibits good control over the morphology of the product, with 
quantitative reproducibility.    

    Figure 11.16     (a) TEM image and (b) SAED pattern of single 
triangular Au nanoplate.  Reproduced with permission from 
Ref.  [109] ;  ©  2007 Wiley - VCH.   
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  11.2.3.3   Seed - Mediated Synthesis 
 In recent years, the seed - mediated synthesis of spherical and highly anisotropic 
metal nanoparticles has gained much importance in the fi eld of nanotechnology 
 [66] . The technique facilitates the use of smaller seed particles added externally for 
the growth of the anisotropic nanostructures. In brief, the method is divisible into 
two steps: (i) seed preparation; and (ii) growth of the desired nanoparticles on the 
seed in the presence of a surfactant. While the seeds are generated with a strong 
reducing agent (e.g. NaBH 4 ), the growth solution employs a weaker reducing agent 
(often ascorbic acid) to reduce the metal salt. Growth is believed to be due to kinetic 
conditions, limiting the control over size and shape; however, the concentrations 
of the reagents may be adjusted to control crystal growth. The synthesis of the 
seed is critical (as for the polyol method) in obtaining the fi nal product with a 
narrow size distribution. The particle size of the product can be manipulated by 
varying the ratio of seed to metal salt. Seed - mediated synthetic strategies for silver 
and gold nanoparticles are described in the following sections, with attention 
focused on the use of  cetyltrimethylammonium bromide  ( CTAB ) as surfactant. 
The evolution of both spherical and nonspherical particles is discussed based on 
recently reported data, contributing to a better understanding of the shape evolu-
tion of anisotropic nanostructures. 

  11.2.3.3.1   The Case of Gold     A variety of shapes of gold nanostructures has been 
realized using seed - mediated synthesis, and consequently the technique is regarded 
as a favorite where gold is concerned. Such success lies in the simplicity and ease 
of shape variation, it having been shown that the creation of different shapes for 
gold nanostructures is possible with only minor changes to the experimental 
conditions. 

  Gold Nanospheres     Seed - mediated growth has been used successfully for the syn-
thesis of gold nanospheres  [110] , the size of which can be tuned from 5 to 40   nm 
by controlling the ratio of the seed and precursor, and using CTAB as the growth 
medium. In this method, the seed particles are repeatedly exposed to fresh aliquots 
of growth solution, which yields products of greater monodispersity in terms of 
both size and shape. It was proposed that nucleation is a slow process at the start 
of the reaction, rapidly increases as the reaction progresses, and then slows and 
eventually stops as growth predominates. Thus, an initial slow nucleation, fol-
lowed by a burst of nucleation mediated by seeds and growth, yield the fi nal 
products. 

 In another example, a single - step citrate method was employed to prepare 30 –
 100   nm - sized gold particles from smaller seeds, utilizing the surface - catalyzed 
reduction of Au 3+  by hydroxylamine  [111] . The diameter of the seed particles and 
the amount of Au 3+  present in the growth solution were critical issues in control-
ling the physical properties of the products. Further studies revealed that the 
reduction of Au 3+  was extensively catalyzed on any surface, such that other (stron-
ger) reducing agents could be used in seeded growth methods  [112] . However, as 
the rate of reduction at the seed surface greatly exceeded the reduction rate of 



metal ions in the growth solution, the seed nanoparticles grew at the expense of 
nucleating new particles.  

  Gold Nanorods     The most popular chemical method for producing gold nanorods 
is that of seed - mediated nanoparticle growth in the presence of surfactant, as 
introduced by the group of Catherine Murphy  [113 – 116] . The most widely used 
surfactant is CTAB and, in a typical process, spherical gold seeds of 3.5    ∼    4   nm in 
diameter are prepared by reduction of a gold salt solution with a strong reducing 
agent, NaBH 4 , in the presence of a capping agent such as sodium citrate. The seed 
was then introduced to a growth solution containing HAuCl 4 , CTAB and a weak 
reducing agent (ascorbic acid) to generate gold nanorods in solution. This can be 
achieved either by single or multistep seeding processes. A schematic diagram for 
the synthesis is provided in Figure  11.17   [117] , where the weak reducing agent 
(usually ascorbic acid) is incapable of fully reducing the metal salt at room tem-
perature. However, upon addition of the seeds, the reaction is thought to take place 
on the seed surface, and being autocatalytic, to produce larger nanoparticles. The 
presence of a structure - directing agent is crucial to obtain nanorods, and the aspect 
ratio (defi ned as the length of an object divided by its width) of the gold nanorods 
can be tuned easily by using this method. The formation of other shaped particles 
(especially spherical) can be reduced to a signifi cant level simply by modifying the 

    Figure 11.17     Schematic of the seed - mediated growth of gold 
nanorods.  Reproduced with permission from Ref.  [117] ;  ©  
2006 American Chemical Society.   
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methodology or introducing certain additives to the system. The effect of the con-
centrations of the seed, metal ions, reducing agents, surfactants and silver nitrate 
has been well studied  [117 – 119] . It has been observed that the aspect ratio of the 
nanorods increases as the seed size decreases and that, in the case of negatively 
charged seeds, the variation in aspect ratio is more pronounced compared to that 
with positively charged seeds. Although the use of silver nitrate enhances the yield 
of the gold rods, the aspect ratio of the product remains low when compared to 
rods prepared in the absence of silver nitrate  [118, 120] . Amongst all anisotropic 
structures of gold, rods have attracted considerable attention due to their highly 
tunable optical properties. In general, their optical spectra have been characterized 
by two absorption peaks, corresponding to plasmon resonances in the transverse 
and longitudinal directions. The peak positions can be varied by varying the aspect 
ratio of the rods, which fi nd useful applications in a variety of fi elds; for example, 
the absorption of gold nanorods in the NIR region is useful for cancer imaging 
and therapy  [37, 38, 41, 42] .   

 An insight into the growth mechanism of gold nanorods in the presence and 
absence of silver ions has provided valuable information  [120 – 123] . An electric 
fi eld - directed growth mechanism for gold nanorods in an aqueous surfactant solu-
tion, in the absence of Ag + , suggests the binding of AuCl 4  – CTAB micelles, fol-
lowed by ascorbic acid reduction of Au 3+  to Au +  to form   AuCl2

−  – CTAB micelles. 
Gold rod - shaped growth is further kinetically controlled by the collision between 
CTAB - protected seed particles and   AuCl2

−  – CTAB micelles, which is found to be 
higher at the tips and thus facilitates growth in one direction. Similar observations 
were found by Murphy and colleagues for gold nanorods prepared using citrate -
 capped seeds, without silver ions. The group observed that a preferential adsorp-
tion of ions to the different crystal faces of gold ({100} or {110}) inhibited growth 
at those faces (Figure  11.18 ). The role of silver in gold nanorod growth has also 
been described by considering the contribution from Ag 0   underpotential deposi-
tion  ( UPD ) on the growing gold nanorods. Ascorbic acid is capable of reducing 
Ag +  at the growing gold nanorod surface at a potential less than its standard reduc-
tion potential, so as to form monolayers or submonolayers of Ag 0 . It was found 
that nanorods grown using CTAB - protected gold seeds in the presence of Ag +  bear 
Au{110} faces on the sides of the rods and {100} faces on the ends. A greater 
positive shift in potential for silver UPD on gold surfaces is observed on {110} 
surfaces compared to the {100} or {111} faces, which leads to a faster deposition 
of silver on the sides of the rods ({110} facets) than on the ends ({100} facets). 
This is followed by strong CTAB binding which further inhibits gold growth on 
the sides of the rods and leads to a preferential growth of gold at the ends. A picto-
rial representation of the proposed mechanism of growth of gold nanorods in the 
presence of silver ions is shown in Figure  11.19   [122] .   

 It has also been reported that long - chain surfactants produce longer rods with 
the higher yields than do those with short chains. The mechanism of formation 
of gold nanorods in a surfactant medium has been well studied  [124, 125] , the 
proposal being that the surfactant head groups can selectively bind to the specifi c 
crystallographic facets of the seeds or the growing rods. The  ‘ tail ’  parts of the 



    Figure 11.18     Schematic of three - dimensional morphology of 
gold nanorods prepared using: (a) citrate - capped seeds 
without Ag + ; (b) CTAB - capped seeds in the presence of Ag + . 
 Reproduced with permission from Ref.  [122] ;  ©  2006 
American Chemical Society.   
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    Figure 11.19     Schematic for the mechanism of nanorod 
growth from CTAB - protected gold seed particles in the 
presence of Ag + .  Reproduced with permission from Ref.  [122] ; 
 ©  2006 American Chemical Society.   

{110}

Ag0 on Au {110}

Ag0 on Au {100}

Growth termination

Au growth along

the {100} direction

AuCI2
–

AuCI2
–

AuCI2
–

{100}

Growing gold particle

Au-CTAB seed

(~1.5 nm dia)

CTAB micelle-AuCI2
–

(0.1M CTAB, 5×10–4M HAuCI4)

(8×10–5M AgNO3)

CTAB-AuCI2
–

(excess)

+ CTAB-AuCI2
–
 (excess) + Ag+(excess) 

Fast Ag+ UPD

on (110)

Slow Ag+ UPD

on (100)



 430  11 Spherical and Anisotropic Noble Metal Nanomaterials

surfactant can then form a bilayer structure with each other through van der Waals 
interactions, which play an important role in the structural design of nanorods. 
The growth of gold nanorods has also been reported  [126]  using the surfactants 
 cetyltripropylammonium bromide  ( CTPAB ) and  cetyltributylammonium bromide  
( CTBAB ), both of which have larger headgroups than CTAB and  cetyltriethylam-
monium bromide  ( CTEAB ). In a systematic comparison of nanorod growth 
using the four surfactants, the average aspect ratio of the Au nanorods increased 
and the nanorod growth rate decreased as the size of the headgroup became larger. 
The reason for the headgroup size - dependent effect on nanorod growth was due 
to a higher stability of the bilayers formed on the nanorod surfaces by surfactants 
with larger headgroups. 

 The direct, high - yield synthesis of high - aspect ratio gold nanorods, using a 
modifi ed seed - mediated synthesis and the addition of nitric acid, has been dem-
onstrated  [127, 128] . In this approach, the citrate - capped gold seeds yielded 60 –
 70% of nanorods with an average aspect ratio of 21 – 23, whereas the CTAB - capped 
gold seeds yielded 90% nanorods with an average aspect ratio of 19. A TEM image 
of the gold nanorods is shown in Figure  11.20 . When using the CTAB - capped gold 
seeds, nanoplate formation could be reduced at the early stages of gold nanorod 
growth. The role of nitric acid proved to be crucial as it forms  cetyltrimethylam-
monium nitrate  ( CTAN ) in the reaction medium; micelles formed by CTAN 
showed not only a larger aggregation number and size than those formed by 
CTAB, but also a greater elongation effect compared to micelles formed in the 
absence of nitric acid.   

    Figure 11.20     TEM image of the high - aspect - ratio gold 
nanorods.  Reproduced with permission from Ref.  [128] ; 
 ©  2007 American Chemical Society.   



 A new method of producing gold nanowires by controlling the volume of the 
growth solution has been reported  [129] . Here, a structural analysis clearly showed 
the shape to evolve from fusiform nanoparticles to 1 - D rods, with nanorod shape 
and length being controlled by the successive addition of growth solution to the 
seed solution. In this way the nanorod length could be extended to 2    μ m, and the 
aspect ratio to  ∼ 70. This investigation included a procedure whereby the [growth 
solution]   :   [seed] ratio was held constant during the reaction and played an impor-
tant role in determining the fi nal product. The evolution of shape was found to 
depend heavily on the volume of growth solution added. Although many methods 
have been developed for creating gold nanorods using a seed - mediated approach, 
they cannot be discussed here, for reasons of space limitation. Hence, for further 
details the reader is directed to an excellent review  [130] .  

  Au Bipyramids     A seed - mediated synthesis has been used to grow Au bipyramids 
in aqueous solutions, using cationic surfactants as stabilizing agents in the presence 
of AgNO 3   [131, 132] . The multiply twinned gold seeds are mainly responsible for 
the growth of elongated bipyramidal nanoparticles, by preserving the initial twinned 
structure in the fi nal product with the defect - free deposition assisted by Ag(I). The 
structural characterization revealed that, the bipyramids are penta - fold twinned 
around the growth axis, with the side {100} facets tilted toward the {111} facets. 

 CTEAB has also been used as a stabilizing agent to grow Au bipyramids  [133] . 
The SPR wavelengths of the resultant bipyramids can be varied from 700 to 
1100   nm by changing the amount of seeds, relative to that of the Au precursor. 
The growth of Au bipyramids has been demonstrated by using cationic surfactants 
with different sizes of headgroup as stabilizing agents  [134] ; for example, growth 
using CTBAB led to the production of Au bipyramids with tunable  longitudinal 
surface plasmon  ( LSP ) wavelengths, in high yield. When the surface - plasmon 
properties of Au bipyramids were investigated using the fi nite - difference time -
 domain method, the extinction cross - sections and local electric - fi eld enhance-
ments of Au bipyramids were found to be larger than those of Au nanorods, which 
possess almost similar LSP wavelengths as those of Au bipyramids.  

  Thorny Gold Nanostructures      Three - dimensional  ( 3 - D ) thorny gold nanostructures 
have been developed using a seed - mediated growth approach  [135] , wherein 
control over the morphology (from sphere to thorny nanostructure) was achieved 
by introducing different amounts of Ag +  ions into the reaction systems of HAuCl 4  
and NH 2 OH. The synthesis was carried out in the absence of templates and sur-
factants. A schematic representation of the synthetic strategy for thorny gold 
nanostructures is shown in Figure  11.21 . At too - high concentrations, the number 
of nanothorns on each gold nanoparticle decreased, while the central parts of 
the 3 - D gold nanostructures (the body) expanded. The formation and structural 
changes of the 3 - D thorny gold nanoparticles can be explained by the deposition 
of AgCl precipitate on the surface of the gold nanoseeds. Moreover, complicated 
dendrimer - like structures can be achieved by a second growth, using the thorny 
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nanoparticles as seeds in the presence of Ag +  ions (but an absence of surfactant 
and template).    

  Gold Tadpoles     A simple temperature - reducing seeding approach for the synthesis 
of  ‘ tadpole ’  - shaped gold nanoparticles in high yield, without additional capping 
agent or surfactant, has been reported  [136] . The initial concentration of gold ions, 
the added seed colloids and the solution reaction temperature each played critical 
roles. Structural characterization of the nanoparticles at different stages of the 
reaction (using TEM and UV - visible spectrophotometry) revealed the formation 
of a special structure as a type of aggregation - based growth, including spherical 
aggregation at the boiling temperature and linear aggregation at reduced tempera-
ture. A pictorial representation of the formation of gold  ‘ nanotadpoles ’  is shown 
in Figure  11.22 . In another example, a simple aqueous - phase method for the syn-
thesis of tadpole - shaped gold nanoparticles in large quantity by the reduction of 
chloroauric acid with trisodium citrate in the presence of a capping agent such as 
 sodium dodecylsulfate  ( SDS ) has been demonstrated  [137] . Here, the nanoparti-
cles possessed a well - defi ned shape with a maximal head width of 25.0   nm and a 
tail that tapered along the longitudinal axis of 115.0   nm. Both, SEM and UV - visible 
absorption measurements and electrophoresis experiments, showed the tadpoles 
to possess unusual optical and electrical properties.    

  Multishaped Gold Nanoparticles     A novel method for the synthesis of multiple 
shapes of gold nanostructural architectures, such as rectangle, dogbone, peanut 

    Figure 11.21     Schematic illustration of the synthetic strategy 
for the thorny gold nanostructures.  Reproduced with 
permission from Ref.  [135] ;  ©  2007 American Chemical 
Society.   
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and branched multipods with corrugated surface, has been demonstrated by 
varying the pH of the reaction medium, in the presence of gold nanorods, 
which acted as seeds  [138] . The different shapes were fabricated by varying the 
solution pH in the range of 3.6 to 9.6 from gold nanorods with aspect ratios of 2.9 
and 2.1. The general methodology of the synthesis is shown schematically in 
Figure  11.23 . The pH value of the growth solution is crucial in determining the 
shape of the fi nal product as it strongly infl uences the reducing power of ascorbic 
acid.   

 A modifi ed seed - mediated growth method to create multishaped gold nanopar-
ticles (e.g. spherical, bipyramid, nanorod, nanowire, T -  and star - shaped, triangu-
lar) by varying the experimental conditions has been demonstrated  [139] . TEM 
images of gold nanoparticles synthesized in the presence and absence of silver 
ions and using a three - step seed - mediated process are shown in Figure  11.24 . 
Structural variation in the products was observed with changes in the experimental 
conditions. In the absence of silver, gold nanorods with average lengths of  ∼ 59   nm 
and  ∼ 570   nm were obtained after the addition of second and third growth solu-
tions, respectively. A high - resolution TEM analysis showed the structure of the 
shorter rods to be twinned along the long axis and to be isometric pentafold, 
twinned around their growth axis, for longer rods. In the presence of a mild 
(medium) concentration of silver ions (0.004   m M ), gold nanorods of average length 
 ∼ 550   nm were formed via the formation of pentafold twinned gold bipyramids. 
The aspect ratio of the gold nanorods was found to be lower when synthesized in 

    Figure 11.22     Schematic growth mechanism of gold 
nanotadpoles synthesized by the temperature - reducing 
seeding approach.  Reproduced with permission from Ref. 
 [136] ;  ©  2007 American Chemical Society.   
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    Figure 11.23     Evolution of different shapes from gold nanorod 
seeds at different pH values of the solution.  Reproduced with 
permission from Ref.  [138] ;  ©  2005 Institute of Physics and 
IOP Publishing Limited.   

    Figure 11.24     TEM images of gold resulting products 
synthesized at three different situations. (1) a – c: absence of 
silver ions; (2) d – f: presence of 0.004   m M  silver ions; (3) g – i: 
presence of 0.04   m M  silver ions.  (Reproduced from Ref. 
 [139]. )   



the presence of silver. On the addition of excess growth solution (0.04   m M ), 
multipod - shaped (T - shaped and branched - shaped) and star - shaped nanoparticle 
were formed. The absorption spectra of these gold nanomaterials, recorded under 
different conditions, are shown in Figure  11.25 . Differences in the spectra for the 
various experimental conditions suggests the formation of different products; 
moreover, the variations in temperature over the range of 60 – 90    ° C led to the pro-
duction of triangular and hexagonal gold nanoparticles.     

  11.2.3.3.2   The Case of Silver     Silver nanostructures have also attracted con-
siderable attention owing to their highly anisotropic physico - chemical proper-
ties (similar to those of gold nanostructures). In this respect, a variety of 
shapes have been successfully produced using seed - mediated synthetic 
techniques. 

    Figure 11.25     Extinction spectra of samples prepared at 
different conditions. (a) Absence of silver ions; (b) Presence 
of 0.004   m M  silver ions; (c) Presence of 0.04   m M  silver ions. 
 (Reproduced from Ref.  [139] .)   
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  Silver Nanorods and Nanowires     A straightforward synthesis of silver nanorods and 
nanowires, with varying aspect ratio, has been demonstrated  [140]  wherein the 
chemical reduction of a silver salt was carried out in the presence of a silver seed, 
the micellar template CTAB, and NaOH. Ag seeds of 4   nm diameter were prepared 
by the chemical reduction of AgNO 3  by NaBH 4 , in the presence of trisodium citrate 
to stabilize the nanoparticles. The concentration of seed and the Ag +  concentration 
were shown to be the key factors for obtaining nanomaterials with a higher aspect 
ratio. For nanorods, the solution pH was slightly higher than the p K  a  of the second 
proton of ascorbic acid ( ≈ 11.8), which suggested that the ascorbate dianion was a 
signifi cant component of the solution. In the case of nanowires, the solution pH 
was slightly lower than this p K  a , suggesting that the monoanion of ascorbic acid 
(fi rst p K  a     ≈    4.1) was predominant in solution. The results of these studies sug-
gested that complexes of silver ion with two different forms of the reducing agent, 
and with cationic CTAB and silver seed in solution, were important factors in the 
production of nanorods and nanowires.  

  Silver Nanoplates     Truncated triangular silver nanoplates were prepared in large 
quantities, by reduction of silver ions with ascorbic acid on silver seeds in an 
alkaline solution of highly concentrated CTAB micelles  [141] . The particles obtained 
were single crystals, with a (111) lattice plane as the basal plane, and were able to 
self - assemble into chain - like nanostructures, either by partial or close stacking of 
neighborhood nanoplates. In another example, the controlled synthesis of disk - like 
and fl ower - like monodisperse silver nanoplates was reported in high - yield  [142] . 
This synthesis was carried out by reducing [Ag (NH 3 ) 2 ] +  with ascorbic acid in the 
presence of silver seed at room temperature; the precursor [Ag (NH 3 ) 2 ] +  was seen 
to control the reduction reaction in a mild manner.    

  11.2.3.4   Other Methods 
 A variety of alternative synthetic strategies has been created for the generation 
of metal nanoparticles, all of which make use of different ligands as stabilizers, 
reverse micelles, microemulsions, membranes, polyelectrolytes, and so on. 

 In recent years, the synthetic strategy of nanoparticles using different ligands 
such as thiols, amines and phosphines has gained in importance. The fi rst report 
of the stabilization of AuNPs with alkanethiols was made by Mulvaney and Giersig, 
in 1993  [143] . A year later, the Brust – Schiffrin method for preparing dodecanethiol -
 stabilized nanoparticles, which described the synthesis of thermally and air - stable 
AuNPs of reduced dispersity and controlled size, attracted much attention among 
research groups in this fi eld  [144] . The Brust – Schiffrin technique utilizes thiol 
ligands that fi rst bind strongly to gold and are then transferred to toluene by using 
 tetraoctylammonium bromide  ( TOAB ) as the phase - transfer reagent. Further 
reduction of the gold salt is carried out by NaBH 4  in the presence of dodecanethiol. 
Brust and coworkers subsequently extended this synthesis to  p  - mercaptophenol -
 stabilized AuNPs in a single - phase system  [145] , and this procedure in turn opened 
up an avenue for the synthesis of AuNPs, stabilized by a variety of functional thiol 
ligands  [146, 147] . Although, today, many reports exist that are based on the Brust –



 Schiffrin approach  [148 – 152] , the method has certain limitations with regards to 
the compatibility of the stabilizing thiol ligands with the other reagents. 

 Although, Schmid and coworkers reported the synthesis of triphenylphosphine -
 stabilized nanoparticles  [153 – 155] , the use of toxic chemicals such as benzene or 
diborane presents signifi cant health and explosion hazards. In order to avoid this 
problem, Hutchison  et al.  demonstrated a safer and convenient, yet scalable, syn-
thesis of high - quality 1.4   nm triphenylphosphine - stabilized gold nanoparticles, in 
which diborane was substituted with NaBH 4  and benzene with toluene  [156] . This 
method makes use of a phase - transfer reagent (TOAB) to facilitate the transfer of 
chloroaurate ions from an aqueous solution to an organic phase (toluene) contain-
ing triphenylphosphine. The reduction is carried out using aqueous NaBH 4 , deliv-
ered to the organic phase via complexation with TOAB. Whilst Hutchison ’ s method 
provided a better yield of nanoparticles than Schmid ’ s method, a major disadvan-
tage lay in the tedious purifi cation of the nanoparticle product. 

 A number of other reports have been made relating to the use of surfactants, 
reverse micelles, microemulsions, membranes and polyelectrolytes for the synthe-
sis of noble metal nanoparticles  [157 – 159] . This type of synthetic method generally 
involves a two - phase system with a surfactant, causing the formation of a micro-
emulsion or micelle, and maintains a favorable microenvironment together with 
extraction of metal ions from aqueous phase to organic phase. In such cases, the 
surfactant not only acts as a stabilizer but also plays an important role in control-
ling crystal growth.   

  11.2.4 
 Bio - Based Synthetic Approach 

 The growing demand for environmentally benign, clean, nontoxic and eco - friendly 
techniques to synthesize nanoparticles has resulted in the development of biologi-
cal systems capable of growing nanoscale structures. Many organisms, both uni-
cellular and multicellular, are known to produce inorganic nanomaterials; some 
well - known examples of bioreduction and nanoparticle production include mag-
netostatic bacteria synthesizing magnetic nanoparticles  [160] , diatoms synthesiz-
ing siliceous materials  [161]  and S - layer bacteria producing gypsum and calcium 
carbonate layers.  [162] . Biological systems have the unique ability that they can 
control the structure, phase and nanostructural topography of the inorganic crys-
tals. Although biological materials have been used for many years in the remedia-
tion of toxic metals, their potential in the synthesis of nanoparticles has only 
recently come to light  [163] . Today, a variety of inorganic nanomaterials have been 
synthesized using plants, algae, bacteria, yeast and fungi; a brief overview of the 
biological systems used to synthesize silver and gold nanostructures is provided 
in Tables  11.1  and  11.2 , respectively  [164 – 192] .   

  11.2.4.1   Bacteria 
 An early example of nanoparticle synthesis using bacteria was reported by Bev-
eridge and coworkers, that included the precipitation of colloidal gold of nanoscale 
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 Table 11.1     Silver nanostructures prepared using a biosynthetic approach. 

  Type of 
biosystem  

  Name of biosystem    Average size/
size range 
obtained (nm)  

  Morphology of the 
nanoparticles  

  Year    Reference  

  Bacteria     Pseudomonas stutzeri  
AG259  

  200    Triangular and hexagonal    1999     [164]   

   Lactobacillus  strains, 
(common in 
buttermilk)  

  20 – 50    Hexagonal, triangular and 
other shapes  

  2002     [165]   

   Klebsiella pneumoniae      –      –     2007     [166]   

   Escherichia coli      –      –     2007     [166]   

   Enterobacter cloacae  
(Enterobacteriacae)  

   –      –     2007     [166]   

  Fungi     Phoma  Sp.3.2883    71.06    ±    3.46    Spherical    2003     [167]   

   Fusarium oxysporum     5 – 15     –     2003     [168]   

   Fusarium oxysporum     20 – 50     –     2005     [169]   

   Phaenerochaete 
chrysosporium   

   –     Pyramidal    2006     [170]   

   Aspergillus fumigatus     5 – 25    Spherical and triangular    2006     [171]   

   Aspergillus fl avus     8.92    ±    1.61     –     2007     [172]   

  Yeast    Yeast strain MKY3    2 – 5    Hexagonal    2003     [173]   

  Plants    Alfalfa     –     Spherical    2003     [174]   

   Pelargonium graveolens  
(Geranium leaf)  

  16 – 40    Spherical and ellipsoidal    2003     [175]   

   Azadirachta indica  
(Neem leaf broth)  

  5 – 35    Spherical and 
polydispersed  

  2004     [176]   

   Aloe vera     15.2    ±    4.2    Spherical    2006     [177]   

   Cinnamomum 
camphora  (camphor 
leaf)  

  55 – 80    Triangular and spherical    2007     [178]   

  Algae     Chlorella vulgaris      –     Truncated triangular 
nanoplates; irregular 
particles  

  2007     [179]   



 Table 11.2     Gold nanostructures prepared using a biosynthetic approach. 

  Type of 
biosystem  

  Name of biosystem    Average size/
size range 
obtained  

  Morphology of the nanoparticles    Year    Reference  

  Bacteria     Bacillus subtilis  168    5 – 25   nm    Octahedral    1996     [180]   

   Lactobacillus  strains 
(common in buttermilk)  

   –     Spherical    2002     [165]   

  Fungi     Verticillium  sp.    20    ±    8   nm    Spherical, triangular and 
hexagonal  

  2001     [181]   

   Fusarium oxysporum     20 – 40   nm    Spherical and triangular    2002     [182]   

   Colletotrichum  sp.    8 – 40   nm    Spherical    2003     [183]   

   Aspergillus niger      –     Triangular, hexagonal, spherical, 
spiral nanoplates, nanowalls, 
lamellar and spherical 
nanoagglomerates  

  2007     [184]   

  Actinomycetes     Rhodococcus  sp.    5 – 15   nm    Spherical    2003     [185]   

   Thermomonospora  sp.    8   nm    Spherical    2003     [186]   

  Plant    Alfalfa    2 – 20   nm    Icosahedral    2002     [187]   

  Alfalfa    2 – 20   nm    Spherical    2003     [174]   

   Pelargonium graveolens  
(geranium leaves)  

  20 – 40   nm    Rods, fl at sheets and triangular    2003     [183]   

   Azadirachta indica  
(Neem leaf broth)  

   –     Triangular, hexagonal and 
spherical plates  

  2004     [176]   

   Avena sativa  (Oat)     –     Tetrahedral, decahedral, 
hexagonal, icosahedral multi -
 twinned, irregular and rods  

  2004     [188]   

   Cymbopogon fl exuosus  
(lemongrass plant)  

  0.05 – 1.8    μ m    Triangular    2004     [189]   

   Aloe vera     50 – 350   nm    Triangular    2006     [177]   

   Sesbania drummondii     6 – 20   nm    Spherical    2007     [190]   

   Cinnamomum camphora  
(camphor leaf)  

  15 – 100   nm    Triangular and spherical    2007     [178]   

  Algae     Chlorella vulgaris      –     Triangular, and hexagonal plates    2007     [191]   

   Sargassum wightii  
Greville  

  8 – 12   nm    Thin planar    2007     [192]   
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dimensions within bacterial cells, by incubating the cells with Au 3+  ions  [180 – 193] . 
Others have shown that culture supernatants of  Klebsiella pneumonia, Escherichia 
coli  and  Enterobacter cloacae  (Enterobacteriacae) readily synthesize the silver 
nanoparticles within 5   min of contacting silver ions in a cell fi ltrate  [166] . The 
advantage of the latter method is that the synthesis required much less time than 
have previously published biological methods.  

  11.2.4.2   Plants 
 The possibility of using live or dead plants to create nanoparticles has long been 
explored, with the fi rst such report appearing in 2002, whereby gold nanoparticles 
ranging in size from 2 to 20   nm were formed in alfalfa seedlings  [187] . Having 
grown the alfalfa plants in an AuCl 4  - rich environment, XAS spectroscopy con-
fi rmed the gold present in the plant samples to be elemental. Likewise, atomic reso-
lution analysis confi rmed the nucleation and growth of Au nanoparticles within the 
alfalfa plant. Subsequently, it was shown that alfalfa also could form silver nanopar-
ticles, when exposed to a silver - rich solid medium  [174] . Sastry and colleagues 
showed that other plant species could also serve as useful media for nanoparticle 
synthesis, including geranium leaves,  Aloe vera  plant extract, Neem ( Azadirachta 
indica ) leaf broth, lemongrass plant ( Cymbopogon fl exuosus ) extract and  Cinnamo-
mum camphora  leaf  [176 – 178, 189] . These studies also revealed that the concentra-
tion of reducing agent in the reaction mixture had a major impact on the yield and 
size of the fi nal product, which in turn led to a signifi cant control over the optical 
properties of the nanoparticulate solution. It was believed that the slow reduction 
of metal ions, in combination with the shape - directing effect of the plant extract 
constituents, were responsible for the formation of anisotropic nanoparticles in 
solution. Sharma and coworkers also demonstrated the uptake of large amounts of 
Au(III) ions by a leguminous shrub,  Sesbania drummondii , with subsequent reduc-
tion of Au(III) ions to Au(0) inside the plant cells or tissues  [190] . Moreover, the 
gold nanoparticle - bearing biomatrix of  Sesbania  has been further examined for its 
catalytic activity, aimed at reduce the hazardous and toxic pollutant, aqueous 4 -
 nitrophenol. Most importantly, all of these reports have demonstrated the feasibility 
of a simple synthesis of nanoparticles from either dead or living plants.  

  11.2.4.3   Fungi 
 Fungi are considered to be extremely good candidates for the synthesis of nanopar-
ticles, based on a number of advantages that include the secretion of large amounts 
of enzymes (this is mainly responsible for the reduction of metal ions), easy han-
dling, economic viability and ease in scale - up of the process. Consequently, many 
reports have been made of nanoparticle syntheses using different types of fungi. 
Recently, Xie and coworkers  [184]  reported the use of different parts of the fi la-
mentous fungus,  Aspergillus niger , such as cell surface (fungal biomass), secreted 
metabolic products (mycelia - free spent medium) and intracellular content (fungal 
extract), for the synthesis of gold nanocrystals with different morphologies (spheri-
cal, regular nanoplate, spiral nanoplate, nanowall, lamellar nanoagglomerate, 
spherical nanoagglomerate) at high yield. Xie ’ s group noted that the shape and 



size of the products could be controlled by using different parts of the  Aspergillus 
niger  system, and by varying the experimental conditions. Their results implied 
that proteins on the fungal cell walls and in the fungal extract were the primary 
biomolecules involved in the synthesis of gold nanocrystals. In contrast, the forma-
tion of gold nanoplates in the spent medium was mediated by an enzymatic reac-
tion, with small molecules and enzymes serving as substrate and catalyst, 
respectively. The formation of these highly anisotropic structures was kinetically 
controlled, as shown by the dependence of both shape and size on environmental 
variables such as temperature and pH of the solution.  

  11.2.4.4   Actinomycetes, Yeast and Algae 
 Both, intracellular and extracellular syntheses of gold nanoparticles using actino-
mycetes, namely  Rhodococcus  sp. and  Thermomonospora  sp., have been described 
 [185, 186] . Likewise, some reports have been made outlining the use of yeast  [173]  
and algae  [179, 191, 192]  for the reduction of gold and silver ions. 

 The development of reliable and eco - friendly processes to synthesize metallic 
nanoparticles using natural resources represents an important step in the applica-
tion of nanotechnology, with a variety of biomaterials having been used recently 
for nanoparticles synthesis. Due to the structural complexity of these biosystems, 
it is often diffi cult to understand the exact mechanism of synthesis, although in 
many cases the nucleation and growth of the inorganic structures are controlled 
by proteins and other biomacromolecules. Whilst the reduction of metal ions 
occurs via enzymatic processes, structural proteins are mainly responsible for the 
stabilization and shape control of the metal nanoparticles. The main concern when 
using biosystems in this role is the monodispersity of the particles and scaling - up 
of the process. However, if these problems can be overcome, a bio - based approach 
should be capable of competing with existing physical and chemical synthetic 
processes. Indeed, if this proves to be true, it would represent a major step in the 
 ‘ green ’  synthesis of the nanomaterials, and perhaps even head us towards another 
industrial revolution.    

  11.3 
 Characterization of Anisotropic Nanostructures 

 It is important to study the fundamentals of growth processes, as an understand-
ing of these aspects will lead to the development of novel material designs and 
increasingly sophisticated synthetic methods. The structural characterization of 
spherical and anisotropic nanostructures, along with the reaction intermediates, 
is essential in this regard. The most common techniques of characterization 
include UV - visible spectroscopy, X - ray diffraction and microscopic methods such 
as TEM and SEM. Since the majority of these have been described elsewhere in 
detail, we will at this point focus mainly on X - ray absorption spectroscopy, provid-
ing examples taken from our laboratory and the surface plasmon measurements 
of a single gold nanorod. 
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  11.3.1 
 Plasmonic Measurements of Single Gold Nanorod 

 It is well known that, surface plasmons contribute to a variety of novel applications 
in nano - optics and localized fi eld enhancement for near - fi eld measurements  [194] . 
In this respect it is crucial to recognize the individual optical properties of aniso-
tropic nanostructures, and especially the relationship between the incident light 
and induced SPR modes on each single nanorod. Much research effort has been 
devoted to identify the optical properties of silver and gold nanorod arrays, by 
using optical extinction spectroscopy and apertured - type  scanning near - fi eld 
optical microscopy  ( SNOM ). Unfortunately, the scanning probes in SNOM cause 
some interactions with metallic nanorods, and thus have some infl uence on the 
dispersion characteristics. Recently, possible interference was avoided by using 
polarization - contrast microscopy coupled with  atomic force microscopy  ( AFM ) 
to attain far - fi eld optical images of the multipolar SPR modes of a single gold 
nanorod, as shown in Figure  11.26   [195] . The far - fi eld scattering image of a gold 

    Figure 11.26     AFM image of (a) a single gold nanorod; (b) a 
far - fi eld image of the single gold nanorod; (c, d) Schematic 
and photograph of the experimental set - up.  Reproduced with 
permission from Ref.  [195] ;  ©  2007 The Optical Society of 
America.     



nanorod in Figure  11.26 b was recorded simultaneously with an AFM image by 
using P - polarized (parallel to the nanorod) white light as the incident source.   

 P - polarized red (658   nm), green (532   nm) and blue (488   nm) laser light was also 
used as the incident light source instead of white light source, as shown in Figure 
 11.27 a – c, respectively, with the analyzer in the  y  - direction. The modulated stand-
ing modes for the three wavelengths can be clearly seen, with the dashed line 
representing the location of the measured single gold nanorod. The wave vector 
of longitudinal SPR modes was obtained from modulated standing modes result-
ing from the interference of longitudinal average distance of adjacent beats on this 
single gold nanorod. A linear relationship between the wave vectors of the incident 
light and the induced SPR modes was observed. These results demonstrate a fea-
sible way of acquiring plasmonic optical properties from an individual single gold 
nanorod. In addition, polarization - contrast microcopy is capable of effi ciently 
reducing the optical background and thus providing a simple, inexpensive and 
easily realized way to observe the plasmonic properties of anisotropic metallic 
nanoparticles. Similar experiments may be extended to acquire the individual 
optical properties of multishaped silver and gold nanostructures in complicated 
nanodevices of plasmonic nanophotonics.    

  11.3.2 
  XANES  Analysis of Gold Nanoparticles 

 X - ray crystallography is an extremely powerful structural probe, as it provides a 
description of the structure in the solid state. In order to precisely understand the 
reaction, it is essential to confi rm that the crystallographic structure accurately 

    Figure 11.27     Far - fi eld images of SPR modes of the same 
single gold nanorod for various incident laser light. (a) Red 
(658   nm); (b) Green (532   nm); (c) Blue (488   nm).  Reproduced 
with permission from Ref.  [195] ;  ©  2007 The Optical Society 
of America.   
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represents the molecule of interest, when it is in the solution phase. One promis-
ing way to achieve this goal involves XAS techniques  [196 – 201] . Studies of the 
 extended X - ray absorption fi ne structure  ( EXAFS ) have been particularly useful in 
providing local structural information about the noncrystalline state, while  X - ray 
absorption near - edge structure  ( XANES ) can be used to characterize the chemical 
bonding environment of the absorbing atoms and to derive the effective oxidation 
state of the metal atoms. The characterization of anisotropic gold nanostructures, 
using XAS techniques, is discussed below. 

 X - ray absorption spectroscopic analysis was carried out for different stages of 
the seed - mediated growth of gold nanoparticles in our laboratory, in order to 
understand the mechanism involved. Figure  11.28  shows the XANES Au L 3  - edge 
analysis of the samples at each stage of the synthesis, which provide the absorp-
tion spectra of gold during the reaction  [202] . The spectrum recorded after the 
addition of CTAB to the precursor (HAuCl 4 ) showed a signifi cant decrease in the 
white line intensity. The L 3  - edge white line intensity depends on the electronic 
charge transfer between the absorbing atoms and ligands. This result indicated a 
certain degree of electron transfer from bromide to gold; such transfer had occurred 
on account of the ligand exchange of chloride ions with bromide ions from CTAB. 
When ascorbic acid (as reducing agent) was added into the growth solution, a 
striking change occurred in the spectrum, with the white line intensity consider-
ably decreased. Such a decrease in intensity was attributed to the fact that Au 3+  
ions were reduced to Au 0  and/or Au 1+  by ascorbic acid. Nevertheless, it is believed 
that most of the Au 3+  ions were reduced to Au 0  atoms, as the stoichiometry of the 
reagents was such that the amount of ascorbic acid was suffi cient to reduce all of 
the gold salt in the solution. When seeds were mixed with growth solution, the 
near - edge structure was similar to that of gold foil, whereas the intensity of the 

    Figure 11.28     XANES spectra of Au L 3  - edge for each reaction 
step. AA   =   ascorbic acid.  Reproduced with permission from 
Ref.  [202] ;  ©  2007 American Chemical Society.   



solution after seeding was clearly lower than that of gold foil, indicating a struc-
tural similarity of the product with the bulk gold.   

 Figure  11.29  shows the  Fourier transform  ( FT ) of the Au L 3  - edge EXAFS spectra 
of gold at different stages of the reaction. As the solution of HAuCl 4  was mixed 
with CTAB, a strong peak appeared in the FT before phase correction, which could 
be attributed to the Au - complex change from  ∼ 1.9 to  ∼ 2.1    Å . This indicated that 
the fi rst shell around the Au 3+  atoms was Br atoms rather than Cl atoms. When 
ascorbic acid was added, the Au 3+  atoms were reduced to Au 0 , with an increase in 
the radius of the Au atoms. Thus, the peak appearing at  ∼ 2.6    Å  before phase cor-
rection had arisen from the Au – Au scattering in ultrafi ne gold nanoparticles. On 
the other hand, the observed bond - length contraction with decreasing cluster size 
could also be explained by the redistribution of charge. The number of nearest -
 neighbor atoms was signifi cantly less on the surface than in the bulk, which led 
to a reduction in repulsive interactions between nonbonding electron pairs. This 
resulted in a contraction of the nearest - neighbor distance, which forms the basis 

    Figure 11.29     Fourier transforms of Au L 3  - edge EXAFS spectra 
for each reaction stage. AA   =   ascorbic acid.  Reproduced with 
permission from Ref.  [202] ;  ©  2007 American Chemical 
Society.   
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of both EXAFS and XANES characterization of nanostructures. The addition of 
seed to the growth solution showed a strong peak at  ∼ 2.7    Å , due to the scattering 
of Au atoms. Seed particles are believed to provide active sites for subsequent 
crystal growth. The peak corresponding to the scattering of the Au – Au path 
became sharper than after the addition of ascorbic acid, and suggested the growth 
of gold nanocrystals.    

  11.3.3 
 Theoretical Simulation of  XANES  

 The structure and geometry of gold during the reaction was demonstrated more 
accurately by a theoretical simulation study of XANES. Theoretical simulations 
based on the  ab initio  relativistic self - consistent code FEFF8, have been used to 
show that XANES can provide considerable insight into the morphology of gold. 
Figure  11.30 a shows the experimental data of HAuCl 4  and theoretical simulation 
spectrum based on the model in which   AuCl4

− has a square - planar structure (D 4h ). 
The theoretical simulation spectrum was observed to match well with the experi-
mental spectrum, and the computed value was found to be  ∼ 2.39    Å     –    slightly higher 
than the value obtained from the quantum chemical calculation (2.36    Å )  [203] . The 
higher value for the Au – Cl bond can be attributed to a weakening of the overlap 
between the orbitals of gold and those of chloride, since the   AuCl4

− used in this 
study was not in solid phase. Rather, it may be surrounded by solvent molecules 
(e.g. H 2 O). Figure  11.30 b shows the experimental data of a mixture of HAuCl 4  and 
CTAB, and a theoretical simulation spectrum based on the model in which   AuBr4

−  
has a square - planar structure (D 4h ). As the CTAB was added into the HAuCl 4  solu-

    Figure 11.30     (a) Comparison between experimental spectrum 
and that calculated with FEFF for the Au – Cl complex; (b) 
Comparison between experimental spectrum and that 
calculated with FEFF for the Au – Br complex.  Reproduced with 
permission from Ref.  [202] ;  ©  2007 American Chemical 
Society.   



tion, a ligand exchange occurred and simultaneously chloride ions were replaced 
with bromide ions. The simulation was operated using a similar model to that of 
  AuCl4

− molecule, and the calculated results showed the bond length for the Au – Br 
bond to be  ∼ 2.52    Å . This increase in bond length (0.13    Å ) could be attributed to 
the difference in atomic radius between chloride and bromide (0.12    Å ). As a result, 
bromide at a very high concentration (100 - fold that of chloride) should strongly 
affect the course of the reaction and the growth of gold nanostructures.   

 Figure  11.31  shows the experimental data after the addition of ascorbic acid, and 
the theoretical simulation spectrum based on the model considering that gold 
atoms have a fcc structure   Fm m3( ). In order to investigate the cluster size effects 
on XANES spectra, several calculations were performed with increasing number 
of atoms. As shown in Figure  11.31 a, the intensity of the white line varied slowly 
with the size of the cluster (indicated by an arrow). This is a direct consequence 
of the existence of unequivalent sites in small clusters, and concludes that a size 
effect is directly observable on the white line. Most interestingly, the intensity of 
the white line was increased by the addition of ascorbic acid to the gold foil (as 
indicated by an arrow in Figure  11.28 ), which is consistent with the evolution of 
the clusters size effect, generated by theoretical simulation. The simulation spectra 
exhibit an additional peak located at about 11980   eV, the intensity of which was 
found to increase with cluster size. Thus, a simulation spectrum of Au 13  displays 

    Figure 11.31     (a) Size effect on the XANES spectra for Au 13 , 
Au 43 , Au 55 , and Au 78 ; (b) XANES spectra as calculated with 
FEFF for a 13 - atom cluster of gold with different interatomic 
distances (R Au – Au    =   2.80    Å , 2.82    Å , 2.84    Å  and 2.86    Å ). 
 Reproduced with permission from Ref.  [202] ;  ©  2007 
American Chemical Society.   
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a feature similar to the experimental results, and the numerical simulation empha-
sized the formation of ultrafi ne clusters at this stage.   

 A set of calculations for 13 - atom clusters of gold with different Au – Au inter-
atomic distances was performed, in order to evaluate the modifi cations derived 
from a slight variation in the interatomic distance. It was clear that the position 
of resonance peaks slightly varied with the change of Au – Au bond length (Figure 
 11.31 b), with a shift towards higher energies being attributed to a smaller inter-
atomic distance. The results obtained for the effects of interatomic distance in 
XANES were in reasonable agreement, both in amplitude and relative splitting, 
with those of a simulation with R Au - Au    =   2.82    Å , implying the occurrence of struc-
tural contraction. Consequently, the XANES features could not be explained only 
in terms of cluster size; rather, the interatomic distance must also be taken into 
account. Nonetheless, there were clear numerical trends in the XANES analysis, 
which provided a semi - quantitative insight into the design of these gold cluster 
materials. The simulation of XANES for gold provided clear and accurate evidence 
verifying the presence of Au 13  clusters, with structural contraction. 

 The evolution of gold has been summarized in Figure  11.32 , based on the above 
observations. When the HAuCl 4  solution was mixed with CTAB as surfactant, 
chloride ions were replaced by bromide ions to form complex   AuBr4

−( ) with gold 
ions (Au 3+ ). As ascorbic acid was added into the   AuBr4

−  solution, the majority of 
gold ions (Au 3+ ) was reduced to Au 0  atoms and aggregated to form Au 13  clusters. 
The surfactant (CTAB) acted as a stabilizer to prevent the Au 13  clusters from 
further growth. After introducing the seeds into the reaction system, the Au 13  
clusters grew on the surfaces of seeds, while the presence of nanoparticles as seeds 
signifi cantly enhanced the growth steps, rather than the nucleation steps. The 
surfactant mainly acted as a growth director to serve a 1 - D environment, by the 
formation of rod - like micelles. The hydrophobic tail portion of the CTAB formed 
a bilayer on the rods, whereas the cationic headgroups of the fi rst monolayer were 

    Figure 11.32     The evolution of gold at an early stage. 
 Reproduced with permission from Ref.  [202] ;  ©  2007 
American Chemical Society.   
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facing towards the gold surface. As a consequence of this anisotropic growth, 1 - D 
gold nanorods were formed under these experimental conditions.     

  11.4 
 Conclusions and Future Perspectives 

 The ability to tailor the shapes and sizes of inorganic nanostructures is critical for 
modern materials chemistry, because the intrinsic properties of most nanostruc-
tures depend heavily on their shape and size. During the past few years, consider-
able progress has been made in the synthesis of monodisperse and well - defi ned 
structured nanoparticles. In this chapter, we have discussed a number of useful 
parameters that can be tuned to control the formation of anisotropic silver 
and gold nanostructures with a specifi c shape in a solution - phase synthesis. The 
shapes of the resultant nanostructures can be controlled by manipulating 
the crystallinity of seeds and the growth rates of different crystallographic facets. 
The crystallinity of a seed can be controlled by manipulating the reduction rate, 
whereas growth rates can be controlled with a capping agent, which can alter the 
surface energy through selective chemisorption. By using the synthetic methods 
described herein, a variety of well - defi ned anisotropic shapes of silver and gold 
nanoparticles can be acquired. Moreover, the methodology established for the 
silver and gold systems can be directly extended to other fcc metals such as Pt and 
Pd. In future, the discovery of a novel capping agent will be necessary to produce 
unconventional anisotropic nanostructures. Research in this area is rapidly expand-
ing worldwide, and is already having a signifi cant commercial impact, which is 
expected to provide a major driving force for the industry in the future, offering 
potential solutions to many problems. Although, for many years, this type of 
research has been conducted globally in the fi eld of nanoscience, it may require a 
few more years to change the complete scenario at the industrial level.  
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  12.1 
 Introduction 

 The main goal in the synthesis of nanomaterials is for their ultimate application 
in catalysts, medicines, nanodevices, nanoelectronics, or sensors  [1 – 6] . Literally 
tens of thousands of different methods have been reported for the synthesis of 
metallic nanoparticles, including chemical and physical methods for precious 
metal reduction. In recent years, however, the synthesis of metallic precious metal 
nanoparticles has taken a new turn to include biological synthesis or techniques 
using living and nonliving organisms and plant extracts  [7 – 9] . It has been well 
documented that many different plant, fungal and bacterial species have the ability 
to reduce precious metals ions in solution to form metallic nanoparticles  [7 – 9] . 
Hence, in this chapter we will discuss a variety of chemical and biological tech-
niques used for the reduction of precious metals    –    such as gold, platinum, palla-
dium and silver    –    to form nanomaterials. Details of the use of osmium, rhodium, 
ruthenium and iridium in the formation of metallic nanoparticles, employing 
biological materials, have been excluded from this chapter as no relevant citations 
could be identifi ed. 

 In general, the synthesis of precious metal nanoparticles involves the use of a 
reducing agent and a protecting agent or surfactant to control nanoparticles growth 
and to provide a narrow nanoparticle size distribution. Many different chemicals 
have the ability to donate electrons in solution and thus induce the reduction of 
precious metal ions to produce metallic nanoparticles. For example, sodium boro-
hydride, lithium hydride and hydroxylamine are all known to donate electrons to 
metal ions in solution to produce metallic nanomaterials  [10 – 13] . A number of 
different nanoparticles have also been synthesized using these techniques, includ-
ing platinum, palladium, gold and silver  [10 – 17] . The following syntheses are 
commonly used to produce precious metal nanoparticles. For example, the syn-
thesis of 5   nm platinum nanoparticles has been achieved through the use of 
hydrazine in ionic reversed micelle systems  [18] . Alternatively, platinum nanopar-
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ticles have been synthesized under a H 2 (g) atmosphere in a polyacrylate solution 
which had been degassed using argon; this resulted in the production of cubic 
platinum nanoparticles with an average diameter of 11   nm  [19] . Another technique 
involved the use of methanol and a sodium citrate reduction to produce platinum 
nanoparticles with average diameters of 2 – 3   nm  [20] . The synthesis of dodecanethi-
olate palladium nanoparticles was carried out using anhydrous  tetrahydrofuran  
( THF ); the result was cubo - octahedral nanoparticles with average diameters of 2 –
 3   nm  [21] . Alternatively, palladium and gold metal nanoparticles have been syn-
thesized using polyaniline dissolved in  N  - methylpyrrolidone to yield nanoparticles 
ranging in size from 50 to 200   nm  [22] . 

 Although several common physical methods, including  chemical vapor deposi-
tion  ( CVD ), sonication and laser ablation  [23 – 30] , have been used to produce pre-
cious metal nanoparticles, these will not be discussed at this point. 

 The main factor regarding the synthesis of precious metal nanoparticles is 
control of their size and shape. In recent years, this has been fairly well achieved 
using chemical and physical means of synthesis  [10 – 31] . The reduction of soluble 
gold salts to produce gold ions in solution was achieved using tin chloride as early 
as the seventeenth century to produce ruby - colored glass  [31] . Likewise, early 
reports of colloidal nanoparticle synthesis using chemical means (e.g. those of 
Turkevick) highlighted the possibility of using different chemicals to produce 
nanoparticles of different sizes and shapes  [31, 32] . As an example, Turkevich used 
hot sodium citrate solutions to produce gold nanoparticles of spherical or icosa-
hedral shape, with an average diameter of 20   nm and a relatively small dispersion 
in size (ca. 12%)  [31] . In the presence of sugars, however, silver ions are reduced 
and to produce spherical nanoparticles averaging 10   nm in diameter  [33] . In the 
same reaction Au(III) was reduced to give gold nanoparticles with average diame-
ters of about around 1.0   nm  [33] . Platinum ions, in the presence of sugars, are also 
reduced to give spherical nanoparticles of average diameter of 2.0   nm, while the 
reduction of palladium ions in solutions containing sugars results in spherical 
nanoparticles of approximately 20   nm diameter  [33] . 

 The above - mentioned precious metal nanoparticle synthetic techniques use 
 ‘ soft ’  reducing agents such as salts of citric acid, or other organic reducing agents 
such as sugars that are often plant - derived materials. In general, the chemical 
synthesis of precious metal nanoparticles involves conditions that are rather harsh 
and use either toxic or dangerous solvents and chemicals or energy - intensive 
methods in order to accomplish the metal reduction. In contrast, the synthesis of 
precious metal nanoparticles using biological systems requires the use of neither 
toxic chemicals nor energy - intensive processes. In fact, when using biomaterials 
to synthesize precious metal nanoparticles, a low temperature of only 100    ° C is 
required, or even less in aqueous solution  [7, 8] . This low temperature, when syn-
thesizing precious metal nanoparticles, may become more apparent when compar-
ing the thermodynamics of the reduction of gold on oat and wheat biomasses (see 
Section  12.2 ). At this point it should also be noted that most reports of the forma-
tion of precious metal nanoparticles consist only of a reduction on Au(III) ions to 
form pure metallic gold nanoparticles, with very few reports on the reduction of 



platinum and palladium. Thus, this chapter will focus on the biological formation 
of metallic gold nanoparticles and cross - references to the use of other precious 
metals will be made as appropriate. 

 To date, reviews and book chapters on the biological synthesis of nanoparticles 
have focused on the size and morphology of nanoparticles created in this way 
 [7, 8] ; hence, this chapter will focus on the current characterization techniques of 
nanoscience, including  X - ray absorption spectroscopy  ( XAS ) techniques,  scanning 
electron microscopy  ( SEM ),  transmission electron microscopy  ( TEM ) and  environ-
mental scanning electron microscopy  ( ESEM ),  selected area electron diffraction  
( SAED ) and  X - ray diffraction  ( XRD ), as applied to the biological synthesis of pre-
cious metal metallic nanoparticles. The chapter also details the growth of gold 
nanoparticles in thermodynamic terms which, to the authors ’  knowledge, has 
never been attempted for biological syntheses. Here, the biological synthesis of 
precious metal nanoparticles is categorized on the basis of the biomaterial used, 
including inactivated biological tissues and extracts from biological tissues, fungi, 
bacteria and live plants. The techniques used to characterize biologically synthe-
sized precious metal nanoparticles, and their typical morphologies and size distri-
butions, are also discussed.  

  12.2 
 Growth Process of Precious Metal Nanoparticles: Gold as an Example 

 The growth of nanomaterials consists of two distinct phases    –     nucleation  and 
 coagulation . In the nucleation phase, nanoparticle growth occurs in much the 
same way as in any other crystal growth, with the metal ions fi rst being reduced 
from their ionic solutions into atomic clusters, which continue to grow over time 
 [32] . The growth of nanoparticles has been found to follow an  ‘ S ’  - shaped curve, 
with a short induction period for the growth  [32] . The coagulation or  agglomera-
tion  period occurs when the smaller nanoparticles collide with each other to create 
larger particles. The growth phase stops when the nanoparticle become stabilized 
in solution by different stabilizing agents. The chemical reduction of gold using 
sodium citrate in solution has been shown to be temperature - dependent, with an 
activation energy of 15   kcal   mol  − 1  (62.8   kJ   mol  − 1 )  [32] . The activation energies for 
the reduction of gold via oat and wheat biomasses have been determined as 
0.66    ±    0.07 and 4.8    ±    0.5   kJ   mol  − 1 , respectively (present authors, unpublished 
results). These data suggest that a much lower activation energy is required for 
the reduction of Au(III) ions when using oat and wheat biomasses, as compared 
for example to sodium citrate reduction. The chemical reduction of Au(III) ions 
using formic acid and oxalic acid involves activation energies of 121.4 and 
57.4   kJ   mol  − 1 , respectively  [34] , while the reduction of Au(III) ions with other reduc-
ing agents has been estimated as 50.2   kJ   mol  − 1   [35] . This shows, again, that the 
reduction of Au(III) ions with oat and wheat biomasses is a much more favorable 
process than with other reducing agents. The need for such a low activation energy 
may be due to the biomaterial providing the necessary nucleation sites for the 
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reduction and growth of gold nanoparticles. By comparison, when in solution, the 
other chemicals do not produce the nucleation sites needed, which in turn leads 
to an inhibition of nanoparticle formation and the higher activation energies 
associated with chemical reduction processes  [33] . The lower activation energy of 
the biomass reduction of Au(III) ions when compared to chemical reduction may 
further explain the formation of equilibrium - shaped nanoparticles using bioreduc-
tion techniques  [36] . 

 On investigating the thermodynamics of gold reduction using oat and wheat 
biomasses in our laboratory, the activation energies for gold nanoparticle growth 
were shown to be 12   and 17   kJ   mol  − 1 , respectively (present authors, unpublished 
results). These thermodynamics indicate that the reduction of Au(III) ions using 
aqueous slurries of biological materials is much more favorable due to the lower 
activation energy required for the process. Gold nanoparticle growth by vapor -
 depositing the gold onto the 110 surfaces of TiO 2  has an apparent activation energy 
of 6.6   kJ   mol  − 1   [37] , whereas the nucleation of gold onto the 100 surfaces of MgO 
involved an activation energy of 0.12   eV (ca. 12.0   kJ   mol  − 1 ) and showed a decrease 
in the saturation density of gold nucleation with increasing temperature  [38] . For 
silicon nanowires, the activation energy of gold nanoparticle growth was deter-
mined as 10.54   kJ   mol  − 1 , when using a plasma - chemical vaporization growth 
process  [39] . 

 Thermodynamic results (present authors, unpublished results) have shown the 
production of gold nanoparticles using biomaterials to be comparable with that 
using synthetic or organic materials. The growth data also indicate that the coagu-
lation or agglomeration processes are the same for gold nanoparticles on bioma-
terials as on inorganic substances; however, the reduction process of Au(III) to 
Au(0) is much slower for biomaterials, which suggests that different nucleation 
processes are involved in the biological and inorganic/synthetic syntheses. 

 The coagulation or coalescence process is shown in Figure  12.1 , which depicts 
the formation of an irregularly shaped gold nanoparticle grown by the reaction of 

    Figure 12.1     High - resolution (HR) TEM image showing the 
coalescence or coagulation of gold nanoparticles and the 
growth or joining together of two gold nanoparticles.  



tetrachloroaurate with a hops biomass at pH 3 in aqueous solution. The dark and 
light areas of the nanoparticles represent the varying densities of Au(0) in different 
areas. While the expanded view of nanoparticle coalescence shows the formation 
of a small layer of gold between two larger gold nanoparticles. This may indicate 
that some nucleation of smaller nanoparticles occurs such that the larger nanopar-
ticles are joined together. It may also represent the process of the reduction of 
gold by the biomass, which leads to the extremely low activation energies com-
pared to chemical reduction techniques. The activation energy determined using 
oat and wheat biomass to reduce gold on the biomass may in fact be the activation 
energy for the sorption of gold nanoparticles by the biomass, and not the true 
activation energy of the reduction.    

  12.3 
 Characterization Techniques for Nanomaterials Synthesized Through 
Biological Means 

 Biologically synthesized nanomaterials may be characterized using the same 
instrumental techniques as for traditionally synthesized nanomaterials. The most 
commonly used methods for the analysis of precious metal nanoparticles include 
 high - resolution transmission electron microscopy  ( HRTEM ), TEM, SEM,  scan-
ning tunneling electron microscopy  ( STEM ), XRD,  electron diffraction  ( ED ) or 
SAED and XAS, which incorporates  extended X - ray absorption fi ne structure  
( EXAFS ) and  X - ray absorption near edge structure  ( XANES )  [7, 8] . 

 UV - Visible spectroscopy represents a basic but very important means of char-
acterization to determine whether gold nanoparticles have been synthesized. Au(0) 
nanoparticles have a plasmon resonance that appears at 535   nm in the UV/Visible 
range, this being caused by the electronic transitions that comprise a surface 
phenomenon in nanoparticles  [40] . The plasmon resonance for nanoparticles 
shifts to a lower wavelength as the synthesized nanoparticles decrease in size  [41] . 
The plasmon resonance for gold nanoparticles synthesized using oat biomass at 
pH 4 and potassium tetrachloroaurate in aqueous solution is shown graphically 
in Figure  12.2 .   

 The next simplest method used to determine the average size of nanoparticles 
is that of  diffraction , which includes ED, SAED and XRD. It is well known that 
the broadness of a diffraction peak is related to the grain size of the nanoparticle 
 [42] . The equation for this calculation is referred to Scherrer ’ s equation which is 
shown below.

   d
B

=

2

0 9
2

.

cos

λ
θ  

where  d  is the diameter or grain size of the nanoparticles, 0.9 is a correction factor 
for using a Gaussian curve,  λ  is the wavelength of the X - rays (for copper 1.54    Å ), 
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 B  is the full width at half maximum height of the diffraction peak, and 2 θ /2 is the 
peak position in 2 θ  divided by 2, or the peak position given in  θ   [42] . Scherrer ’ s 
equation is applicable to all nanomaterials whether they are pure metallic, metallic 
oxide or organic nanoparticles. Figure  12.3 (a) shows the background - corrected and 
normalized XRD patterns of gold nanoparticles formed on an oat biomass through 

    Figure 12.2     UV - visible spectra of gold nanoparticles formed in 
solution through the reaction of potassium tetrachloroaurate 
with oat and wheat biomasses at pH 4.  
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    Figure 12.3     (a) X - ray diffraction of gold 
nanoparticles synthesized on an oat 
biomass using 3.0   m M  aqueous potassium 
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nanoparticle diffraction peak for the 
determination of average grain size of the 
biosynthesized gold nanoparticles.  

1
1
1
1

0.8

0.6

0.4

0.9

0.6

0.3
0.2

2

(a) (b)

2

0
35 40 40

Half-max height

Max height

Full-width half-max height =0.70

45 50
2 tth 2 tth

55 60 65 70

0C
P

S

C
P

S2
0
0



the reaction of 3.0   m M  potassium tetrachloroaurate and oat biomass at pH 4. The 
biomass sample shows the gold 111, 220 and 200 diffraction peaks. The presence 
of a gold 111 peak also indicates that the gold nanoparticles are in a  face - centered 
cubic  ( fcc ) crystal structure, similar to bulk gold  [43] . Figure  12.3 (b) shows a cal-
culation of the grain size of gold nanoparticles found on the oat biomass; based 
on the diffraction data and using the gold 111 diffraction peak, the nanoparticle 
size was determined as 12.0   nm. Although the ratio of peak heights between the 
111 and 220 planes of gold in bulk gold has been shown as 1.9  [44] , in this case 
the ratio was 3.03. This indicated that the gold present on the oat biomass was 
indeed nanoparticulate. Whilst this technique provides a bulk average distribution 
of the metal nanoparticles in a sample, the distribution of nanoparticle sizes can 
be determined via the deviations in size calculated using multiple diffraction peaks 
and based on the degree of anisotropy in a sample.   

 More exact size distributions can be determined using electron microscopy; 
indeed, the size distributions of nanoparticles using TEM, SEM and STEM have 
been well documented for nanoparticulate materials synthesized through chemi-
cal, physical and biological methods  [7, 8] . Electron microscopy provides an image 
that allows for the determination of the morphology, size and size distribution of 
the nanoparticles  [7] . The more recently developed technique of dark - fi eld HRTEM 
has been applied to the observation of gold and silver nanoparticles synthesized 
through biological methods  [45, 46] . Examples of dark - fi eld and conventional 
HRTEM images are shown in Figure  12.4 , which depicts the reduction of tetra-
chloroaurate with oat biomass. The dark - fi eld HRTEM image in Figure  12.4 a 

    Figure 12.4     (a) Dark - fi eld and (b) 
conventional HRTEM images of gold 
nanoparticles synthesized through the 
reduction of potassium tetrachloroaurate 
using an oat biomass. Compared to the 

conventional HRTEM image, the dark - fi eld 
HRTEM imaging provides a better perspective 
of the actual shape of the nanoparticles, 
especially of the nonplatelet nanoparticles.  

(a) (b)
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reveals bright spots which represent gold nanoparticles that have been immobi-
lized onto the oat biomass through a reduction process.   

 One of the more diffi cult techniques used to determine nanoparticle size is that 
of XAS. As stated earlier, this method comprises the two complementary tech-
niques of XANES and EXAFS, although only EXAFS is useful when determining 
actual nanoparticle size. The size determination of nanoparticles using EXAFS 
has been developed through information obtained from EXAFS spectra which 
provide information regarding the coordination environment of metals within the 
nanoparticle. More specifi cally, the EXAFS data provide information on the coor-
dination number and interatomic distances between neighboring atoms. Several 
different EXAFS models have been developed to determine nanoparticle sizes; the 
majority assume a spherical shape for the nanoparticles, although some assume 
a cubic shape  [47 – 52] . Although the size of nanoparticles cannot be determined 
using XANES analysis, other important information about nanoparticles can be 
obtained in this way. Figure  12.5  shows the XANES region for bulk gold (potas-
sium tetrachloroaurate) and a sample of gold nanoparticles derived from the bio-
reduction of potassium tetrachloroaurate using hops biomass. The XANES of 
potassium tetrachloroaurate displays a feature at 11.921   keV (Figure  12.5 ); this 
so - called  ‘ white line feature ’  is caused by the transition of electrons in the 5  d  -
 orbital. Whilst oxidized gold has unoccupied 5  d  - orbitals which electrons can 
occupy (causing this effect), Au(0) has a full 5  d  - orbital which does not allow the 
white line feature to appear in the reduced gold spectrum  [53] . A close observation 
of the gold nanoparticles shows a small white line feature at 11.921   keV, while the 
presence of a small white line feature and a difference in transition through the 
L III  absorption edge of the gold nanoparticle indicates that there is some unreduced 
gold present in the biomass sample.   

 Although various XAS techniques have been used to determine nanoparticle 
sizes, only EXAFS analysis has achieved success in this direction. Unfortunately, 

    Figure 12.5     Gold L III  XANES region from 11.85 – 12.05   keV of a 
bulk Au(0) model compound, a potassium tetrachloroaurate 
model compound, and a potassium tetrachloroaurate reacted 
with an oat biomass at pH 4.  

0.5

1.0

1.5

2.0

11.85 11.9 11.95 12 12.05

N
o

rm
al

iz
ed

 a
b

so
rp

ti
o

n
 

Energy (keV)

Gold nanoparticles on hop biomass 

Bulk gold metal  

Potassium tetrachloroaurate 



the use of EXAFS when determining the size of gold nanoparticles invariably leads 
to an underestimation in nanoparticle size, due to the nature of the technique 
 [54 – 56] . The EXAFS analysis provides a bulk average of the sample, which includes 
both the reduced and oxidized metal contained in the sample; consequently, an 
averaging effect is observed in the EXAFS spectrum. This was clearly apparent 
when determining the mixed oxidation states of Cr(III) and Cr(VI) on an agave 
biomass  [57] . In this case, the ligands on the biomass bound both the Cr(III) and 
Cr(VI), such that an arithmetic mean of the concentrations of Cr(III) and Cr(VI) 
was seen in the EXAFS spectrum. These concentrations were represented in the 
XANES of the biomass samples through calculations based on mixed standards, 
and the coordination numbers were determined to be averages of the bonds from 
the Cr(VI) and Cr(III) present on the biomass  [57] . 

 Figure  12.6  shows the Fourier - transformed EXAFS spectrum of potassium 
tetrachloroaurate reacted with wheat biomass and amine resin, the Au(0) foil and 
a potassium tetrachloroaurate model compound. Similar to results obtained for 
the reduction of Cr(VI) on agave biomass, the reduction of potassium tetrachloro-
aurate on wheat biomass (Figure  12.6 a) or on an amine resin (Figure  12.6 b) at pH 

    Figure 12.6     (a) Fourier - transformed gold L III  
EXAFS of the reaction of potassium 
tetrachloroaurate with a wheat biomass at pH 
3, showing the presence of chlorine ligands 
and gold – gold interactions; (b) Fourier -
 transformed gold L III  EXAFS of the reaction of 
potassium tetrachloroaurate with an amine 

resin at pH 5, showing the presence of 
chlorine ligands and gold – gold interactions; 
(c) Fourier - transformed gold L III  EXAFS of a 
Au(0) metal foil; (d) Fourier - transformed gold 
L III  EXAFS of the model compound, potassium 
tetrachloroaurate. R   =   interatomic distance.  
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3 was observed. Two compounds were shown to be present in the gold samples. 
The fi rst compound contained Au – Cl ligands, as indicated by the interatomic dis-
tances of the fi rst oscillation, while the second compound was gold nanoparticles, 
as indicated by the gold – gold interaction. Both of these interactions were present 
in the Fourier - transformed EXAFS, which provided an average composition of the 
samples, as indicated in the Cr(VI) reduction by agave biomass. Figure  12.7  shows 
the extracted back - transformed fi rst shell Au – Au interaction for Au(0) in each of 
the samples. This showed a decrease in amplitude of the Au – Au interaction in 
nanoparticles synthesized both on the wheat biomass at pH 3 and on the amino 
resin. However, two effects were evident in the nanoparticles of both samples: 

   •      A reduction in coordination number due to an averaging of the EXAFS 
oscillations of the two compounds present in the samples.  

   •      A reduction in amplitude due to a smaller coordination in the gold nanoparticles 
when compared to the bulk.      

 In order to obtain the true coordination of the gold nanoparticles, a correction 
factor must be used which is based on the composition of the sample, and can be 
obtained from the XANES fi ttings of the samples. This procedure provides the 
true nanoparticle size. The most commonly used equation to determine the size 
of the Au(0) nanoparticles on biomasses, when using XAS, was developed by 
Borowski  [50] . The equation was fi rst developed for the size determination of small 
copper nanoparticles in an fcc metal, compared to the average grain size as deter-
mined by XRD  [50] . The Borowski equation has been shown to be valid for all 
metals with a fcc packing structure, and is based on a spherical model for metal 

    Figure 12.7     (a) Back - transformed gold L III  EXAFS of the 
reaction of potassium tetrachloroaurate with a wheat biomass 
at pH 3 (dotted line), and the reaction of potassium 
tetrachloroaurate with an amine functional group containing 
resin at pH 5, and a Au(0) metal foil. The solid line represents 
the EXAFS oscillations for the bulk gold.  
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nanoparticles and the partially fi lled fi rst coordination sphere around the absorb-
ing atom  [50] :

   FR ratio= −( ) + −R N dR d3 2 31
3

4

1

16
 

where FR is the function of the radius of the nanoparticles,  N  ratio  is the ratio of 
the coordination number of partially fi lled fi rst coordination sphere of the nano-
particle compared to the bulk metal,  d  is the interatomic distance between the 
neighboring atoms in the fi rst coordination sphere, and  R  is the radius of the 
nanoparticle  [50] .  

  12.4 
 Morphology of Biologically Synthesized Precious Metal Nanoparticles 

 The different structural characteristics of precious metal nanoparticles obtained 
via the biological reduction of precious metal ions are similar to those obtained 
via chemical reduction. Some different geometric types of nanoparticle obtained 
by the reduction of Au(III) using the inactivated tissues of biological materials are 
shown in Figure  12.8 , while some representative nanoparticles synthesized via 
biological reduction techniques, including spherical (or icosahedron), decahedral, 
tetrahedral (nanotriangles or nanoprisms), hexagonal platelets, irregular shapes, 
pentagonal shapes and rods are shown in Figure  12.9 . Any defects observed in 
nanoparticles produced by the chemical synthetic process are also visible in those 

    Figure 12.8     TEM image of gold nanoparticles displaying 
different geometries, formed on biomasses.  
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    Figure 12.9     Representative geometries formed through 
the bioreduction of Au(III) ions using biomasses. 
(a) Nanotriangle or nanoprism (tetrahedral); (b) Nanorod; 
(c) Spherical (icosahedron); (d) Irregular shape; 
(e) Decahedral; (f) Trapezoidal.  

(a) (b)

(c) (d)

(e) (f)



synthesized by biological processes. For example, defects in the crystal structure, 
such as twinning and multiple twinning, are present in both biologically synthe-
sized and chemically reduced gold when producing Au(0) nanoparticles.   

 More recently, some additional shapes reported during the chemical reduction 
of gold to create gold nanoparticles have been observed when using biomaterials 
to effect the same product. One such shape is the  ‘ tadpole ’   [58] ; this was created 
via the reduction of chloroaurate ions in the presence of trisodium citrate, using 
 sodium dodecylsulfate  ( SDS ) as capping agent  [58] . The  ‘ tadpole ’  is in fact an 
irregularly shaped nanoparticle formed by the coalescence of two differently 
shaped nanoparticles, and has been observed in the reduction of Au(III) ions using 
a hop biomass (see Figure  12.10 ).    

  12.5 
 Inactivated Biological Tissues and Extracts for Nanoparticle Synthesis 

  12.5.1 
 Synthesis Using Inactivated Biological Tissues 

 The reduction of metal ions to form metallic nanoparticles has been performed 
using inactivated tissues and extracts of several different organisms  [7] . Such 

    Figure 12.10     HRTEM image of an irregularly shaped gold 
nanoparticle formed by the reduction of potassium 
tetrachloroaurate with a hops biomass, resulting in a 
 ‘ tadpole ’  - like shape.  
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reduction by biomaterials is not new, an early example being the  ‘ silver mirror ’  
test, in which aldehydes, ketones, amines or reducing sugars induced the reduc-
tion of silver  [7] . The silver mirror test was in fact the earliest example of reducing 
sugars being used to synthesize nanomaterials. The experiment involved the reac-
tion of reducing sugars with a silver nitrate solution so as to form bulk silver par-
ticles  [7] , with the nanoparticle synthesis being regulated by the concentration of 
either the silver ions or sugars in solution. Biological materials contain many dif-
ferent functional groups such as sugars, carboxyl acids, carbonyl groups and 
amine groups, all of which have the ability to reduce metal ions. 

  12.5.1.1   Algal Biomass 
 Several different biomasses have the ability to reduce gold and silver ions in 
aqueous solution to form metallic nanoparticles  [7] . Among these, algal biomasses 
were the fi rst to demonstrate an ability to reduce aqueous Au(III) ions from hydro-
gen tetrachloroaurate in aqueous solution to form colloidal gold solutions  [59] . 
Colloidal gold formation was demonstrated using UV - visible spectroscopy and 
measuring the Au(0) plasmon resonance peak at 525   nm  [59] . Although the actual 
size of the nanoparticles was not determined, the initial reduction mechanism for 
Au(III) colloidal or nanoparticle formation was determined  [59]  as follows: 

  Step 1. AuCl 4     →    Au(I)Cl - Biomass  
  Step 2. Au(I)Cl - Biomass    →    Au(0) (s)  - Biomass    

 Step 1 of the mechanism involved the rapid reduction of Au(III) ions to Au(I), 
this being determined by the rapid loss of three chloride ions in solution. The 
subsequent reduction of Au(I) to Au(0) was seen to be the rate - limiting step in the 
mechanism  [59] .  

  12.5.1.2   Alfalfa Biomass 
 Some years later, the synthesis of gold nanoparticles was also demonstrated on an 
alfalfa biomass, with Au(III) ions being reduced in aqueous solution to form Au(0) 
nanoparticles  [60] . By using the alfalfa biomass, several studies were conducted to 
characterize this bioreduction process  [60 – 62] . Based on their bioprecipitation, the 
gold nanoparticles were seen to consist of fcc crystal structures with structures 
including tetrahedral, hexagonal platelets, icosahedral multi - twinned, decahedral 
multi - twinned and irregularly shaped  [60] . The study also showed that, at pH 2, 
the reaction of an aqueous solution of tetrachloroaurate with an alfalfa biomass 
resulted in a 40% particle distribution with an irregular shape, 25% icosahedral, 
18% decahedral, 16 – 17% tetrahedral and 4 – 6% hexagonal platelet  [60] . In terms 
of size distribution, the tetrahedral nanoparticles ranged from 20   to 300   nm, the 
hexagonal platelet Au(0) nanoparticles from 20   to 350   nm, the irregularly shaped 
nanoparticles from 15 to 110   nm, and the decahedral nanoparticles from 5 to 
90   nm. The icosahedral nanoparticles had the smallest size distribution, from 10 
to 80   nm  [60] . 

 The bioreduction of Au(III) ions by alfalfa biomass was also investigated, using 
XAS, to demonstrate the effect of pH on reduction  [61] . By using slightly different 



reaction conditions, nanoparticles synthesized on alfalfa at pH 2 had an average 
radius of 9.0   nm, but this rose to 6.2   nm when the pH was raised to 5  [61] . The 
average nanoparticle size was determined using the Borowski equation. When the 
binding and reduction of Au(III) ions by alfalfa biomass was investigated using a 
combination of  fl ame atomic absorption spectroscopy  ( FAAS ), XAS and electro-
chemical techniques  [62] , the results were similar to those obtained for the biore-
duction of Au(III) ions by an algal biomass. Initially, 3 mol of Cl  −   were released 
per mole of gold adsorbed onto the alfalfa biomass  [62] . However, XAS data 
showed that the ligand present on the alfalfa biomass responsible for the binding 
and possible reduction of the Au(III) ions was either an oxygen or a nitrogen 
moiety, this being the only ligand clearly visible in the EXAFS spectra after 5   min 
of binding  [62] . It was also shown that a period of up to 12   h was required to achieve 
complete reduction at room temperature  [59] . The report also resulted in the dis-
covery of a new, previously unobserved nanoparticle geometry in the synthesis of 
Au(0) nanoparticles through chemical or physical means. This so - called  truncated 
icosahedron  had an extremely low - energy geometry for Au(0) nanoparticles, and 
was thought to be formed as a result of the slow reduction of Au(III) to Au(0) on 
the biomass  [36] .  

  12.5.1.3   Oat and Wheat Biomasses 
 Additional biomasses capable of reducing Au(III) ions to form Au(0) nanoparticles 
were those of oat and wheat  [63, 64] . Although an oat biomass produced gold 
nanoparticles with a size distribution of 10   to 80   nm in a reaction of 0.10   m M  
gold(III) solution over a pH range of 2 to 5  [63] , the major proportion of the 
nanoparticles was in the 10 to 40   nm size range  [63] . In addition, a larger number 
of gold nanoparticles was formed at pH 2 and 3 than at pH 4 and 5  [63] , whereas 
at pH 6 most of the nanoparticles formed were irregularly shaped  [63] . A wheat 
biomass proved capable of forming gold(0) nanoparticles at pH 2 – 6, the reactions 
being carried out at room temperature with an aqueous 0.3   m M  Au(III) solution 
and a reaction time of 3.5   h  [64] . Nanoparticles synthesized via the reduction of 
Au(III) ion on a wheat biomass yielded all morphologies of fcc Au(0) nanoparticles 
observed previously with other biomaterials, including tetrahedral, decahedral, 
hexagonal, icosahedral, irregular and rod  [64] . Data from the wheat biomass also 
showed the greatest percentage of gold nanoparticles to be in the range of 10 –
 30   nm. At pH 2, the majority was in the size range of 10 to 50   nm, with a tailing 
in size distribution towards larger nanoparticles, whereas at pH 3 the size distribu-
tion was greatest between 5 and 30   nm. At pH 4, nanoparticle sizes ranged between 
5 and 25   nm (with the majority 10   nm), while at pH 5 the size range was 5 to 
30   nm, with the highest distribution between 10 and 20   nm. A similar trend was 
observed at pH 6  [64] .  

  12.5.1.4   Hops Biomass 
 Hops biomass has the ability to reduce Au(III) ions to form Au(0) nanoparticles 
 [65] . XAS techniques have been used to elucidate the average nanoparticle size 
and to determine the binding and reduction mechanisms of Au(III). These authors 
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further investigated the reduction of Au(III) ions and nanoparticle formation by 
chemically modifying the hops biomass; this included hydrolysis or the addition 
of oxygen moieties to the biomass  [65] . EXAFS calculations and the Borowski 
equation showed the nanoparticles to have an average diameter of 34.6   nm in the 
unmodifi ed hops biomass  [66] . However, when the biomass was hydrolyzed the 
Au(0) nanoparticles grew too large to be determined with this method, indicating 
a diameter in excess of 50   nm. Finally, an esterifi ed biomass led to an average 
nanoparticle diameter of 18.4   nm  [66] , indicating that oxygen - containing func-
tional groups on the biomass are fundamental in the reduction of Au(III) ions to 
form Au(0) nanoparticles.  

  12.5.1.5     C innamomum  c amphora  Biomass 
 The reduction of both silver and gold ions has also been studied in the dried leaves 
of  Cinnamomum camphora   [67] . By using UV - visible spectrometry, these authors 
followed the plasmon resonance at 440   nm and 530   nm for silver and gold, respec-
tively. The results showed an increasing absorption from 2   min through 60   min, 
indicating that the reduction of both metals had occurred in solution with the 
biomass. When the silver nanoparticles formed on the biomass were analyzed 
using TEM, the particle distribution was seen to range from 20 to 85   nm, although 
the majority was in the range of 50 to 85   nm, with the greatest proportion between 
65 and 75   nm. In contrast, gold nanoparticles synthesized on the same biomass 
showed a spherical morphology with an overall distribution from 12 to 35   nm 
(greatest proportion from 15 to 22   nm).  Gold nanotriangles  were also observed in 
the reduction of Au(III) ions with this biomass, showing a size range of 25 to 
200   nm, with a highest distribution between 40 and 100   nm. XRD analysis indi-
cated that both silver and gold nanoparticles synthesized on the  C. camphora  
biomass had fcc structures showing the 111, 200, 220 and 311 planes for silver and 
gold  [67] .   

  12.5.2 
 Synthesis Using Extracts from Biological Tissues 

 Similar to the reduction of precious metal ions on biomasses, extracts from plants 
have also been shown capable of reducing precious metal ions in aqueous solution 
 [7] . Extracts from  Aloe vera , geranium leaf, lemongrass,  Emblica offi cinalis  fruit 
extract and Neem leaf broth have been used to synthesize either Au(0), Ag(0) or 
gold/silver core - shell nanoparticles  [68 – 75] . The general synthesis techniques in 
these types of study involve the boiling in water of fresh - cut plant materials in 
different proportions to create a  ‘ broth ’  of organic acids and organic compounds 
present in the plants. This broth is then reacted with gold or silver ions at different 
times, temperatures or dilutions  [68 – 75] . 

 In the case of lemongrass extracts, aqueous solutions of tetrachloroaurate were 
reacted with the plant extract, which resulted in the formation of colloidal gold 
solutions  [71] . The formation of gold nanoparticles was confi rmed by UV - visible 
data, which showed the presence of plasmon resonance at approximately 530   nm 
in the reaction solutions. A TEM analysis revealed the nanoparticles to be nano-



triangles or tetrahedrals and platelets, with some spheres; however, the size dis-
tribution ranged from small nanometer to micron - sized particles, with the highest 
distribution around 500   nm. An  atomic force microscopy  ( AFM ) analysis showed 
the nanoparticles to be nanotriangles with defi nite dimensions and rather fl at on 
the surface  [71] . When using a geranium leaf broth, a combination of UV - visible, 
TEM and XRD was used to characterize the nanoparticle synthesized  [69] . The 
plasmon resonance for silver nanoparticles was shown to be present in the UV -
 visible spectra of the sample and increased with increasing time. In addition, the 
XRD data showed the 111, 200, 220 and 311 planes for fcc silver, which were 
broadened and indicated the presence of nanoparticles formed by the leaf broth. 
Finally, TEM analysis showed the silver nanoparticles to be polydispersed from 
16   nm to 40   nm, with an average size of 27   nm  [69] . 

 In a similar study, gold nanotriangles and silver nanoparticles were synthesized 
using  Aloe vera  plant extracts  [68] . The gold nanoparticles produced were trian-
gular in shape, with a very long edge length of 150   nm when synthesized using 
1   ml of  Aloe vera  extract and 6   ml of 1.0   m M  HAuCl 4  solution. The majority of the 
nanoparticles resembled platelets rather than tetrahedrals. However, when the 
reaction mixture included 4   ml of  Aloe vera  extract and 6.0   ml of gold solution 
the nanoparticles contained multiple shapes, including tetrahedral, but the plate-
lets had disappeared  [68] . When the reaction was performed with 0.5   ml of plant 
extract and 6.0   ml gold solution the nanoparticles were an agglomeration of 
much smaller nanoparticles. Electron diffraction was also used to corroborate the 
nanoparticle formation, which showed the 422, 220 and 311 lattice planes of fcc 
gold. With regards to the silver nanoparticles, both TEM and electron diffraction 
showed the nanoparticles in fact to be spherical Ag(0) nanoparticles, with electron 
diffraction showing the 111, 200, 220 and 311 lattice planes of fcc silver. 

 Extracts of the fruit of  Emblica offi cinalis  (Indian Gooseberry) have been shown 
to reduce gold and silver ions in solution to produce gold and silver nanoparticles 
 [74] . The gold nanoparticles ranged in size from 10 – 20   nm, while the silver 
nanoparticles were between 15 and 25   nm. The same authors also performed a 
phase transfer of the nanoparticles from aqueous phase to an organic phase using 
a cationic surfactant, octadecylamine. 

 Silver nanoparticles have also been synthesized using  Capsicum annuum  L. 
(Cayenne pepper) plant extracts  [76] . The plasmon resonance at 440   nm was fol-
lowed (using UV - visible spectrometry) from 0 to 15   h, and showed an increasing 
intensity as time passed and the concentration of silver was augmented. However, 
XRD showed rather clean and sharp diffraction peaks in the synthesized nanopar-
ticles corresponding to the 111, 200, 220, 311 and 222 lattice planes of fcc silver. 
The average grain size determined from the XRD using the Debye – Scherrer equa-
tion was 42 – 46   nm, depending on the reaction conditions. XPS was used to confi rm 
the presence of Ag(0) in the samples by the presence of Ag3d 5/2  and Ag3d 3/2  peaks. 
The SAED analysis showed spacings of 0.236, 0.220, 0.141 and 0.121, which were 
indexed as the 111, 200, 220 and 311 planes of silver. Finally, a TEM analysis 
showed the presence of spherical nanoparticles in the extracts  [76] . 

 Extracts from Neem leaf broth have been used to synthesize gold, silver and 
bimetallic gold/silver core - shell nanoparticles  [75] . In the individual nanoparticle 
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synthesis, the plasmon resonance was observed for both silver and gold at 440 and 
550   nm, respectively, and was shown to augment with increasing time from 0 to 
240   min. The diffraction patterns for the individual silver and gold nanoparticles 
showed the presence of the 111, 200, 220 and 311 diffraction planes of fcc gold 
and silver. A TEM analysis showed the silver nanoparticles to be spherical, with a 
small organic layer on the top of the nanoparticles, indicating a capping agent, 
whereas the gold nanoparticles varied in shape, to form spherical, hexagonal 
platelets, tetrahedral, rod and other common shapes. The core - shell nanoparticles 
showed that the gold was reduced at a faster rate in the bimetallic solution than 
in the monometallic solutions. It was also assumed that the silver nanoparticles 
were very small during this synthesis, as the plasmon resonance was found to be 
at 317   nm. It was inferred that the absence of 450   nm silver plasmon resonance 
was due to a precipitation of the gold shell on top of the silver nanoparticles. A 
TEM analysis showed that the size of the core - shell gold/silver nanoparticles syn-
thesized via this method ranged from 50 to 100   nm; it was also noted that the 
nanoparticles were 50 – 70   nm, with smaller nanoparticles of 15 – 20   nm capping the 
larger nanoparticles. A further assumption was that, due to the slower reduction 
rate of silver, the latter was dispersed over the surface of the gold nanoparticles. 

 The bioreduction of chloroaurate ions by geranium leaf broth and its native 
fungus  Colletotrichum  sp. has been shown to produce gold nanoparticles  [70] . UV -
 visible spectroscopy at 550   nm showed the intensity of the gold plasmon resonance 
to increase with reaction time, as seen with other biomass extracts. An XRD analy-
sis showed that the nanoparticles were fcc gold metal nanoparticles with 111, 200, 
220 and 311 diffraction peaks. However, a TEM analysis showed that, unlike other 
extracts, the nanoparticles synthesized by this plant included nanorods, but were 
predominately decahedral and icosahedral, with averages sizes in the range of 20 
to 40   nm. The synthesis of silver nanoparticles has also been achieved using spent 
mushroom substrate  [77] , where the silver nanoparticle plasmon resonance at 
436   nm was found to increase over time. The authors also used XRD to analyze 
the nanoparticles which showed main diffraction peaks of fcc silver between 30 
and 80 in 2 θ . A TEM analysis was also performed which showed the nanoparticles 
to be monodispersed, with sizes ranging from 25 to 35   nm. The TEM analysis also 
showed the presence of a small organic layer formed around the silver nanoparti-
cles, which was considered to be the formation of a protein protective layer. These 
nanoparticles demonstrated good antibacterial properties when further tested 
against  Staphylococcus aureus  and  Klebsiella pneumonia .   

  12.6 
 Nanoparticle Synthesis Using Fungi and Bacteria 

  12.6.1 
 Fungal Synthesis of Precious Metal Nanoparticles 

 Although, fungi have been shown to produce metallic nanoparticles of silver, gold 
and platinum  [7] , the majority of studies in this area have focused on the synthesis 



of silver nanoparticles. The species of fungi studied include (but are not limited 
to)  Aspergillus niger, Aspergillus fumigates, Aspergillus fl avus, Fusarium oxysporum  f. 
sp.  lycopersici, Fusarium semitectum, Phaenerochaete chrysosporium  and  Verticillium  
 [77 – 93] . The synthesis of silver nanoparticles using fungi has produced some very 
interesting results in terms of the type and size distribution of the nanoparticles 
created.  Fusarium semitectum  has been shown to synthesize Ag(0) nanoparticles 
on the cell surface and, by using UV - visible spectroscopy to follow the reduction, 
such synthesis has been shown to be time - related  [93] . The UV - visible data showed 
the silver nanoparticle plasmon resonance at 440   nm to increase slowly over 120   h 
of reaction time. In order to further corroborate the synthesis of silver nanoparti-
cles, the same authors used XRD analysis, which showed the 111, 200, 220 and 
311 diffraction planes for metallic silver. Based on XRD data and Scherrer ’ s equa-
tion analysis, the average grain size of the nanoparticles was determined as 35   nm. 
A TEM analysis of samples showed 30% of the particles to be in the 25   nm range, 
and 20% and 17% to be in the range of 35 and 42   nm, respectively. The remaining 
33% of the nanoparticles were either  < 8   nm or up to 65 nm in size. The  A. 
fumigates  - mediated synthesis of silver nanoparticles was followed with UV - visible 
spectroscopy, TEM and XRD analyses. XRD showed four distinct diffraction peaks 
in the range of 30 to 80 in 2 θ , which correspond to the 111, 200, 220 and 311 
planes of fcc silver nanoparticles  [80] . The UV - visible data showed that the silver 
nanoparticle surface plasmon resonance at 450   nm increased with increasing incu-
bation time, from 0 to 72   h, indicating the growth and formation of silver nanopar-
ticles. Based on a TEM analysis of the fungal mycelium, it was determined that 
the nanoparticles had a size range of 5 to 25   nm. 

 Silver nanoparticles have also been successfully synthesized using the white rot 
fungus  P. chrysosporium   [89] . Here, the authors used TEM, UV - visible, XRD and 
ESEM/SEM to investigate the synthesis of silver nanoparticles. The XRD analysis 
showed all major diffraction peaks of FCC silver between 30 and 80 degrees, which 
has low intensity and were broadened, indicating the formation of silver nanopar-
ticles. ESEM/SEM showed the nanoparticles to be present on the outside of the 
fungal mycelium, while TEM showed them to have shapes consistent with pyra-
midal and hexagonal structures. TEM also showed that the silver nanoparticles 
synthesized using this technique were polydispersed. 

  Verticillium  has also been shown to synthesize silver nanoparticles  [91] . From a 
TEM analysis, it was determined that the Ag(0) nanoparticles synthesized via the 
reaction of  Verticillium  with silver ions were polydispersed, with a mean size of 
25    ±    12   nm. Silver nanoparticles synthesized through the incubation of aqueous 
Ag(I) ions with  A. fl avus   [92]  were monodispersed, with an average size of approxi-
mately 9   nm    ±    1.6   nm as determined by TEM. An XRD analysis of these samples 
confi rmed the silver as fcc silver, based on the 111, 200 and 220 diffraction peaks. 
Again, SEM showed the silver nanoparticles to be located on the outside of the 
fungal mycelium. The UV - visible data showed an initial increase in silver plasmon 
resonance with time, but this then remained constant after 72   h.  Fusarium oxyspo-
rum  has also been shown to synthesize Ag(0) nanoparticles extracellularly  [87] ; 
here, a TEM analysis showed the nanoparticles to be polydispersed, ranging in 
size from 5 to 50   nm. The SAED analysis showed diffraction of the silver 311, 200 
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and 220 planes of fcc, which indeed indicated the presence of Ag(0) nanoparticles. 
As with most other fungal species, the reduction did not seem to be complete 
even, after 72   h of reaction time, as large increases in the silver nanoparticle 
plasmon resonance at 425   nm were still evident. 

 Colloidal gold nanoparticles synthesized using the fungus  A. niger  were found 
to be self - assembled on the hyphal surface of the fungus  [78] . In this study, optical 
absorption spectroscopy showed the nanoparticles to be glutathione - protected on 
the fungal surface. More interestingly, one of the SEM images showed collapse of 
the hyphae, thus creating a tubular assembly of gold nanoparticles that may be 
useful to create hollow, nanoparticulate assemblies. The synthesis of gold nanopar-
ticles has also been observed using  F. oxysporum   [88] ; here, UV - visible spectros-
copy analysis of the gold nanoparticle plasmon resonance at 550   nm was used to 
show that the fungus could synthesize gold nanoparticles over a span of 2   to 48   h. 
TEM analysis showed the gold nanoparticles to be in the size range of 20 to 40   nm, 
and to have spherical and triangular shapes.  Fourier - transform infra - red  ( FTIR ) 
analysis also demonstrated the presence of carbonyl stretches and amide stretches, 
from which the authors inferred that the stability of these nanoparticles was due 
to protein stabilization. 

 The synthesis of platinum nanoparticles has been shown to occur on  Fusarium 
oxysporum  f. sp.  lycopersici , through the reaction of aqueous platinum ions and the 
fungal biomass  [83] . A TEM analysis showed the synthesis of rectangular platinum 
nanoparticles ranging in size from 10 to 100   nm on the hyphal surface, whereas, 
under slightly different reaction conditions rectangular and cubic platinum nano-
particles were formed, with size ranges of 10 to 30   nm, after only 2   h of incubation. 
Interestingly, the zero - time sample had widely varying nanoparticle shapes and 
sizes, including irregular, cubic and rectangular.  

  12.6.2 
 Bacterial Synthesis of Precious Metal Nanoparticles 

 It is perhaps not surprising that bacteria are able to reduce precious metal ions in 
solution or growth media synthesizing metallic nanoparticles, as many bacteria 
have reducing properties; examples include iron - , sulfate -  and nitrate - reducing 
bacteria  [94 – 96] . The following bacteria (among others) have been used to synthe-
size gold and silver nanoparticles:  Bacillus subtilis, Shewanella  algae,  Pseudomonas 
stutzeri, Thermomonospora  sp.,  Rhodococcus  sp., fi lamentous cyanobacteria ( Plecto-
nema boryanum ),  Acidithiobacillus thiooxidans  sp. and  Rhodopseudomonas capsulata  
 [97 – 107] . However, the use of bacteria to reduce precious metal ions to form metal-
lic metal nanoparticles is scarce, most likely due to the toxicity of elements such 
as platinum and silver in biological systems. 

 The reduction and formation of colloidal gold was observed in a study on the 
bioaccumulation of the gold by the fi lamentous cyanobacterium ( P. boryanum ) 
from a Au(III) chloride complex  [104] . When the bacterial samples were studied 
using XAS, SAED and TEM, the XAS or XANES analyses showed the presence of 
a mixture of different types of gold compounds, including Au(I) sulfi de, gold 



metal, gold hydroxide and some residual Au(III) chloride complex. A TEM analysis 
showed the presence of commonly shaped gold nanoparticles, including tetrahe-
dral, spherical and other geometries. The gold nanoparticles were further analyzed 
using SAED analysis, which showed the 400, 311, 420 and 511 diffraction planes 
for gold. The 220, 311 and 220 diffraction planes of fcc gold were also observed in 
the nanoparticles. The morphology of gold nanoparticles synthesized by this fi la-
mentous cyanobacterium from Au(I) thiosulfate and Au(III) complexes were also 
investigated, using TEM, SAED and XPS  [106] . The XPS data suggested that the 
bacterium promoted growth of the gold 111 faces in the samples, confi rming the 
presence of Au(0), whereas, the SAED analysis showed again the 400, 311, 420 
and 511 diffraction planes. However, TEM analysis showed the presence of gold 
nanoparticles of less than 10 nm diameter inside the living cells, although in solu-
tion the gold was found to precipitate as octahedral 111 platelets with sizes of 1   to 
10   nm. 

 Gold nanoparticles have also been synthesized using living cells of  Pseudomonas 
aeruginosa   [108] . In this study, the authors followed the Au(0) nanoparticle plasmon 
resonance, which was found to be slightly shifted to a higher wavelength compared 
to the normal plasmon resonance of 530   nm. A TEM analysis showed the nanopar-
ticles to have size distributions of 40    ±    10   nm, 25    ±    15   nm and 15    ±    5   nm, possibly 
due to the slightly different reaction conditions and the use of varied subspecies 
of  Ps. aeruginosa.  

  Rhodopseudomonas capsulata  has also shown an ability to reduce gold ions to 
form Au(0) nanoparticles  [107] . A TEM analysis of nanoparticles formed by this 
bacterium showed a size distribution between 10 and 20   nm. The shape of the 
nanoparticles was found to be spherical at pH 7, although at pH 4 the formation 
of nanoplatelets was observed with sizes in the range of 50 to 400   nm. The nanopar-
ticles synthesized via this reaction were diffracted using X - rays and showed the 
common gold diffraction peaks for fcc gold nanoparticles. Another study monitor-
ing the effects of the thiosulfate - reducing bacterium  Acidithiobacillus thiooxidans  
on the stability of the gold – thiosulfate complex has shown that, over time, the 
complex is reduced to Au(0) nanoparticles  [106] . In fact, after 75 days, the gold 
was found to have precipitated into gold wires or gold coils which were analyzed 
using XRD, TEM and SAED. The XRD spectrum showed a very broad but weak 
peak corresponding to the gold 111 diffraction plane; however, the SAED results 
showed the presence of 110, 200 and 220 planes of fcc gold. Unfortunately, the 
gold was also shown to be toxic towards the bacterium. Whilst a TEM analysis 
showed gold wires of 0.5 to 5    μ m in length, a closer observation of these data sug-
gested that these large structures were actually collections of smaller Au(0) 
nanoparticles. The small nanoparticles (5 – 10   nm) were also shown to be precipi-
tated inside the cells. 

 Platinum nanoparticles have been successfully synthesized using cyanobacteria 
( Plectonema boryanum )  [105] , with a TEM analysis showing the nanoparticles to 
have spherical shapes and multiple size ranges, due mainly to the different tem-
peratures used. The SAED analysis also confi rmed that the bacterium could syn-
thesize platinum nanoparticles showing the 111, 002, 022 and 113 diffraction 
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planes of fcc platinum metal. SEM images showed the platinum nanoparticles to 
be located on the outside of the bacterium. In addition, when an XPS analysis was 
used to determine the coordination of the platinum in the growth medium, 
reduced platinum and a composition of platinum cluster compounds (e.g. com-
plexes with carboxyl groups and metallothioneins) was identifi ed. 

 Silver nanoparticles may be synthesized via the bioreduction of silver ions, using 
the supernatants of cell cultures from  Klebsiella pneumonia, Escherichia coli  and 
 Enterobacter cloacae   [109] . Here, the Ag(0) nanoparticle plasmon resonance was 
observed at about 430 – 450   nm, giving a strong indication that reduction of the 
silver ions had indeed occurred. It was found that, after a 5   min reaction between 
the silver ions and the supernatant of  K. pneumonia , silver nanoparticles were 
formed that appeared to have spherical shapes. The sizes of the nanoparticles 
formed in this reaction were also extremely polydispersed, ranging in size from 
28 to 120   nm, with the highest distribution between 38 and 78   nm.   

  12.7 
 Nanoparticle Synthesis by Living Plants 

 The fi rst report of nanoparticle production by higher plants was credited to Gardea -
 Torresdey  et al. , who found that alfalfa plants ( Medicago sativa ) grown for two 
weeks in a Au(III) - enriched medium formed structures in the fcc confi guration 
after reducing Au(III) to Au(0). The TEM images of reduced gold within the plant 
tissues showed an icosahedral structure, which is considered to be the low - energy 
confi guration for Au(0). Subsequently, the same group germinated and cultivated 
alfalfa in a silver - enriched medium and found that the plant could also form silver 
nanoparticles  [110, 111] . TEM images of stem segments showed that silver nano-
structures ranging between 2 and 20   nm in size were distributed throughout the 
stem, in assemblies akin to nanowires. In 2005, Yates and coworkers reported that 
Morning glory ( Ipomoea lacunosa ) was able to form titanium nanoparticles when 
exposed to a titanium - enriched medium in a hydroponic solution  [112] . Recently, 
Gardea - Torresdey and colleagues, at the University of Texas at El Paso, reported 
that Desert willow ( Chilopsis linearis ), a desert plant species that grows well in mine 
tailings, is able to absorb and reduce up to 67% of the Au(III) to Au(0), even in 
the presence of thiourea or thiocyanate  [113] . The XAS and TEM analyses of gold -
 laden plant samples indicated that Desert willow could produce gold nanoparticles 
within its tissues (Figure  12.11 ). Typically, plants treated for 13 days with 160   mg 
Au   l  − 1  formed nanoparticles with diameters averaging approximately 8, 35 and 18    Å  
in the root, stem and leaf, respectively  [114] . It was also reported that the average 
size of the Au nanoparticles formed was related to the total Au concentration in 
the tissues, and their location in the plant, with larger nanoparticles being found 
in the stems and smaller particles in the roots.   

 The Massey University group in New Zealand, in conjunction with the Gardea -
 Torresdey group, also showed that other gold - absorbing could form gold nanopar-
ticles  [115] . It was reported that Au nanoparticles of 5 – 50   nm diameter were 



formed by Indian mustard ( Brassica juncea ) plants grown in soil with 22 – 48   mg 
Au   kg  − 1 . However, unlike alfalfa and Desert willow    –    both of which reduced a high 
percentage of the Au(III) to Au(0)    –    Indian mustard produced Au(0) and Au(I) in 
similar proportions  [115] . The group of Sahi, at Western Kentucky University  [116] , 
also in combination with Gardea - Torresdey and colleagues, reported recently that 
the rattlesnake plant ( Sesbania drummondii ) was able to biotransform Au(III) into 
Au(0) with great effi ciency, thus forming Au nanoparticles with catalytic power. 
The gold nanoparticle - bearing biomatrix produced was shown directly to reduce 
4 - nitrophenol in aqueous solution, thereby demonstrating the catalytic potential 
of these bioformed gold nanoparticles. 

 More recently, the research group at Massey University showed that plants could 
also form mixed - metal nanoparticles  [117] . In this study, Indian mustard was 
grown for nine weeks in soil enriched with Au, Cu and Ag, at concentrations of 
48, 44 and 31   mg   kg  − 1 , respectively. By using STEM and energy dispersive X - ray 
analysis, it was shown that the plants formed nanoparticles containing Au, Ag, 
and Cu at an average composition of 43, 57 and 1   atom%, respectively. It was 
concluded that this procedure might permit the construction of catalysts that are 
diffi cult to create using traditional methods. 

 Although the mechanism(s) used by plants to form metal nanoparticles remain 
largely unsolved, the results of a reaction between lemongrass plant extract and 
tetrachloroaurate led Shankar and coworkers to conclude that the reducing sugar 
in the extract reduced the Au(III) to Au(0), while the aldehydes/ketones of the 
extract induced growth of the gold nanocrystals  [71] . It has been hypothesized that, 
in the rattlesnake plant, Au(III) is bound to the carboxylic acid moieties present 
in the root cell walls. Yet, the nanoparticles were observed exclusively in the cyto-
plasm, which is indicative of active transport  [117] . In addition, Manceau  et al.  

    Figure 12.11     Dark - fi eld TEM images of the stem of  Chilopsis 
linearis  grown for 13 days with Au (5   mg   l  − 1 ) and treated with 
isocyanate.  
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have suggested that ascorbic acid in the roots, and the breakdown products of 
ascorbic acid in the rhizosphere, each participate in the reduction of copper at the 
soil – root interface, although unfortunately no evidence was provided of mechanis-
tic processes inside the cells. The discovery of the mechanisms of nanoparticle 
formation inside plant tissues, and the way in which these nanoparticles can be 
harvested, should represent a major advance in the  ‘ green ’  production of metal 
nanoparticles, and benefi t environmental science as a whole.  

  12.8 
 Conclusions 

 During the past fi ve years, a host of advances have been made in the biological 
synthesis of precious metal nanoparticles. The characteristics of these biological 
syntheses are, in general, similar to those of chemical syntheses, with the two 
systems resulting in very similar shapes, geometries and size ranges. It is perhaps 
not surprising that biological systems are capable of synthesizing metallic precious 
metal nanoparticles, as they contain similar functional groups as are used for such 
chemical reductions. Some examples include carboxyl and amine groups com-
monly used to reduce precious metal ions to form metallic nanoparticles. More 
recently, a variety of sophisticated techniques, including XRD, TEM, HRTEM, 
SEM, SAED, XAS and XPS, have been used to determine the characteristics of 
biologically and chemically synthesized precious metal nanoparticles, and pro-
vided essentially the same information for both materials. Likewise, the character-
ization of precious metal nanoparticles synthesized biologically show the same 
characteristics such as fcc metal structure, as determined by XRD and SAED. In 
some instances there have been reports of new nanoparticles arising from the 
biological reduction of precious metal nanoparticles, an example being the trun-
cated icosahedron nanoparticles synthesized using an alfalfa biomass.  
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  13.1 
 Introduction 

 Cancer is a major healthcare concern across the globe. United States fi gures alone 
show that slightly less than one - half of males and one - third of females will develop 
cancer during their lifetime, which translates to approximately 1.5 million new 
cases of cancer being diagnosed yearly  [1] . The National Institutes of Health esti-
mates cancer related expenditures to have cost the United States approximately 
 $ 219.2 billion in 2007, spreading across the health system and other industries in 
part due to lost productivity  [1] . These issues are of such great concern that a major 
goal of the National Cancer Institute is to eliminate suffering and death due to 
cancer by 2015  [2] . As such, there is a great need for the development of highly 
sensitive and cost effective technologies for the screening, diagnostic, and thera-
peutic treatment of cancer. The development of a multimodal tool that can combine 
these capabilities would be most ideal. 

 Nanoparticles have shown a great potential to be multimodal tools with func-
tionality as both a contrast agent for imaging and a therapeutic agent for treatment 
of cancerous tissue. Several molecular imaging modalities, taking advantage of 
the unique optical properties of nanoparticles as contrast agents, are currently 
under development for cancer imaging  [3 – 6] . While early detection can eventually 
reduce and even eliminate the need for expensive and time - consuming histologi-
cal examinations, molecular imaging can improve the precision of cancer margin 
detection and the understanding of disease progression through the monitoring 
of biomarker overexpression. Furthermore, the nanoparticle can be utilized for 
the simultaneous removal of cancer. The application of nanoparticle - assisted pho-
totherapeutics includes the removal of displasia or large scale and deep tumors, 
and controlled therapy of cancers with minimal impact to healthy, benign 
tissues. 

 Nanomaterials have a number of advantageous characteristics in aiding the 
development of  in vivo , optically - active, biospecifi c probes that are highly control-
lable and have tunable optical properties. Among nanomaterials, noble - metal 
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nanoparticles have shown great clinical potential in the fi ght against cancer due 
to their unique optical and chemical properties. Noble - metal nanoparticles have 
enhanced scattering and absorption properties in the visible to near - infrared 
(NIR) wavelength regimes that arise due to strong resonances upon excitation 
of conduction band electrons along the particle surface known as the plasmon 
resonance  [7] . These electrodynamic properties render nanomaterials as bright 
contrast agents for imaging and highly effective tools for therapeutic applica-
tions. Among metal particles, gold nanostructures have been shown to be rela-
tively biologically compatible, as their low or negligible cellular toxicity makes 
them ideal for  in vivo  clinical use  [8, 9] . Gold nanoparticles can be synthesized 
relatively easily into a variety of geometries, including nanospheres  [10, 11] , 
nanorods  [12] , nanoshells  [13, 14] , nanocages  [15] , and their clusters  [16, 17] . 
Another promising particle type with strong optical properties is carbon nano-
structures  [18 - 21] . 

 The molecular targeting of metallic nanoparticles to specifi c cancer biomarkers 
can easily be achieved through active functionalization methods. Active methods 
employ molecular specifi c bioagents such as antibodies  [22]  (e.g., anti - EGFR  [3]  
and anti - HER2  [23] ), DNA sequences  [24] , and ligands (folate  [25, 26] ) conjugated 
to the particle surface for highly specifi c  in vivo  delivery and binding to a disease 
biomarker of choice. Functionalization enables the selective targeting of cells or 
tissues expressing their cognate receptor, with high specifi city  [4] . For therapeutic 
applications, nanoparticles have also been delivered to solid tumors using passive 
methods that involve capping the nanoparticle with, for example poly (ethylene) 
glycol (PEG), for increased biocompatibility, biostability, and retention within 
tissues  [27 - 29] . 

 This chapter will primarily focus on recent developments in plasmonic laser 
phototherapy (PLP) techniques using plasmonic gold nanoparticles as cancer 
therapeutic agents. For a comprehensive review of nanoparticles as imaging con-
trast agents for cancer diagnostics, we refer the reader to the review papers of 
Rebecca Richards - Kortum  [30, 31] . The El - Sayed group provides a nice review dis-
cussing the use of gold nanoparticles for the enhanced photothermal therapy of 
cancer  [32, 33] . In this chapter, we discuss particle scattering and heating processes 
along with extending plasmonic phototherapeutics beyond photothermal therapy 
to additionally include cancer - killing schemes through mechanical, chemical, and 
plasma - mediated ablative effects. PLP has been divided into two distinct modes in 
accordance to the physical interactions between laser light and nanoparticles: 
continuous wave (CW) and pulsed. CW laser plasmonic phototherapy utilizes 
nanoparticles to initiate cell death via hyperthermic means. Pulsed laser plasmonic 
phototherapeutic localizes laser damage to subcellular targets through the confi ne-
ment of photodamage. 

 The chapter begins with a review of the plasmonic properties of noble - metal 
particles. The effects of size, geometry, and aggregation on the near -  and far - fi eld 
scattering and absorption properties are discussed. Second, the heating processes 
in both the particle and surrounding medium induced by nanoparticle absorption 
of laser energy are detailed. We begin with the elementary heating processes 



induced by femtosecond laser pulses, and proceed to detail how simultaneous 
heating and cooling occur with the application of longer pulse durations and CW 
irradiation. Third, the uses of nanoparticles for therapy are detailed. Here, we 
begin with a discussion of from single cell to large - scale tissue modifi cation utiliz-
ing CW laser irradiation and progress to pulsed irradiation therapies where subcel-
lular photodisruptions are possible. Cellular damage due to pulsed laser light is 
localized through one of the following techniques: hyperthermia, bubble and 
overlapping - bubble formation, nanoparticle fragmentation, and nonlinear scatter-
ing and absorptive processes. Finally, we summarize a number of issues which 
still need to be addressed before PLP techniques can fully mature and fi nd applica-
tion in a clinical setting.  

  13.2 
 Theoretical Understanding of Plasmonic Resonance 

 Noble - metal nanoparticles have unique optical properties that arise due to the 
collective oscillation of conduction band electrons along the particle surface upon 
excitation by an electromagnetic fi eld; this is known as the  plasmon resonance   [7] . 
This strong resonance is responsible for the enhanced scattering and absorption 
of light in the visible to NIR wavelength regimes that can be exploited in nanobio-
photonics applications. In this section, we discuss the physical properties for the 
rise of the plasmon resonance. Particular insight is provided on the effect of par-
ticle size, geometry and aggregation on the electrodynamic properties of noble -
 metal nanoparticles in both the far and near - fi elds. 

  13.2.1 
 Origin of Surface Plasmon Resonance 

 As the size of a metallic material is reduced to the nanoscale, both the electronic 
properties and the optical response of the material are dramatically affected  [7, 
34 – 38] . Changes in material electronic properties occur due to reductions in the 
density of states and the spatial length scale of the electronic motion. Energy 
eigenstates need now to be determined by the material – substrate boundaries, 
making surface effects of high importance. Optically, as the size is reduced, the 
electrodynamic properties become size - dependent, and colors not typically associ-
ated with the original bulk material can be scattered. This optical phenomenon is 
eloquently demonstrated by observing stained glass windows as sunlight passes 
through. Metallic gold nanocrystals embedded in the glass are responsible for the 
brilliant reds that are seen, due to their interaction with the incident light. Simply 
by adjusting the size of a gold nanoparticle and the environment in which it is 
found, it is possible to scatter light at a variety of colors, ranging from deep violet 
to red  [39 – 41] . 

 When an electromagnetic fi eld is incident an arbitrarily shaped noble - 
metal nanoparticle, the oscillating electric fi eld perturbs the surface conduction 
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electrons, as shown in Figure  13.1 a. Conduction electrons oscillate coherently 
with respect to the electric fi eld direction    –    a phenomenon known as  surface 
plasmon oscillation   [42] . The ability to induce these coherent oscillations allows 
noble - metal nanoparticles of a certain size range to strongly absorb and scatter 
light  [7, 34 – 38] . When resonant conditions are met, the nanoparticle acts as a 
fi eld intensifi er, and its infl uence on the incident wave extends beyond its geo-
metric boundaries. As such, the effective cross - sectional area of the collected light 
is signifi cantly larger than the particle itself  [43] . Figure  13.1 b presents the fi eld 
lines around the particle when the resonant conditions for electron oscillation are 
met; Figure  13.1 c demonstrates when resonant conditions are not met. The 
nature at which the electrons oscillate is dependent upon the material composi-
tion, size and geometry, as well as the dielectric constant of the surrounding 
medium. The oscillatory behavior strongly affects particle electrodynamic proper-
ties and location and width of the plasmon bands, providing highly controllable 
and tunable properties.    

  13.2.2 
 Description of Absorption and Scattering Properties 

 For spherical, metal particles having a diameter much smaller than the incident 
wavelength, the electric fi eld intensity is uniformly distributed across the particle 
surface, such that all conduction band electrons are equally excited. In this case, 
electron movement can be well approximated by the Drude free - electron model, 

    Figure 13.1     Description of the plasmon 
resonance. (a) Schematic of the coherent 
oscillations of the surface conduction band 
electrons induced by the oscillating electric 
fi eld  (reproduced with permission from Ref. 

 [42] ) ; (b, c) Poynting vector fi eld lines 
(excluding scattering) around a small 
nanosphere irradiated by laser light at the 
resonance and off resonance, respectively 
 (reproduced with permission from Ref.  [7] ) .  

(a) (c)

(b)



which assumes that the conduction band electrons can be treated independently 
from the ionic core and can move freely, whereas the ions act only as scattering 
centers  [44 – 46] . As such, conduction band electrons have a higher polarizability 
and the incident electric fi eld induces a polarization of the electrons with respect 
to the heavier ionic core. A net charge difference is only felt at the surface of the 
nanoparticle, creating a restoring force that causes the electron cloud to oscillate 
in phase in a dipolar fashion. In this model, retardation effects that lead to 
plasmon damping are negligible, and the optical cross - section is dominated by 
dipole absorption, which can simply be described by  [47] :
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where  V  0    =   (4 π /3) a  3  is the spherical particle volume,  ω  is the angular frequency of 
the excitation radiation, and  ε   m   and  ε ( ω )   =    ε  1 ( ω )   +    i  ε  2 ( ω ) donate the bulk dielectric 
functions of the surrounding material and of the particle material, respectively. 
The absorption resonance is dependent upon the bulk material properties and the 
position and shape of the resonance are governed solely by the dielectric functions. 
From Equation  13.1 , we can deduce that a strong, yet narrow, absorption reso-
nance appears at  ε  1 ( ω )   =    − 2 ε   m   if  ε  2 ( ω ) is small and does not vary much in the 
vicinity of the resonance. 

 In its basic expression, the Drude model does not predict that the absorption 
bandwidth is affected by particle size. Experimentally, colloidal systems having a 
weak cluster – matrix interaction show a well - established inverse correlation with 
respect to the plasmon bandwidth with particle size. In order to describe the 
bandwidth dependency on particle size, Hovel  et al.   [47]  proposed a classical view 
of free - electron metals; here, the scattering of electrons with other electrons, 
phonons, lattice defects and impurities leads to a damping of the Mie resonance. 
Briefl y, in realistic metals, the dielectric function is composed of contributions 
from both interband transitions and the free - electron portion  [48] . The free - 
electron dielectric function can be modifi ed by the Drude model to account for 
this dependency, giving  [47 – 50] 
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where  ω   p     =    Ne  2 / ε  0  m eff   is the plasma frequency and the Drude  γ  is the size - 
dependent phenomenological damping constant. As the particle size approaches 
the dimensions of the mean free path of electron scattering, the dimensions of 
the particle physically limit electron movement, leading to an enhanced electron -
 surface scattering. In gold and silver, the electron mean free path is on the order 
of 40 – 50   nm  [51] . Additional collision processes result in a reduced electron mean 
free path and increased damping. Because size effects are a function of the particle 
dielectric function, they are labeled  intrinsic size effects   [47] . 
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 As the particle size approaches the incident wavelength, scattering becomes a 
major contributor. Absorption effects are signifi cantly minimized because the gold 
dielectric function reduces with longer wavelengths due to decreased  d  - level to 
 sp  - band electronic transitions. The optical response of the particle is now the 
superposition of both the absorption and scattering modes. Higher - order multi-
polar electrodynamic effects become more dominant as surface plasmons are 
unevenly distributed around the particle. As particle size increases, the incident 
electric fi eld can no longer homogeneously polarize the surface conduction elec-
trons, and retardation effects lead to higher order modes being excited  [35] . Figure 
 13.2  shows how the plasmon response changes (red - shifts and broadens) with 
respect to particle size.    

  13.2.3 
 Near - Field Scattering Dynamics 

 Many common applications and experimental conditions rely on light scattering 
measurements made in the far fi eld, a distance far away from the particle surface. 
In recent years, a number of groups have been looking to develop biological tech-
nologies that rely on near - fi eld effects of metallic nanostructures. The scattered 
wave in the far fi eld consists solely of the electric fi eld components  E  θ    and  E  φ   . As 
the point of interest is moved closer to the particle surface, large local electromag-
netic fi elds due to the addition of the radial electric fi eld component  E R  , are found. 
This can be verifi ed in the known fact that, for free - electron metals, the electric 
fi eld must radiate normally to the surface. To describe the strength of the electro-

    Figure 13.2     Size dependency on extinction spectra for 
spherical gold nanoparticles. With increasing particle size, the 
dipolar plasmon peak red - shifts and broadens. The formation 
of a quadrupole at the original plasmon peak is found for the 
150   nm particle size.  
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magnetic fi eld in the near - fi eld regime, Messinger  et al.   [43]  introduced the fol-
lowing term:
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 Here,  Q NF   represents the square of the spatially averaged electric fi eld of the 
scattered wave  E S     =   ( E R  ,  E   θ  ,  E   ϕ  ) as a function  R . The scattered fi eld consists of all 
three components of the electric fi eld vector, where the angular components,  E  θ    
and  E  φ   , are perpendicular to the particle surface and the radial component,  E R  , lies 
normal to the surface. This provides a measure of the ability of the sphere to 
convert the incident electric fi eld intensity to a near - fi eld intensity.  Q R   is the main 
contribution of  Q NF  , approximately 67%, which is due to the radial fi eld component 
only and provides a measure of the sphere ’ s ability to convert the incident electric 
fi eld into a radially directed fi eld. Because the  E R   fi eld component increases pro-
portionally to  R   − 2 ,  Q NF   will increase faster than  Q sca  , which is only proportional to 
 R   − 1 . As  R     >>     a, Q NF   will approach the asymptotic value of  Q sca  . 

 For the fundamental spherical particle geometry, with increasing particle size, 
the near - fi eld scattering band red - shifts while its magnitude decreases and width 
broadens. Figure  13.3 a summarizes the calculations of  Q NF   using Equation  13.3a  
for varying particle diameters in an air medium irradiated with 780   nm wavelength 

    Figure 13.3     (a) Estimated near - fi eld scattering 
effi ciency,  Q NF  , of a gold nanosphere in 
air as a function of particle diameter.  Q NF   
is a measurement of the particle ’ s ability to 
convert incident electric fi eld intensity into a 
near - fi eld intensity. The effi ciency term is 

estimated for an incident laser wavelength of 
780   nm using Equation  13.3a , according to 
Ref.  [43] ; (b)  Q NF   as compared to the degree 
of particle absorption,  Q abs  , for various particle 
diameters.  
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laser light. The red - shift of the near - fi eld scattering is apparent, with it peaking 
for particles of 150 – 170   nm in diameter. This red - shifting phenomenon is similar 
to that of the absorption band, but the near - fi eld band will red - shift faster with 
increased particle size. This equates to particles being able to scatter intense fi elds 
with minimal absorption. To understand this mathematically, we can observe the 
ratio of the near - fi eld scattering to the absorption effi ciency,  ζ    =    Q NF   /  Q abs  . Figure 
 13.3 b provides a plot of this ratio over a range of particle diameters. As the particle 
diameter increases, the degree of near - fi eld scattering rapidly increases over the 
absorption at the 780   nm wavelength. When the near - fi eld magnitude peaks at the 
150   nm particle diameter, the scattering effi ciency in the particle near - fi eld is 65 -
 fold more than the absorption effi ciency.    

  13.2.4 
 Tunable Optical Properties of Particles 

 The frequency, magnitude and bandwidth of the plasmonic resonance and near -
 fi eld properties can be tuned through particle aggregation and variation of the 
particle ’ s material composition and geometry. 

  13.2.4.1   Effect of Particle Aggregation 
 The interaction of closely spaced particles    –    that is, particle coupling    –    has a strong 
effect on the location and width of the plasmon resonance. Here, we will discuss 
coupling in two particles systems, linear chains and randomly oriented clusters. 
For a simple understanding of particle coupling, the dipole – dipole interaction 
model  [52]  is used to describe the plasmonic interaction of two closely spaced 
nanospheres  [53] . As previously described, the surface plasmon response is con-
fi ned along the particle surface. When certain conditions are met, the system 
becomes resonant and the particle strongly interacts with the incident light. Now, 
a second particle is placed within the oscillating fi eld of the fi rst particle. Upon 
polarization of the conduction electrons by the incident fi eld, additional forces act 
upon both particles. First, let us observe a particle pair oriented such that the long 
axis is orthogonal to the incident electric fi eld. In this case, the repulsive force of 
the surface charges is enhanced, leading to a higher resonance frequency and 
effectively blue - shifting the plasmon resonance to lower wavelengths. The oppo-
site effect occurs when the electric fi eld is parallel to the long axis of the particle 
pair. In this case, the plasmon band shifts and stronger enhancement will be seen 
in the NIR. As a quick note, particle interaction has been seen out to separation 
lengths of fi ve particle diameters  [54] . 

 Linear particle chains are formed with the addition of particles along the axis of 
interest. When unpolarized light is incident a particle chain, the plasmon band is 
split into two components  [55] . One maximum, relating to the absorption band of 
individual particles, is seen at lower wavelengths, while another maximum at 
higher wavelengths corresponds to strong electrodynamic coupling effects by 
particles along the chain axis  [56] . A similar effect will be discussed with nanorods 
later, but chains show a much more complex longitudinal resonance. Here, the 



longitudinal resonance depends upon the number of particles along the chain and 
the separation distance between neighboring particles. With increasing particle 
number and fi xed particle separation, the longitudinal band red - shifts although, 
as the particle chain becomes too long, there will be saturation in the amplifi cation 
of the absorption properties. Red - shifting of the plasmon band and increased 
absorption properties are also seen when the particle number is fi xed and the 
particle separation is reduced. For all chain sizes, as the particles become too 
closely spaced, the primary plasmon band begins to split into several resonances, 
due to increased particle coupling. 

 The plasmon band of randomly oriented nanoparticle aggregates follows similar 
trends as that of particle pairs and chains  [56] . With increasing aggregate size, a 
broadening and red - shifting of the plasmon band is observed and the primary 
plasmon resonance splits into several new resonances, which are directly propor-
tional to the number of particles in the aggregate  [54] . The strength of each reso-
nance is now dependent, however, on the size and particle orientation within the 
aggregate. 

 The near - fi eld scattering is also greatly affected by particle aggregation  [54] . With 
particle aggregation, the near - fi eld enhancement becomes a function of all the 
individually scattered wavelets from particles in the aggregate. Essentially, primary 
particles in the aggregate electromagnetically couple, exhibiting additional extinc-
tion features at longer wavelengths  λ , where the surface plasmon is strongly 
decreased in single particle irradiation. At longer wavelengths, scattering pro-
cesses dominate the plasmon band, whereas absorption still dominates in shorter 
wavelengths, but will again be negligible in the NIR regime. Because the super-
position of scattered waves is responsible for the near - fi eld enhancement, the 
aggregate size will have a fi nite limit, beyond which the maximal optical enhance-
ment saturates  [54, 57] . This limit will depend upon particle cross - talk and decon-
structive interference effects.  

  13.2.4.2   Effect of Particle Material Composition 
 Material changes are typically the most trivial adjustment. Localized surface plas-
mons can arise in particles made from all noble - metal types. As such, particles 
can be composed of any of the noble metals or from composites of two or more 
noble metals. Composite systems include alloy and heterodyne particles  [58, 59] . 

 Among the noble metals, silver and gold are the most utilized in biological 
applications due to their low cellular toxicity. Both metal types show a strong 
plasmon resonance in the visible portion of the electromagnetic spectrum. In 
general, the silver plasmon band is found at lower wavelengths and has a stronger 
scattering cross - sectional area than gold. As a simple example, switching the mate-
rial composition of a gold nanosphere of diameter 2a   =   44   nm to a silver particle 
of the same dimension affords a 15 - fold increase in scattering at the plasmonic 
resonance  [43] . 

 In recent years, a variety of alloy and heterodyne particles have been developed. 
 Nanocages  are gold and silver alloy nanostructures that have a hollow interior 
and a thin, porous    –    but robust    –    wall  [15] . By controlling the molar ratio of Ag to 
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chloroauric acid during production, the optical response can be tuned over a broad 
spectral range spanning from the visible to the NIR. Figure  13.4 a describes the 
optical response for a nanocage having a 45   nm edge length and 3.5   nm wall 
thickness, with a 25% residual silver alloyed with gold  [60] . Additionally, noble -
 metal coatings can be applied to dielectric particles to achieve strong plasmonic 
effects.   

  Nanoshells  are a class of optically tunable, spherical nanoparticle consisting of 
a dielectric core surrounded by an ultrathin metal shell  [14] . By using the ability 
to control the ratio of shell thickness and core radius dimensions, particles can be 
engineered to either absorb or scatter light over a broad spectral range spanning 
from the visible to the NIR. Figure  13.4 b shows that, as the core - to - shell ratio is 
increased, the plasmon resonance red - shifts  [61] . In order to adjust the core - to -
 shell ratio, gold shells of varying thickness were reduced onto a silica core of 60   nm 
radius.  

  13.2.4.3   Effect of Particle Geometric Changes 
 Through the introduction of particle anisotropy, the plasmon band can be engi-
neered into the NIR regime, without the limitations associated with particle aggre-
gation. Gold can be fashioned into a variety of particle geometries such as rods 
 [62] , triangles  [63]  and nanorice  [64] . As the rod shape has proved most important 
to biomedical applications, it will be the focal point of the discussions on 
geometry. 

  Nanorods  are anisotropic structures having a longitudinal and a transverse axis 
that splits the plasmon resonance into two bands  [12] . As was observed with par-
ticle chains, a strong lower - frequency plasmon band arises due to the longitudinal 
oscillations of electrons, while a weak higher - frequency plasmon band arises from 
the transverse electron oscillations. This leads to strong, tunable absorption prop-
erties in both the visible and NIR wavelength regimes by changing the nanorod 
aspect ratio. For a nanorod with aspect ratio of 3.3, a small absorption peak located 
around 520   nm corresponds to the transverse plasmon mode, while a larger peak 
at 750 corresponds to the longitudinal plasmon mode  [65] . As the aspect ratio 
increases, the energy separation between the two bands of the plasmon resonance 
increases. Figure  13.4 c provides experimental evidence for the plasmon shift with 
increasing nanorod aspect ratio. Furthermore, the plasmon band in the NIR 
regime has a much tighter full width half maximum than is achievable with spheri-
cally shaped nanoparticles.  

  13.2.4.4   Near - Field Tunability 
 The near - fi eld enhancement is strongly affected by geometric changes, sharp edges 
 [66]  and surface irregularities along the particle surface  [67] , which can dramatically 
increase the overall scattering. Especially large local enhancements are found 
at sharp edges. Through the understanding of near - fi eld physics, it is feasible to 
generate large near - fi eld scattering enhancements at wavelengths far from the 
absorption resonance. Nonfundamental particle geometries can enhance the near -
 fi eld scattering. For example, Krug  et al.   [68]  showed that right trigonal pyramids 



    Figure 13.4     Evidence for the highly tunable 
nature of the plasmon resonance of gold 
nanostructures arising from variations 
in particle geometry and composition. 
(a) Nanocages, gold and silver alloy 
nanostructures, having 36.7   nm edge length 
and 3.3   nm wall thickness  (reproduced, with 

permission, from Ref.  [60] ) ; (b) Nanoshells, 
silica and gold heterodyne nanospheres, of 
various gold shell thickness to a constant 
60   nm silica core radius  (reproduced, with 
permission, from Ref.  [61] ) ; (c) Gold 
nanorods, anisotropic nanostructures, of 
varying aspect ratios.  
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composed of gold and having a 45    °  cone angle and 675   nm long conical tip illumi-
nated by a 825   nm wavelength plane wave can, in theory, generate intensity enhance-
ments on the order of 7400. As particle development continues to advance, such 
nonfundamental shapes will be essential to nanoparticle - based techniques.   

  13.2.5 
 Plasmonic Summary 

 In summary, we have discussed the dynamics of the plasmon resonance and how 
it affects the electrodynamic properties of gold nanoparticles. Nanoparticle geom-
etry, size and composition can be engineered to obtain a wide range of absorption 
and scattering resonances, ranging from the visible to the NIR. For spherical par-
ticles, we fi nd that absorption dominates the dipolar resonance for smaller particle 
sizes, while scattering gains greater importance with increasing particle size. With 
increasing particle size, we fi nd that both the absorption and scattering compo-
nents of the plasmon band red - shift. However, the absorption peak stops red - 
shifting when it reaches the wavelength of approximately 600   nm, beyond which 
it drops off to negligible amounts. For scattering - based applications, this drop - off 
effect in the absorption is desirable. In contrast, absorption - based applications 
using spherical particles require wavelengths centered in the visible wavelength 
range. Other particle shapes (e.g. rods) have been engineered to red - shift the 
absorption band into the NIR, which will have great implications in biological 
applications due to greater light penetration. When observing the near - fi eld scat-
tering of spheres, we fi nd that there is a continued red - shifting in the scattering 
plasmon band deep into the NIR. By using this information, it is possible to engi-
neer particles specifi cally to a desired application.   

  13.3 
 Understanding Nanoparticle Heating Properties 

 The degree of metal nanoparticle heating during laser irradiation depends on their 
optical properties and the intensity of the incident laser pulse. In this section, we 
briefl y describe the fundamentals of laser heating and cooling (through heat dif-
fusion) of metal nanoparticles, and then present theoretical models for the accu-
rate description of these processes. An understanding of the role of laser parameters 
in the rate of nanoparticle heating and the extent of heat diffusion to the surround-
ing tissue is important to fully optimize therapeutic applications of plasmonic 
nanoparticles. 

  13.3.1 
 Fundamentals of Laser Heating of Nanoparticles and Their Surrounding Medium 

 In nanoparticle - based therapeutic applications, the degree of heat confi nement 
within the surrounding medium is directly related to the laser pulse duration. If 



the pulse duration is shorter than the characteristic time scales for heat dissipation 
from the particle (i.e. femto -  and picosecond laser pulses), the heat deposition is 
mostly confi ned within the particle during the pulse duration. Due to minimal 
heat loss to the surrounding water, ultrafast pulses provide the most effi cient 
method for particle heating. Conversely, during nanoparticle heating, substantial 
heat loss to the surroundings occurs with the application of longer pulse durations 
and CW irradiation. The effi ciency of particle heating reduces with heat loss, and 
a larger volume surrounding the particle is affected as a result of the larger ener-
gies required to reach the desired temperatures. 

 We will begin our discussion with the most elementary particle heating process 
initiated by ultrafast (femto -  and picosecond) laser pulses. During exposure to 
an ultrashort laser pulse, electrons absorb the photon energy. These highly ener-
getic electrons initially form a nonequilibrium energy distribution which is 
relaxed through electron – electron scattering on the order of 10 – 50   fs in metals. 
A negligible amount of energy exchange occurs between electrons and phonons 
within these time scales, and the electrons persist in high energy levels. The 
particle temperature begins to increase as a result of electron – phonon scattering, 
where the thermal equilibrium is reached on the order of 10   ps between the 
electrons and phonons. Meanwhile, the energy exchange between the particle 
and its surroundings begins to take place as a result of the elevated particle 
temperatures. Heat transfer across the interface occurs through the coupling of 
particle phonons with the phonons of the surroundings. Thermal resistance at 
the solid/liquid interface initially results in a large temperature jump across the 
boundary. The time scale to reach the thermal equilibrium across the interface 
is on the order of 100   ps to 1   ns, depending on the particle size and the laser 
pulse intensity. The fundamental processes and time scales in ultrafast laser 
heating of metal nanoparticles are summarized schematically in Figure  13.5 . 
When exposed to longer pulses (e.g. nanosecond and CW irradiation), the parti-
cle will be in a thermal equilibrium during laser heating; in this case there is 
continual competition between the particle heating rate and the heat diffusion 
rate to its surrounding.    

    Figure 13.5     Time scales of the fundamental processes in 
ultrafast laser heating of metal nanoparticles.  
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  13.3.2 
 Particle Heating/Cooling Models 

 A variety of studies have investigated the laser - induced thermal processes occur-
ring in colloidal systems having a weak cluster – matrix interaction. Such models 
are important for the understanding of heating processes in and around nanopar-
ticles for applications such as protein inactivation and membrane disruption. 
Through modeling, it is possible to optimize the particle size and laser duration 
and wavelength for the most effi cient particle heating. Here, we present a brief 
overview of the developed heating/cooling models, and cite a number of experi-
mental studies supported by these theoretical models. 

  13.3.2.1   Thermodynamic Model 
 To calculate the maximum particle temperature without temporal information, a 
simple thermodynamic model can be used:

   m c dT Ep

T

T

abs

i

f

∫ =     (13.4)  

where  m  is the mass of the particle,  c p   is the specifi c heat, and the integration 
limits  T i   and  T f   are the initial and fi nal temperatures of the particle, respectively. 
The laser pulse energy absorbed by the particle  E abs   is directly correlated to the 
incident laser fl uence and the effective cross - sectional area of the nanoparticle. 
This model is only valid when the time scale for heat dissipation from the particle 
is much larger than the heating time scale (i.e. using ultrafast laser pulses). This 
simple approach assumes that all of the absorbed energy is confi ned within the 
particle during the relevant time scales of the problem. As such, the thermody-
namic model provides an accurate representation of the peak particle temperature 
with the application of femtosecond laser pulses. For example, the Hartland group 
 [69, 70]  studied symmetric breathing modes in spherical gold particles exposed to 
femtosecond laser pulses. When the breathing periods were calculated using the 
thermodynamic model to estimate particle temperature after irradiation, a reason-
able agreement between the measured and calculated periods below the melting 
point was found.  

  13.3.2.2   Heat Transfer Model 
 A more complete approach, which is valid for heating with both pulsed and CW 
lasers, utilizes the heat transfer equation to describe the temporal distribution of 
the particle temperature and its surroundings. In the absence of phase transforma-
tions, the general form of the heat transfer equation in cylindrical coordinates 
is:

   ρ r c r
T r t
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k r T r t E r tp abs( ) ( ) ∂ ( )
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where all variables are defi ned locally as a function of the radial coordinate  r  to 
distinguish the particle and its surroundings.  T ( r , t ) is the local temperature and 



  E
.
  abs  ( r,t ) is the rate of the absorbed energy per unit particle volume, which is zero 

for the coordinates outside of the particle. The material density  ρ , specifi c heat  c p   
and thermal conductivity  k  are also defi ned locally to separate the particle from its 
surroundings. This general form of the heat transfer equation, however, must be 
modifi ed to accommodate for the small size and short time scales involved in the 
pulsed laser heating of nanoparticles, including the following three issues. 

 First, when heat fl ows across an interface between two different materials (such 
as gold and water), there exists a temperature jump at the interface which can be 
estimated through knowledge of the thermal interface conductance, G. The stan-
dard assumption of equal temperatures at the boundary fails to hold in the time 
scales of short - laser heating of particles due to relatively long phonon – phonon 
coupling times. For example, the need for thermal interface conductance during 
the femtosecond laser heating of particles could be seen in the pump - probe spec-
troscopy study by Hu and Hartland  [71] . In this study, a heat transfer model 
without the thermal interface conductance was implemented to examine the rate 
of energy dissipation from spherical gold nanoparticles to their surroundings. 
These authors measured the thermal relaxation time between the particle and its 
surroundings, and found that it is proportional to the square of the particle radius 
and is not a function of the initial particle temperature. However, the theoretical 
relaxation times as solved with simple heat transfer equations were found to be 
consistently faster than the experimentally measured ones. This discrepancy 
between the experimental and calculated results was attributed to the temperature 
boundary condition used in the heat transfer model, which assumed equal tem-
peratures at the interface. 

 The values of thermal interface conductance, G, were estimated through mea-
surement of the temperature decay at the interface. Both, Wilson  et al.   [72]  and 
Ge  et al.   [73]  measured the laser - heated particle temperature decay through time -
 resolved changes in optical absorption. The experimental data were used to esti-
mate the thermal interface conductance values of Au, Pt and AuPd nanoparticles 
by solving the heat transfer equations in which the thermal conductance is a fi tting 
parameter in the solution. In another study, Plech  et al.   [74]  investigated the lattice 
dynamics of spherical gold nanoparticles in a water medium by using X - ray 
scattering, and estimated that the thermal interface conductance of G   =   105    ±    
15   MW   m  − 2  K matched well their experimental results. 

 Second, the initial thermal nonequilibrium between electrons and phonons 
during ultrafast laser heating of nanoparticles requires special attention. A two -
 temperature model  [75]  describing the particle can be used to account for the 
electron – phonon relaxation time of the particle. Here, the electrons and the lattice 
of the particle are treated separately and the coupling    –    that is, the heat transfer 
from electrons to the lattice    –    is realized through the electron - lattice coupling 
factor,  g.  

 Third, a uniform temperature profi le across the particle can be assumed con-
sidering the characteristic length scales and the heat transfer mechanisms. In 
support of this assumption, a typical Biot number,  Bi    =   G ·  L c  / k  gold , for a nanosized 
particle can be estimated to be on the order of 10  − 3 , which means that the tem-
perature variation within the particle is negligible. The characteristic length  L c   is 
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defi ned as the volume of the particle divided by the surface area of the particle, 
 k gold   is the thermal conductivity of bulk gold, and G is the thermal interface con-
ductance. Typically, less than 5% error is introduced by assuming a uniform tem-
perature profi le for Biot numbers less than 0.1. 

 By incorporating the concepts stated above, a new set of equations can be written 
to describe the transient temperature profi les for the particle:

   C
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where  V p   is the volume of the particle,  T e   and  T l   are the electron and lattice tem-
peratures of the particle, respectively,  g  is the heat transfer rate from electrons to 
the lattice, and  C e   and  C l   are the heat capacities for electrons and the lattice of bulk 
gold, respectively. 

 The rate of heat loss from the particle to its surroundings (Equation  13.6b ) is 
calculated by taking into account the interface conductance given by:

   �Q A G T Tw surface l w s= ⋅ ⋅ −( ),     (13.7)  

where  T l   is the particle temperature (lattice temperature),  T w   , s   is the water tempera-
ture at the particle surface, and G is the thermal conductance at the particle/fl uid 
interface. 

 The energy equation for the surrounding aqueous medium can be written as:

   ρw p w
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∂
∂
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where the subscript  w  is used to denote the parameters of the surrounding medium 
(e.g. water). 

 Figure  13.6  compares the theoretical transient particle temperatures determined 
from the three different models discussed above: (1) the thermodynamic model 
(Equation  13.4 ); (2) the heat transfer model without interface conductance (Equa-
tions  13.6  –  13.8  with G   =   0); and (3) the heat transfer model with interface conduc-
tance (Equations  13.6  –  13.8 ). We have calculated the temperature of an 80   nm gold 
nanosphere over a 1   ns time duration after the application of a 250   fs laser pulse 
of 50   mJ   cm  − 2  average fl uence and 780   nm wavelength. The results show that, both 
the thermodynamic model and the heat transfer model including interface con-
ductance give similar maximum particle temperatures, while the exclusion of the 
interface conductance estimates slightly lower temperatures. The heat transfer 
model provides the exponential decay profi le of the particle temperature during 
cooling.   



 In order to demonstrate the accuracy of this heat transfer model with thermal 
interface conductance, we have compared our calculations of femtosecond laser 
heating of gold nanospheres  [76]  with the experimental results of Plech and 
coworkers  [77] , who investigated the lattice dynamics of spherical gold nano-
spheres in a water medium by using X - ray scattering and measuring the lattice 
expansion. Figure  13.7  shows the calculated values of lattice expansion measure-
ments 52   nm and 94   nm gold particles at 100   ps and 1   ns after irradiation by a 1   fs 
laser pulse, along with data provided by Plech and colleagues as a function of laser 
fl uence. The model predictions are found to be in very good agreement with 
experimental results, especially at low fl uences, although beyond a certain laser 
fl uence the data deviates from the linear line. As also discussed in detail by Plech 
and coworkers, we believe that the discrepancy between predicted and measured 
values occurs as a result of high water temperatures at the particle surface. When 
the water temperature rises near the critical temperature, bubbles can form and 
the presented heat transfer model is no longer valid.     

  13.3.3 
 Laser - Induced Phase Changes 

 As mentioned previously, the models presented above are valid in the absence of 
phase changes (of the particle or the surrounding medium). It is important to 

    Figure 13.6     Transient temperature profi les of an 80   nm gold 
nanosphere irradiated with 250   fs laser pulse of 50   mJ   cm  − 2  
average fl uence (energy per area) and 780   nm wavelength as 
calculated utilizing the thermodynamic model and the heat 
transfer model and with (w/) and without (w/o) interface 
conductance.  
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defi ne the critical temperature limits to identify when the phase changes in the 
particle and surrounding medium occur. First, the surrounding aqueous medium 
has two temperature limits depending on the rate of heat transfer: (i) a normal 
boiling temperature of water ( T    =   373   K); and (ii) a critical temperature of water 
( T cr     =   647   K), beyond which the water becomes thermodynamically unstable and 
water vapor forms. The upper temperature limit for the nanoparticle is the melting 
temperature ( T m     =   1337   K, the bulk melting value for gold). 

 We will fi rst discuss the phase change of the surrounding liquid as a result of 
the heat transfer from a laser - heated particle. A phase change induces a vapor layer 
around the particle, which in turn causes a drastic reduction in heat transfer at 
the surface. Figure  13.8  presents the pressure – temperature ( P – T ) diagram includ-
ing the binodal (equilibrium vaporization, normal boiling) and spinodal (super-
heating limit) lines to illustrate the liquid – vapor phase change of water. The phase 
change can occur at any point between the binodal and spinodal lines, depending 
on the rate of heating. The rate at which the laser pulse deposits energy dictates 
whether the liquid temperature will heat faster than the heterogeneous nuclei will 
grow. Under slow heating conditions, as with CW or pulsed - lasers having long 
durations, the phase change occurs along the binodal line (e.g. at  T    =   373   K at 
atmospheric pressure). Slow heating will not allow extensive superheating past the 
binodal as excess energy will result in the growth of heterogeneous nuclei rather 
than further heating of the liquid  [78] . On the other hand, in the case where high 
rates of energy (10 9    K   s  − 1 ) are deposited into the particle    –    as seen in short laser 

    Figure 13.7     Validation of heat transfer model  [76]  with 
experimental data up to the fl uence at which 90% critical 
temperature of water is reached. Lines are calculated 
lattice expansion of spherical gold nanospheres of 52   nm 
and 94   nm diameters as a function of peak laser fl uence. 
Symbols are experimental data of Plech and coworkers 
 [77] .  
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pulse irradiation    –    the surface vapor pressure build up in the surrounding fl uid 
takes place more slowly compared to the temperature rise  [79] . In this case, het-
erogeneous nuclei will not have enough time to grow and superheating can 
be observed  [70 – 72, 78] . The spinodal line forms an upper limit for the super-
heated liquid, and when this is reached the water becomes thermodynamically 
unstable and an explosive phase change (homogeneous boiling) occurs. A signifi -
cant amount of vapor nuclei can be found when the temperature of the 
liquid reaches 90% of the critical temperature at atmospheric pressure  [77, 80, 
83, 85] .   

 Laser - induced melting of the particle will affect the heat transfer properties of 
the nanoparticles, as well as laser – particle interactions during the subsequent laser 
irradiations. The governing equation describing the energy processes must incor-
porate changes in phase and subsequent thermophysical properties. The optical 
properties of particles will change due not only to melting but also to the subse-
quent shape transformation of nonspherical particles to the thermodynamically 
more stable spherical particles. In addition, it has been inferred experimentally 
that a surface melting phenomenon can occur at temperatures much less than the 
bulk melting value, such that liquid shell nanoparticles with solid cores can be 
generated  [69] . 

 The shape transformation of gold nanostructures in aqueous solution from 
ellipsoids to spheres was investigated by Inasawa  et al.   [85] . After exposure to a 
30   ps single laser pulse, the required energy for shape transformation was found 
to be approximately 40   fJ. This value was smaller than the calculated energy 
for complete melting (67   fJ), a difference which was attributed to the surface 
melting phenomenon. El - Sayed and coworkers experimentally studied the melting 

    Figure 13.8     Pressure – temperature ( P – T ) diagram illustrating 
the liquid - vapor phase change of water.  
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threshold of a 44    ×    11   nm nanorod by using spectroscopy  [86]  and  transmission 
electron microscopy  ( TEM ) imaging  [87] . A threshold energy of 65   fJ for complete 
nanorod melting (having a 30% associated error) was found to be independent of 
the incident wavelength  [86] . In another study conducted by the same group, Link 
 et al.   [87]  determined a complete nanorod melting threshold fl uence of about 
10   mJ   cm  − 2  by using femtosecond laser pulses. These authors also showed that 
laser pulse fl uences lower than the threshold fl uence caused partial melting of the 
nanorods, whereas fragmentation of the nanorods was observed at high laser fl u-
ences ( ∼ 1   J   cm  − 2 ). Ekici  et al.   [76]  investigated (on a theoretic basis) the melting 
fl uences of nanorods 48    ×    14   nm in size with respect to particle orientation to the 
laser polarization. Hence, it was found that particles melted with three orders 
magnitude less fl uence when aligned parallel to the laser polarization rather than 
perpendicular.  

  13.3.4 
 Summary of Heating Dynamics 

 In conclusion, laser pulse duration must be considered carefully when studying 
particle heating dynamics since, the shorter the pulse duration the greater the 
confi nement of heat dissipation into the surrounding water. When the pulse dura-
tion is shorter than the electron – phonon and phonon – phonon relaxation times (as 
in the case of femtosecond laser pulses), it is possible to calculate the maximum 
particle temperature by using a thermodynamic model. This approximation works 
quite well, since heat loss from the particle is almost negligible within the duration 
of the pulse and the subsequent electron – phonon coupling time. Conversely, 
when the pulse duration is comparable to the phonon – phonon coupling time, it 
is no longer valid to neglect heat dissipation from the particle. In other words, 
the temperature estimation for relatively long pulses requires a heat transfer 
model for both the particle and its surroundings in order to include a descriptive 
picture of energy processes occurring in the system. Another difference is 
observed at the particle/surroundings interface, where the temperature jump 
at the boundary becomes relatively signifi cant as the time scale of interest becomes 
shorter. Finally, modeling of the system with laser pulse durations longer 
than electron – phonon coupling times requires special attention because of the 
changing optical properties of the nanoparticle and its surroundings during the 
pulse. 

 In addition to pulse duration, laser - induced phase changes must be considered 
carefully in the studies and/or models of particle heating dynamics. First, the 
particle melting and the subsequent shape transformation may be observed at high 
temperatures. Second, a phase change in the surrounding medium of the particle 
may be observed. Either of these phase transformation will cause drastic changes 
in the heat transfer properties and lead to a requirement for more complicated 
models (i.e. a solution for the full set of compressible equations) to represent the 
effects of pressure and bubble formation around the particle.   



  13.4 
 Plasmonic Laser Phototherapy ( PLP ) 

 The strong plasmon resonance of noble - metal nanoparticles has led to the develop-
ment of numerous nanoparticle - based laser therapeutic treatments, termed  plas-
monic laser phototherapy  ( PLP ). Through the use of molecular specifi c bioagents 
such as antibodies and ligands, various research groups have demonstrated the 
potential for a selective treatment of cancer cells targeted with a variety of gold 
nanostructures. Nanoparticle - based cancer treatment has been shown through 
either hyperthermal therapy or localized photodisruption of cellular membranes, 
with both modes having been demonstrated across the visible to NIR wavelengths 
of the electromagnetic spectrum. In extending beyond cancer treatment, photoac-
tivated nanoparticles have been used to inactivate proteins  [88, 89]  and to perturb 
DNA  [90]  and chromatin  [91]  through a direct coupling of the nanoparticle to the 
desired structure. Additional therapeutic prospects exist in gene transfection  [92] , 
proteomics, angiogenesis, atherosclerosis, virology  [93]  and bacteriology  [94] . 

 As mentioned previously, two distinct modes for the selective killing of cancer 
cells are currently being investigated. The fi rst PLP mode involves the generation 
of thermal damage through hyperthermia induced by the CW - laser heating of 
nanoparticles.  Hyperthermia  is defi ned as the heating of tissue to a temperature 
of 41 – 47    ° C for tens of minutes  [95] . Tumors have a reduced heat tolerance due to 
their inability to easily dissipate heat; this is a product of their disorganized and 
compact vasculature structure  [32] . A fundamental aspect of photothermal therapy 
is that the incident light is tuned to the frequency of the nanoparticle absorption 
resonance, thus providing maximal energy absorption by the particle. Due to the 
strong absorption dynamics of metallic nanoparticles, large temperature rises in 
tissue structures can be achieved such that cancer cells can be selectively killed, 
with limited damage to healthy surrounding tissues  [32] . Plasmonic photothermal 
therapy causes irreparable tissue damage through protein denaturation, coagula-
tion and cell membrane disorganization. 

 The second PLP mode involves the application of pulsed lasers to induce local-
ized photodamage to cellular membranes in the vicinity of the nanoparticle. 
Depending upon the laser pulse duration and fl uence, a variety of photoactivated 
processes (i.e. photothermal and photomechanical effects/damage) including 
hyperthermia, bubble formation as a result of boiling or explosive boiling and 
particle fragmentation, can be used for the local disruption of a biological mem-
brane. It is important to remember that, with decreasing laser pulse duration to 
the nanoscale and subnanoscale, photothermal and photomechanical effects/
damages in the tissue can be confi ned to the particle near - fi eld as a result of a 
greater effi ciency in the heating and scattering processes. This confi nement pro-
vides the possibility for membrane -  and molecular - specifi c phototherapy, with 
high specifi city. 

 Nanoparticles have highly tunable plasmon resonances that allow for therapy 
over the entire visible to NIR wavelengths. The fundamental, spherical particle 
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shape typically has a resonance from 400 – 600   nm  [7] . Through the engineering of 
anisotropic (nanorods, nanocubes) and heterodyne (nanoshells) particles, the reso-
nance is red - shifted into the NIR wavelengths. This tunability is important when 
accessing the size of the region of interest. For surface lesions or  ex vivo  cell treat-
ments, where light does not need to penetrate deep within tissue, visible wave-
lengths could be appropriate. However, deep lesions require laser wavelengths that 
are not highly absorbed by water in the cells and tissues. NIR wavelengths should 
be used for large - scale lesions and those lesions deeply embedded within a tissue 
structure. 

 In this section, we review the various approaches of nanoparticle - based laser 
therapeutic treatments. We commence with a discussion of CW plasmonic pho-
tothermal therapies, with details of single cell and large tumor manipulations. We 
then proceed to a discussion of microscale and nanoscale manipulations of subcel-
lular materials using pulsed lasers. To introduce the concept of confi nement, the 
discussion begins with localized photothermal therapy for the manipulation of 
protein expression, and then describes how laser confi nement has been used in a 
variety of cancer treatment methods. It is our hope that after, reading this section, 
the reader will begin to understand how particle shape and size and laser pulse 
duration and wavelength can be engineered to fulfi ll the parameters for a large set 
of cancer phototherapies. 

  13.4.1 
 Continuous - Wave Laser Plasmonic Phototherapy 

 The fi rst class of nanoparticle - based phototherapy applications utilizes CW lasers. 
Here, the goal is to deliver a lethal dose of heat into large - scale tumor structures 
in which a high density of nanoparticles are embedded while causing as little 
damage as possible to any intervening and surrounding normal tissues. Specifi -
cally, for photothermal therapy (hyperthermia), tissue temperatures are moder-
ately raised to 41 – 47    ° C for several minutes, which is high enough to cause cellular 
membrane disorganization and protein denaturation. The details of some recent 
demonstrations of the PLP of cancer cells  in vitro  across the visible and NIR wave-
length regimes utilizing gold nanospheres, nanorods and nanoshells are listed in 
Table  13.1 . The discussion begins with a number of  in vitro  cells studies and works 
towards  in vivo  studies, where the details of two techniques for the effective deliv-
ery of particles to tumor regions are presented.   

  13.4.1.1   In Vitro Cell Studies 

  13.4.1.1.1   Nanoshells     Nanoshells, which originally were developed by the Halas 
group  [14] , are a class of optically tunable nanoparticles consisting of a dielectric 
core surrounded by a thin gold shell, and have shown great promise for photo-
thermal therapy applications. Since it is possible to control the ratio of the shell 
thickness and core radius dimensions, the resonant wavelength can be tuned from 
500   nm to 2    μ m  [61] . Specifi cally, gold shells of 10   nm encasing a silica core of 



 Table 13.1     Summary of nanoparticle - based, continuous - wave 
laser phototherapies performed on cells  in vitro . 

  Nanoparticle 
characteristics  

  Laser 
wavelength  

  Exposure 
parameters: 
Exposure time 
Total Irradiation 
Total energy 
per area  

  Results    Year 
[Reference]  

  Sphere  

  35   nm, gold 
 520   nm plasmon 
resonance 
functionalized with 
 α EGFR  

  514   nm    4   min 
 19   W   cm  − 2  
 4.56   kJ   cm  − 2   

  Fourfold greater 
energy required to 
kill unlabeled normal 
cells compared to 
labeled malignant 
cells  

  2006  [98]   

  Shell  

  10   nm gold shell 
 110   nm silica core 
 820   nm plasmon 
resonance  
 functionalized with 
 α HER2  

  820   nm    7   min 
 35   W   cm  − 2  
 14.7   kJ   cm  − 2   

  Cell death was 
confi ned to the laser/
nanoshell treatment 
area. Exposure to NIR 
alone did not kill cells  

  2003  [99]   

  Rod  

  3.9 Aspect ratio, 
gold 
 800   nm plasmon 
resonance  
 functionalized with 
 α EGFR  

  800   nm    4   min 
 10   W   cm  − 2  
 2.4   kJ   cm  − 2   

  Half laser energy 
required to kill 
labeled malignant 
cells compared to 
normal cells  

  2006  [5]   

110   nm and having a peak resonance centered at 820   nm were found to be most 
effective in therapy due to their high particle absorption in comparison to the 
tissue of interest. 

 The research group at Rice University has primarily been responsible for much 
of the experimental evidence for the effi cacy of photothermal therapy with 
nanoshells. In various proof - of - principle experiments, the group demonstrated the 
 in vitro  photothermal destruction of HER2 - positive SKBr3 breast adenocarcinoma 
cells  [23, 97, 98] . Here, cells bound with the anti - HER2 conjugated nanoshells 
were irradiated for 7   min with CW laser light operating at 820   nm wavelength with 
a total intensity of 35   W   cm  − 2 . As shown in Figure  13.9 , all labeled, malignant cells 
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within the laser spot were photothermally damaged, whereas the unlabeled cells 
remained intact  [97] . Stern  et al.   [99] , at The University of Texas Medical Center, 
determined experimentally that cells must be labeled with approximately 5000 
nanoshells for the most effective photothermal treatment.    

  13.4.1.1.2   Nanospheres     Nanospheres, the most fundamental particle geometry, 
were exploited for their large resonant absorptions in the visible portion of the 
electromagnetic spectrum and ease of production. It has been found by several 
research groups that particles of 30 – 40   nm in size produced maximal temperatures 
when irradiated with light tuned to their plasmonic resonance  [32] . The El - Sayed 
group experimentally labeled HSC 3 and HOC 313 cells (human oral squamous 
cell carcinomas), in an  in vitro  setting with 35   nm gold nanospheres conjugated to 
anti - EGFR antibodies. Dark - fi eld microscopy was used to verify that the immuno-
targeted nanoparticles bound homogeneously to the malignant cell types with a 
6 - fold greater affi nity than nonmalignant cell types  [4] . The labeled cells were 
irradiated with a CW, 514   nm wavelength, argon laser which overlaps the surface 

    Figure 13.9     Plasmonic laser photothermal 
treatment of breast cancer cells (SK - BR - 3) 
exposed to 35   W   cm  − 2  laser intensity for 7   min. 
Unlabeled cells maintained both cell viability, 
as shown by (a) calcein fl uorescence and (c) 
membrane integrity, indicated by the lack of 

10   kDa FITC - dextran uptake. Cells labeled 
with nanoshells underwent photothermal 
destruction within the laser spot, as shown 
by (b) calcein fl uorescence and (b) cellular 
uptake of 10   kDa FITC - dextran.  (Reproduced, 
with permission, from Ref.  [97] .)   



plasmon absorption of the spherical nanoparticles (520   nm peak absorption wave-
length). The laser light was focused to a 1   mm spot size, and the sample was irradi-
ated for 4   min. A threshold intensity of 19   W   cm  − 2  was determined to kill the 
labeled, cancer cells, this being less than half the laser intensity required to kill 
unlabeled, nonmalignant cells  [98, 100] .  

  13.4.1.1.3   Nanorods     Gold nanorods, originally developed by the El - Sayed group 
 [12, 64] , provide great potential for photothermal ablation in the NIR wavelength 
regime. By tuning the ratio of the transverse to longitudinal lengths, the strong 
longitudinal absorption band is shifted into the NIR wavelength regime, which 
allows for photothermal therapy with maximal penetration of light through the 
tissues. This is a regime in which single gold nanospheres have shown low levels 
of absorption. As their size is considerably smaller than other engineered particle 
types (such as nanoshells), gold nanorods have the potential to penetrate more 
deeply into tissue structures through passive means. Albeit, there is a strong 
dependence on laser absorption with nanorod orientation to the incident electric 
fi eld, which is currently uncontrollable with current targeting methods. 

 The El - Sayed group has shown evidence for the nanorod - assisted photothermal 
ablation of the human oral squamous cell carcinoma types HOC 313 clone 8 and 
HSC 3. By capping the nanorods with  poly(styrenesulfonate ) ( PSS ), it is possible 
to functionalize the nanorod surface; indeed, PSS - capped nanorods have a strong 
binding ability to molecular macromolecules. Cells labeled  in vitro  with gold nano-
rods conjugated to anti - EGFR antibodies were found to be irreversibly damaged 
after a 4   min exposure to CW Ti:sapphire laser light at 800   nm. The threshold 
intensity to kill cancer cells was found to be 10   W   cm  − 2 , which was lower than that 
found for nanospheres and nanoshells, and the result of a higher particle absorp-
tion cross - section  [5] . The group of Wei and Cheng has demonstrated extensive 
membrane damage using folate ligand - functionalized nanorods  [26] . Here, 
 in vitro  labeled KB cells (a malignant cell line derived from oral epithelium) were 
irradiated for 81.4   s with a CW, 765   nm laser light. Severe blebbing, associated with 
Ca 2+  infl ux into the cell, was found at a threshold intensity of 389   W   cm  − 2 . When 
the nanorods were internalized into the cells, cell death required an approximate 
10 - fold increase in laser intensity.   

  13.4.1.2   In Vivo Animal Studies 
 In animal studies, Gobin  et al.   [101]  studied the effi cacy of both the direct injection 
of nanoshells into the tumor and passive accumulation of nanoshells into tumors 
via enhanced blood vessel permeability and retention. Female nonobese diabetic 
CB17 - Prkd c SCID/J mice were inoculated in the right and left hind leg with 
canine TVT cells. PEG - passivated NIR - absorbing gold - silica nanoshells were 
injected interstitially 5   mm into the tumor volume, after which the nanoshell - laden 
tissue was exposed for 6   min to a total intensity of 4   W   cm  − 2 , 30   min after injection. 
By using magnetic resonance thermal imaging, the temperature profi le was moni-
tored during nanoshell exposure to NIR light. Consequently, the average maximum 
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temperature sustained in the tissue was shown to be increased by 37.4    ±    6.6    ° C, 
causing irreversible tumor damage  [97] . 

 The direct injection of nanoshells to the point of interest is not possible in every 
case, as tumors or lesions may be embedded deep within a tissue structure. Hence, 
the research group at Rice University investigated the uptake of nanoshells via 
passive accumulation from the bloodstream. During tumor formation, rapid 
angiogenesis causes much of the newly formed vasculature to be  ‘ leaky ’ , and this 
allows macromolecules to be extravasated preferentially into the tumor tissue. It 
is from this vasculature that nanoparticles may enter into the tumor via standard 
blood fl ow; indeed, nanoshells of 60 – 400   nm in size have been shown to extrava-
sate and accumulate in many tumor types. Following photothermal therapy, com-
plete tumor regression was seen in the murine model within 10 days after heat 
treatment, although more promising was the fact that no tumor regrowth was seen 
after 60 days. When compared to control studies (no treatment and laser treatment 
alone), the survival times for mice inoculated with nanoshells were signifi cantly 
improved; some 83% of mice survived for seven weeks after nanoshell photother-
apy, compared to less than 20% of controls.   

  13.4.2 
 Pulsed Laser Plasmonic Phototherapy 

 Pulsed laser irradiation provides a platform for the confi nement of photoactivated 
processes. Here, we describe the various approaches taken to localize laser damage 
to subcellular targets. A list of reported pulsed PLP data is provided in Table  13.2 . 
In order to introduce the concept of confi nement, we begin our discussion with a 
presentation of heat confi nement to disrupt molecular macromolecules (e.g. pro-
teins), and then proceed to cancer treatments mediated by photoinduced hyper-
thermia. Next, we describe higher - energy nanoparticle irradiation where bubble 
formation is induced in both single and multiple particle systems. Cellular disrup-
tion through explosive particle fragmentation and nonlinear absorption mecha-
nism is next described. Finally, we discussed the details of near - fi eld ablation of 
cellular membranes.   

  13.4.2.1   Localized Thermal Damage (Hyperthermia) 
 Localized thermal damage of absorbing molecules by pulsed laser irradiation was 
fi rst proposed by Anderson and Parrish  [105] , who showed that laser - induced 
thermal damage is confi ned to the endogenous absorbing structure when the 
pulse duration is shorter than the thermal relaxation time of the structure. In their 
original studies, these authors utilized the interaction between subcellular pigment 
microparticles with short pulse laser radiation to induce cell lethality. This simple 
concept has led to an explosion of technologies in hair and port - wine stain removal 
and acne reduction, for example. The manipulation of subcellular material requires 
irradiation by lasers with pulse durations of nanoseconds and less. 

 The concept of localized thermal damage was next extended to the use of exog-
enous micro -  and nanoabsorbers for controlled subcellular and cellular membrane 
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 Table 13.2     Summary of pulsed plasmonic laser phototherapies ( PLP ). 

  Nanoparticle 
characteristics  

  Laser parameters: 
Pulse duration 
Wavelength 
Repetition rate  

  Exposure parameters: 
Number of pulses 
Irradiation values  

  Results    Year 
[Reference]  

   Nanosecond pulses       

  Sphere  

  30   nm, gold    20   ns pulse duration 
 565   nm wavelength  

  100 pulses 
 500   mJ   cm  − 2  per pulse  

  500 particles per cell 
 95% cell death  

  2003  [89]   

  30   nm, gold    6   ns pulse duration 
 532   nm wavelength  

  5 pulses 
 15   mJ   cm  − 2  per pulse  

  68% transfection 
effi ciency   27% cell death 
 1.1    ×    10 5  particles per cell 
labeling  

  2005  [92]   

  Sphere aggregates  

  30   nm, gold 
  > 200   nm cluster  

  10   ns pulse duration 
 532   nm wavelength  

  1 pulse 
 600   mJ   cm  − 2  per pulse  

  Cell death only found 
when large clusters 
present;   Bubble 
formation detected  

  2006  [17]   

  40   nm, gold 
  > 300   nm cluster  

  12   ns pulse duration 
 1064   nm wavelength  

  500 pulses 
 80   mJ   cm  − 2  per pulse  

  Cell death only found 
when large clusters 
present  

  2005  [102]   

  Shell aggregates  

  45   nm,  γ  - Fe 2 O 3 /Au 
 540   nm plasmon 
resonance  

  7   ns pulse duration 
 700   nm wavelength  

  1 pulse 
 400   mJ   cm  − 2  per pulse  

  Observed reduced calcein 
AM fl uorescence  

  2007  [103]   

  Rod  

  5.9 aspect ratio, gold 
 900   nm plasmon 
resonance  

  6 – 9   ns pulse duration 
 1064   nm wavelength 
 10   Hz repetition rate  

  1200 pulses 
 280   mJ   cm  − 2  per pulse  

  Studied trypan blue 
uptake  

  2006  [104]   

   Picosecond pulses       

  Sphere  

  15   nm, gold    35   ps pulse duration 
 527   nm wavelength 
 1   kHz repetition rate  

  10 4  pulses 
 50   mJ   cm  − 2  per pulse  

  aP protein inactivation    2002  [88]   
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Table 13.2 Continued

  Nanoparticle 
characteristics  

  Laser parameters: 
Pulse duration 
Wavelength 
Repetition rate  

  Exposure parameters: 
Number of pulses 
Irradiation values  

  Results    Year 
[Reference]  

  Cages  

  45   nm edge length 
 3.5   nm wall 
thickness 
 3   :   1 gold   :   silver ratio 
 810   nm plasmon 
resonance  

  20   ps pulse duration 
 810   nm wavelength 
 82   MHz repetition rate  

  5   min exposure time 
 18   nJ   cm  − 2  per pulse    

  Studied calcein AM and 
EthD - 1 uptake  

  2007  [60]   

   Femtosecond pulses       

  Sphere  

  5   nm, gold    80   MHz 
 835   nm wavelength  

  3   s exposure time 
 15   mJ   cm  − 2  per pulse 
 (cited 56   mW and 
2.5   mm spot size)  

  Chromatin assembly 
disrupted  in - vivo   

  2007  [91]   

  80   nm, gold 
  ∼ 540   nm plasmon 
resonance  

  80   MHz 
 760   nm wavelength  

  10   s exposure time  a   
 18   mJ   cm  − 2  per pulse 
 (20   mW with 0.95   NA 
lens)  

  Studied 10   kDa FITC -
 dextran uptake  

  2008 
 presented 
here  

  Sphere aggregates  

  30   nm, gold 
 540 plasmon 
resonance after 
cellular attachment  

  1   kHz 
 800   nm wavelength  

  2   min exposure time 
 140   mJ   cm  − 2  per pulse 
 (cited 1.1   mW and 
1   mm spot size)  

  Quadratic dependence of 
photothermal effi ciency 
on laser power indicates 
multiphoton process  

  2006  [17]   

  Silver shell  

  40   nm silver shell 
 20   nm gold core 
 400   nm plasmon 
resonance  

  800   nm wavelength 
 80   MHz repetition rate  

  Line scan 
 7 – 30   mJ   cm  − 2     

  Cut chromosomes    2007  [90]   

  Rod  

  765   nm plasmon 
resonance  

  200   fs pulse duration 
 765   nm wavelength 
 77   MHz repetition rate  

  10   s exposure time  a   
 3   mJ   cm  − 2  per pulse 
 (cited 9.7   pJ per pulse 
with 1.2   NA lens)  

  Nanorods localized on 
membrane; 
 Studied Ca 2+  intake  

  2007  [26]   

    a  Laser beam is scanned.  
  aP   =   alkaline phosphatase; EthD - 1   =   ethidium homodimer 1.   



manipulations by Lin  et al.   [106]  and Huttman  et al.   [88] . These groups demon-
strated thermal effects with spatial confi nements of less than 50   nm by using 
highly absorbing polystyrene latex microspheres loaded with iron oxide and 
immunogold nanospheres irradiated with nanosecond and picosecond laser pulse 
durations. 

 At their plasmonic frequency, gold nanoparticles have strong absorption proper-
ties, which allows for large surface temperature generation with excitation fl u-
ences as low as 1   mJ   cm  − 2 . As a quick example, we can calculate (using the heat 
transfer model with interface conductance) that a gold nanosphere of 30   nm 
diameter irradiated by a single, 35   ps laser pulse at 527   nm wavelength and fl uence 
1   mJ   cm  − 2  will absorb approximately 10   fJ of energy, giving a maximum particle 
temperature of approximately 540   K (Figure  13.10 a). In Figure  13.10 b, it is 
shown    –    on a theoretical basis    –    that the particle will heat the surrounding medium 
with a spatial confi nement of approximately 5   nm.   

 The concept of spatial confi nement using picosecond laser - heated nanoparticles 
was studied via protein denaturation and subsequent inactivation. In their initial 
study, Huttman  et al.   [88]  characterized the extent of the spatial confi nement by 
changing the distance between the target and the particle surface. Initially, 15   nm 
gold nanospheres were directly coupled with the protein  alkaline phosphatase  ( aP ). 
The aP protein was denatured by the application of 10 4  pulses of 35   ps, 527   nm 
wavelength laser light of fl uence 50   mJ   cm  − 2 ; however, when aP was indirectly 
coupled to the nanoparticle via an antibody linker ( ∼ 5 – 10   nm long), irradiation of 
the particle system with the same parameters did not cause protein inactivation. 
Subsequently, questions arose as to whether the linker was inactivated rather than 
the protein of interest, which would result in aP becoming dissociated from the 
linker. However, the conclusion was reached that the aP protein would not diffuse 
away from the particle by any appreciable distance during the nanosecond long 

    Figure 13.10     Thermal heating properties of a 
30   nm spherical gold particle irradiated with 
35   ps laser light at a 527   nm wavelength and 
fl uence of 1   mJ   cm  − 2 . (a) Temperature profi le 
of the particle and water at 50, 200 and 500   ps 

after the application of the laser pulse; 
(b) Penetration depth of high temperatures 
(down to the 1/e value of the water 
temperature rise, 330   K) into the surrounding 
water.  
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heating cycle (see Figure  13.10 b), and that localized heating induced by the 
nanoparticle was most likely responsible for aP inactivation. The photochemical 
generation of reactive species and surface - enhanced two - photon absorption were 
also cited as possible damage mechanisms. 

 In order to elucidate the temperature at which protein unfolding and inactiva-
tion occurred, Huttman  et al.   [107]  performed a set of protein inactivation studies 
by laser - induced temperature jumps. They also modeled particle heating dynam-
ics to determine whether the particle could reach suffi ciently high temperatures 
to cause protein inactivation. Here, free chymotrypsin in water was heated via 
irradiation from 2.1    μ m laser light of varying pulse durations, to temperatures 
between 370 – 470   K. Chymotrypsin inactivation occurred within 300    μ s at a tem-
perature of 380   K. The unfolding of chymotrypsin with respect to the generated 
heat followed the Arrhenius equation down to pulse durations of 330    μ s. From 
theoretical temperature calculations of nanospheres after laser irradiation (using 
the model developed by Goldenberg and Tranter  [108] ), it was determined that 
temperatures generated by the particle after irradiation with picosecond and nano-
second laser pulses of fl uences ranging from tens to a few hundreds of mJ   cm  − 2  
would indeed be suffi cient to induce protein inactivation. One concern of the 
Goldenberg and Tranter model is that it does not take into account the interface 
conductance. Due to the phonon – phonon mismatch, there would be a tempera-
ture drop at the boundary and, as such, higher fl uences than reported might be 
necessary to generate a water temperature suffi ciently high to induce protein 
inactivation. 

 To verify the hypothesis that thermal processes are indeed the mechanism of 
protein inactivation, we should refer to studies discussing the mechanisms of 
 explosive boiling . By using nanosecond time - resolved microscopy, Lin  et al.   [106]  
determined that surface tension permitted high temperatures to exist at the 
nanoparticle surface, without vaporizing the surrounding water. The extreme 
particle temperature rise occurred as a result of the high rate of energy deposition. 
As explained earlier, this rapid deposition can cause superheating in a thin layer 
of surrounding water, instead of the expected phase change at the normal boiling 
temperature. If the vapor pressure were to overcome the surface tension, the 
superheated liquid would undergo an explosive phase change. Explosive boiling 
typically occurs when the temperature of the liquid reaches 90% of its critical 
temperature (647   K)  [77, 80, 83, 84] . As chymotrypsin can be denatured within 
300    μ s at temperatures below 380   K    –    which is well below the critical temperature 
for explosive boiling    –    it can be concluded that, in the above examples, protein 
inactivation cannot be the result of explosive boiling but is most likely due to 
hyperthermic processes. It was also argued that, if mechanical damage by explo-
sive boiling were the cause, then aP proteins indirectly coupled to the nanoparticle 
would also be damaged during irradiation. 

 Pulsed photothermal therapy for targeted tumor therapy has also been demon-
strated in the NIR wavelength regime using functionalized nanocages and nano-
rods. Chen  et al.   [60]  demonstrated experimentally the photothermal destruction 
of SK - BR - 3 cells labeled with nanocages after the application of 20   ps, 810   nm laser 



light (82   MHz repetition rate) for 5   min. An average threshold intensity of 
1.5   W   cm  − 2 , which corresponds to a pulse fl uence of 18 nJ   cm  − 2 , was determined 
for irreversible membrane damage. Takahashi  et al.   [104]  reported HeLa cell death 
in the presence of phosphatidylcholine - passivated gold nanorods when exposed to 
2   min of 6 – 9   ns laser pulse of 1064   nm wavelength with a pulse fl uence of approxi-
mately 280   mJ   cm  − 2 . Albeit, with pulsed lasers, particle reshaping to the more 
thermodynamically stable spherical shape can also be induced. In further experi-
ments, Link  et al.   [87]  studied nanorod reshaping for both nanosecond and fem-
tosecond lasers, and found that the energy threshold required for complete melting 
of the nanorods was two orders of magnitude less when using femtosecond laser 
pulses compared to that required with nanosecond laser pulses. This difference 
was attributed to the decreasing absorption effi ciency and increased heat dissipa-
tion from the particle to the surroundings during pulse duration in the case of 
nanosecond laser pulses. Takahashi  et al.   [109]  proposed a method of using 
nanorod reshaping to mediate the fi nality of phototherapy and found that, after 
applying 890   mJ   cm  − 2  fl uence pulses for 2   min, the nanorod was transformed to a 
spherical shape. The conclusion was that nanorod reshaping during therapy would 
prevent continued cell death in the surrounding normal tissues due to signifi cantly 
reduced absorption effects in the NIR, but still cause killing of the intended 
targets.  

  13.4.2.2   Bubble Formation 
 A vapor bubble will rapidly expand around a particle if the amount of energy 
absorbed by the nanoparticle is suffi ciently high for the initial high vapor pressure 
to overcome the surface tension of the liquid, which is inversely proportional to 
the particle size  [107] . Due to low heat transfer across the vapor zone, the bulk of 
the surrounding material remains at ambient temperature. A shock wave and 
traveling high - pressure waves will be generated as a result of the expansion and 
the collapse of bubbles, and this is proposed to be the cause of cellular membrane 
disruption  [110] . When cavitation bubbles form, thermal denaturation most likely 
plays a minor role in cellular death  [89] . It has been found that damage due to 
cavitation is highly localized, with only those cells having internalized or mem-
brane - bound particles being killed upon laser exposure. 

 Pitsillides and coworkers  [89]  were the fi rst to demonstrate the use of bubble 
formation around nanoparticles as a means of selectively introducing exogenous 
macromolecules into the cellular cytoplasm through the plasma membrane. They 
investigated transient pore formation in the plasma membrane by irradiating 
30   nm gold nanospheres with 100 pulses of 20   ns, 565   nm wavelength laser light 
at a laser fl uence of 500   mJ   cm  − 2 . When membrane permeability was assessed by 
monitoring the increased cellular uptake of a permeability probe (10   kDa FITC -
 dextran), a loading of 500 gold particles conjugated to the plasma membrane 
proved to be most effective by killing 95% of cells under the aforementioned laser 
irradiation conditions. This reported loading was approximately 10 - fold less than 
found necessary for CW techniques and, when compared to other photoactivated 
therapies (e.g. photodynamic therapy), an approximately 2000 - fold less cellular 

 13.4 Plasmonic Laser Phototherapy (PLP)  523



 524  13 Spherical and Anisotropic Gold Nanomaterials in Plasmonic Laser Phototherapy of Cancer

loading of immunotargeted particles was required to achieve a similar level of 
performance  [111] . 

 The ability of pulsed laser - irradiated nanospheres to induce localized damage 
through nanoscale bubble formation was further studied by Yao  at al.   [92] . Their 
goal of this study was to infl ict temporary permeability in the plasma membrane    –
    without causing cell death    –    as a means of assisting gene transfection and gene 
therapy. To prove the concept, 30   nm particles conjugated to membrane - specifi c 
antibodies were delivered to the plasma membrane of the cancer cell lines L428 
(Hodgkin ’ s disease) and 299 (Karpas lymphoma). As a consequence, the effi cient 
transfer of relatively small exogenous molecules in the cytoplasm was demon-
strated by using 6   ns laser pulses at 532   nm wavelength. Permeabilization and 
resealing were also studied by varying the laser parameters, gold concentration 
and membrane proteins; thus, a transfection effi ciency of 68% was achieved with 
only 27% cell death after exposure to fi ve laser pulses of 120   mJ   cm  − 2  fl uence, when 
the cell was labeled with 1.1    ×    10 5  nanoparticles. 

 With decreasing pulse duration, the energy required to heat the surrounding 
water to 90% of its critical temperature was reduced, thus confi ning the extent of 
heat damage. For comparison, it is possible to estimate the energies required to 
create bubbles around a 30   nm gold nanosphere irradiated by picosecond and 
nanosecond laser pulses, using the heat diffusion model described in Section 
 13.4.2.1 . A theoretical comparison between two cases: (i) heating with a single, 
35   ps laser pulse at 527   nm wavelength (conditions similar to the experiments of 
Huttman  et al.   [88] ); and (ii) heating with a single, 20   ns laser pulse at 565   nm 
wavelength (conditions similar to the experiments of Pitsillides  et al.   [89] ), is pre-
sented in Figure  13.11 . Both cases were modeled using the heat transfer model 
with interface conductance. As can be seen in Figure  13.11 , the application of 

    Figure 13.11     Comparison of laser fl uences 
necessary to bring water to 90% of its critical 
temperature at 580   K around a 30   nm 
spherical gold particle exposed to picosecond 
(35   ps,  λ    =   527   nm) and nanosecond (20   ns, 
 λ    =   565   nm) laser pulses with a Gaussian 
temporal profi le. (a) Temperature profi le of 

the particle and water at 22   ns and 125   ps 
for the picosecond and nanosecond pulses, 
respectively, when the peak water temperature 
occurred; (b) Heat penetration depth as 
defi ned by the 1/e location of water 
temperature rise ( ∼ 400   K).  
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picosecond laser pulses requires 72 - fold less energy for the particle to reach 90% 
of the critical temperature of water than is required by nanosecond laser pulses. 
Whilst the heat confi nement is approximately 5   nm for picosecond - laser - heated 
particles, it reaches 17   nm for nanosecond - laser - heated particles.   

 Finally, cell membrane disruption by cavitation bubbles can also be mediated 
by nanorods, due to their increased effi ciency in NIR absorption and photothermal 
energy conversion. Tong  et al.   [26]  demonstrated the photothermolysis of KB cells 
through the laser interaction of nanorods functionalized with folic acid to the 
plasma membrane. Following the application of 765   nm, 200   fs laser light at a 
77   MHz repetition rate with an energy deposition rate of 9.7   pJ per pulse (for a 1.2 
NA objective lens, we calculate a fl uence of 3   mJ   cm  − 2  per pulse) deposited during 
10   s, the labeled KB cells produced clearly visible membrane blebbing. By com-
parison, KB cells loaded with internalized nanorods required a six - fold greater 
laser fl uence to induce cellular damage. This large difference in fl uence required 
for cell death between membrane - labeled and internalized nanorods emphasized 
the high localization of induced photodamage.  

  13.4.2.3   Overlapping Bubble Formation 
 Bubbles can be overlapped for the enhanced photodisruption of cancer cells. 
Overlapping bubbles can be created by gold nanosphere aggregates, the produc-
tion of which may be achieve by a variety of methods, including: (i) clustering 
secondary monoclonal antibody - labeled nanospheres on a targeted single nano-
sphere  [16, 17] ; (ii) targeting naturally clustered cancer biomarkers  [3, 112] ; and 
(iii) concentrating nanoparticles with viruses and vesicles  [93] . 

 Enhanced bubble formation occurs due to overlapping bubbles from individual 
particles within an aggregate, generating one large bubble around the aggregate 
 [17, 115] . Lapotko  et al.   [17]  presented experimental evidence for selectively induced 
microbubbles in leukemia cells labeled with large aggregates, but not those labeled 
with individual particles and small aggregates. A bubble formation threshold 
of 600   mJ   cm  − 2  was found for large nanoparticle aggregates under single - pulse, 
532   nm, 10   ns laser irradiation conditions. 

 Nanoparticle aggregates also red - shift the plasmon resonance into the NIR 
wavelengths, leading to enhanced optical and thermal amplifi cation. Both, Zharov 
 et al.   [104]  and Larson  et al.   [103]  provided experimental evidence for enhanced 
bubble formation in the vicinity of large nanosphere aggregates when irradiated 
by NIR laser light. Both groups showed a reduction in the bubble formation 
threshold from 600   mJ   cm  − 2  down to 400 – 500   mJ   cm  − 2  with the application of a 
single nanosecond laser pulse in the NIR. The role of multiple nanosecond laser 
pulses was also studied by Zharov  et al.   [104] , who irradiated nanosphere - labeled 
cells with 500 pulses, further reducing the bubble formation threshold to 
80   mJ   cm  − 2 .  

  13.4.2.4   Fragmentation of Nanoparticles 
 The fragmentation and thermal explosion of nanoparticles is an additional mecha-
nism that can induce localized damage (either desired or undesired) to cellular 
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material in the vicinity of the particles. A desired thermal explosion of particles 
may accompany plasma or bubble formation, further decreasing the threshold for 
cell death. However, undesired damage to surrounding healthy cells because of 
the uncontrolled nature of the extent of damage after the particle fragmentation 
or explosion can also occur. In addition, once the particle has been reshaped due 
to fragmentation, the effi ciency of the PLP is greatly reduced. Shape transforma-
tions shift the peak of the plasmon resonance, signifi cantly reducing the designed 
laser absorption effi ciency of particles, and thus the effi cacy of the PLP. 

 The fragmentation and thermal explosion of nanoparticles may also occur with 
the application of short - duration laser pulses. Here, a large degree of the absorbed 
energy will initially remain in the particle, heating it to very high temperatures, 
since the heat diffusion to the surrounding tissue is minimized during rapid 
heating with short - duration laser pulses. The mechanism of fragmentation, 
however, may differ for different pulse durations. Link  et al.   [89]  have discussed 
the differences in fragmentation mechanisms of nanorods irradiated by femtosec-
ond and nanosecond pulses. The TEM images produced by this group showed 
that the fragmented particles were mostly irregularly shaped in the case of femto-
second pulses, whereas near - spherical shapes were observed in the case of nano-
second pulses. It was suggested that the fragmentation of particles exposed to 
nanosecond pulses occurred as a result of thermal heating and melting processes. 
In contrast, when exposed to femtosecond pulses, a rapid particle explosion can 
occur as a result of multiphoton ionization where the lattice is still cold, and this 
would explain the formation of irregularly shaped fragmented particles. By apply-
ing a theoretical approach, Letfullin  et al.   [110]  calculated the threshold fl uence for 
thermal explosions of both gold nanospheres and nanorods when irradiated with 
nanosecond pulses at the plasmon resonance. A threshold fl uence of approxi-
mately 40   mJ   cm  − 2  was found for gold nanospheres, which could be reduced to 
11   mJ   cm  − 2  for relatively large gold nanorods.  

  13.4.2.5   Nonlinear Absorption - Induced  PLP  
 Particles can exhibit enhanced heating properties due to nonlinear absorption 
effects such as  two - photon absorption  and  second harmonic generation . The prin-
ciple has been exploited by a variety of groups to achieve intracellular molecular 
manipulation and to locally disrupt cellular membranes. Csaki  et al.   [24]  utilized 
two - photon absorption by silver – gold heterodyne spherical particles conjugated to 
 single - stranded  ( ss ) DNA strands to photodisrupt targeted chromosomal molecu-
lar material with 800   nm laser light with laser fl uences of tens of mJ   cm  − 2 . By using 
this technique, a large - scale parallelization of gene - specifi c molecular surgery uti-
lizing metal nanoabsorbers can be achieved. Envisioned applications include DNA 
analytics as well as single cell manipulation. Mazumder  et al.   [91]  targeted spheri-
cal 5   nm gold particles towards chromatin to investigate the mechanical coupling 
of chromatin to the nuclear architecture. Perturbation of the chromatin assembly 
was performed with 835   nm, pulsed laser light at 56   mW focused at the nucleus 
for 3   s (the corresponding fl uence is 15   mJ   cm  − 2  per pulse). Using the high spatial 
localization of nanoparticle - generated heat, the group ’ s fi ndings showed the direct 



differential coupling of heterochromatin to specifi c cytoskeletal network elements. 
Huang  et al.   [100]  found that with large particle loading on the plasma membrane 
of HSC oral cancer cells, the formation of large particle aggregates led to enhanced, 
nonlinear absorption processes and reduced the threshold fl uence to cause a 20 -
 fold increase in the number of cells killed.  

  13.4.2.6   Plasmonic Laser Nanosurgery 
 Femtosecond laser pulses can initiate plasma - mediated ablation with only a few 
tens of nJ of energy, due to their high peak intensities  [114 – 117] . Ablation with 
very - low pulse energies becomes especially important when dealing with live cells 
and organisms having minimal tolerance to temperature increases. The intense 
near - fi eld scattering effect of gold nanoparticles in the NIR wavelength regime can 
be used to induce plasma formation in the vicinity of the particle for high precision 
cellular membrane disruption. 

 Figure  13.12  shows the fi rst experimental evidence of the concept of  plasmonic 
laser nanoablation  ( PLN ), where the enhanced plasmonic scattering in the near -
 fi eld of gold nanoparticles can be used to vaporize both solid materials and biologi-
cal structures with nanoscale resolution. Eversole  et al.   [118]  showed experimentally 
the nanocrater formation on silicon by enhanced ultrafast laser scattering in the 
near - fi eld of 150   nm gold nanospheres. As shown previously in Figure  13.3 a, the 
chosen particle size maximizes near - fi eld scattering at the 780   nm laser wave-
length, while minimizing absorption effects (the ratio of near - fi eld scattering to 
linear absorption is approximately 60, as shown in Figure  13.3 b). Figure  13.12 b 
and c provide experimental evidence of material removal after the plasmonic laser 
ablation of silicon. The generated crater follows the theoretical scattering pattern, 

    Figure 13.12     Plasmonic laser nanoablation 
(PLN) technique proposed by Ben - Yakar ’ s 
group. (a) Theoretical calculations showing 
the fi eld intensity around a gold nanosphere 
deposited on silicon substrate. The large 
enhancement of the ultrafast laser scattering 
in near - fi eld of a gold nanoparticle can 
be used to ablate the silicon substrate 
immediately underneath the particle; 

(b) Experimental evidence for PLN showing 
nanocraters on silicon ablated using a 
150   nm, spherical, gold nanoparticles; atomic 
force microscopy image of nanocrater 
generated by a 88   mJ   cm  − 2  average fl uence 
laser pulse at 780   nm having p - polarization at 
45    °  incident angle; (c) Corresponding cross -
 section along the dotted white line in panel 
(b).  
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confi rming that crater generation is indeed the result of near - fi eld scattering 
effects.   

 The Ben - Yakar laboratory group is currently extending plasmonic laser nanoab-
lation to cellular membrane ablation. In their initial studies, MBA - MB - 468 epithe-
lial breast cancer cells were labeled with 80   nm gold nanospheres functionalized 
with anti - EGFR antibodies. Figure  13.13 a shows a multiphoton luminescence 
image of labeled cells at 850   nm, which provides only a weak autofl uorescence 
signal relative to the luminescence from the particles. Labeled cells, irradiated with 
80   MHz repetition rate pulses of 18   mJ   cm  − 2  fl uence for 10   s at 760   nm wavelength, 
showed reduced membrane integrity, as seen by the uptake of 10   kDa FITC -
 dextran (Figure  13.13 b). Unlabeled cells required eight times more laser fl uence 
for the membrane integrity to be reduced. As linear absorption by the particle is 
negligible at the laser wavelength (the ratio of near - fi eld scattering to linear absorp-
tion is approximately 55), membrane disruption can be attributed to the formation 
of free electrons and the resultant low - density plasma in the particle near - fi eld due 
to the intense near - fi eld scattering.   

  13.4.3 
 Summary of Plasmonic Laser Phototherapy 

 We have summarized the plasmonic phototherapy of biological materials, and 
indicate how this approach can be utilized for a highly selective treatment of 

    Figure 13.13     Plasmonics laser nanoablation 
of cancer cells (MDA - MB - 468) labeled with 
80   nm gold nanoparticles functionalized with 
anti - EGFR antibodies. (a) Nanoparticles in 
red, imaged at 850   nm wavelength through 
multiphoton luminescence, and cell 
membrane - impermeable dye (10   kDa FITC -

 Dextran) in green, imaged at 760   nm 
wavelength; (b) Fluorescence images 
show reduced membrane integrity, as 
seen by the intake of FITC - Dex, after the 
application of 80   MHz laser pulses of 
18   mJ   cm  − 2  for 10   s.  

(a) (b)



cancer. For the most part, plasmonic phototherapy has centered on the use of the 
strong absorption properties of gold nanostructures to kill cancer via hyperther-
mia, bubble formation, particle and fragmentation. Some more recent technology 
has begun to exploit the intense near - fi eld scattering properties of gold nanopar-
ticles for plasma - mediated ablation. By changing particle geometry and composi-
tion, applications across the visible and NIR wavelength regimes have been 
developed. In addition, depending upon the pulse duration, the region of photo-
damage can be controlled. Continuous - wave irradiation allows for large - scale 
tissue destruction, while short pulses can be yielded to manipulate fi ner structures 
in tissues and cells. With further refi nements in cell labeling and laser delivery 
to the tissues, various nanoparticle - based laser phototherapies    –    including photo-
thermal, photomechanical (bubble formation or particle fragmentation) and 
photoablation (plasma - mediated) techniques    –    have strong prospects for becoming 
the  ‘ gold standards ’  of various cancer treatments.   

  13.5 
 Summary 

 Noble - metal particles have highly tunable optical properties and, as such, have 
shown great promise as highly sensitive and cost - effective multimodal tools for 
the screening, diagnosis and therapy of cancer. In this chapter we have primarily 
discussed the role of PLP as a novel nanoparticle - based laser cancer treatment. 
Research studies have shown that, by conjugating molecular - specifi c bioagents 
(e.g. antibodies and ligands) to the particle surface, a variety of potential cancer 
targets exist. Likewise, by using nanoparticles of different sizes, geometries and 
compositions, therapies can be tuned to a variety of laser wavelengths ranging 
from the visible to NIR regions of the electromagnetic spectrum. The fundamental 
spherical particle strongly absorbs laser light in the visible wavelength range, and 
in order to shift the plasmon resonance to NIR wavelengths    –    where light penetra-
tion into the tissues is maximized    –    both heterodyne and asymmetric particles have 
been developed. The treatment of surface lesions would benefi t most from lower 
wavelength laser light, while large - scale tumors require NIR laser light (light pen-
etration on the order of several centimeters, depending on the tissue type). Addi-
tionally, varying the laser pulse durations has allowed investigators to defi ne the 
degree of heat confi nement around the particle during treatment. Continuous -
 wave lasers are typically used to treat bulk tissue structures, while pulsed lasers 
can be used to confi ne any thermal and subsequent thermomechanical effects/
damages to the cellular level. Hence, by employing variations of each of these 
parameters, it should be possible to develop a wide range of cancer therapies for 
a variety of tissues. 

 With CW lasers,  in vivo , large - scale tumor reduction was verifi ed using nanoshell 
phototherapy, with complete tumor regression being found at 10 days after treat-
ment, and no regrowth after 60 days. By using active methods to bind nanoparti-
cles to cancer cells, the thresholds for photodestruction were determined as 
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35   W   cm  − 2  for nanoshells, 19   W   cm  − 2  for nanospheres and 10   W   cm  − 2  for nanorods. 
With pulsed lasers, the manipulation of proteins, organelle membranes and DNA 
has been achieved. Large amounts of energy are absorbed by the particle within a 
short time duration, signifi cantly reducing the required fl uence to generate large 
temperature increases. Femtosecond laser pulses require fl uences which are an 
order of magnitude smaller than those needed for nanosecond pulses. As such, 
heat is confi ned to the particle near - fi eld, providing a platform for true  in vivo  
nanoscale manipulation of biological substances. With both CW irradiation and 
pulsed laser techniques, PLP has shown great promise for the selective treatment 
not only of cancer but also of other diseases. Indeed, it is anticipated that, in the 
near future, the technique will be successfully applied to the clinical setting as the 
operational parameters are optimized.  

  13.6 
 Future Perspectives 

 PLP    –    a novel, nanoparticle - based laser technology used not only for the elimina-
tion of cancer cells, viruses and bacteria but also for genetic manipulations    –    has 
matured well over the past few years. Nonetheless, a number of operational param-
eters still require optimization (see Table  13.3 ) before the technique can be applied 

 Table 13.3     Parameters important in understanding the applications of  PLP  in a clinical setting. 

  1. Particle dynamics  

     a.  Stability:  ability to circumvent physiological systems without removal from body  
     b.  Biocompatibility:  no adverse chemical reactions with physiological environment  
     c.  Optical:  ability of particle to optimally absorb and scatter incident laser light  
     d.  Clearance after therapy:  particle removal through lymphatic system  
  2. Particle functionalization  
     a.  Stability:  dissociation of molecular - specifi c bioagents from particle  
     b.  Delivery:  transport of particles to desired location through topical delivery or intravenous 

injection  
     c.  Biomarker targeting:  desired location of particle in tissue/cell and distance from choice 

target  
     d.  Spatial localization:  functional method for bringing the particle to desired distance to 

the target  
  3. Laser irradiation  
     a.  Optical spatial localization:  laser parameters defi ning the optical localization for a given 

geometry  
     b.  Delivery:  ability to bring laser light to desired location  
     c.  Light Penetration:  light penetration in tissue to desired depth with minimal scattering 

and absorption  
  4. Multifunctionalization  
     a.  Therapeutic:  use in combination with conventional photodynamic therapies  
     b.  Imaging:  development of  ‘ smart particle ’  for both  in vivo  imaging and therapy  



effectively to a clinical setting. Both, particle and optical parameters are functions 
of the clinical application and must be optimized accordingly. Hence, in this 
section we will briefl y defi ne the possible parameter optimizations that will com-
plement ongoing  in vitro  and  in vivo  experiments such that PLP achieves 
maturity.   

 PLP has a number of distinct advantages that make it compatible for the treat-
ment of disease: 

  1.     Nanoparticles spatially confi ne thermal and mechanical effects, providing:  
   •      Highly precise photodisruption of cells or subcellular targets  
   •      Low - fl uence irradiation with minimal disruption to surrounding, normal 

tissue    
  2.     Their optical properties are tunable to NIR wavelengths, allowing: 

    •      Deep tissue penetration  
   •      Possible use of nonlinear effects to improve selectivity  
   •      Freedom to choose between absorption and near - fi eld scattering dynamics    

  3.     Easy nanoparticle functionalization methods provide: 
    •      Enhanced targeting to cancer biomarkers with high selectivity  
   •      High - throughput phototherapeutic process    

  4.     Allows for combined imaging and therapy: 
    •      Through scattering and bright multiphoton luminescence, nanoparticles can 

additionally double as image contrast agents  
   •      Image - guided therapy      

 By confi ning thermal and mechanical effects to the target tissue or cell, it is 
possible to treat a particular region of interest with high specifi city    –    which is 
extremely important in cancer therapy. Particles can also be functionalized to 
target cancer biomarkers with high specifi city. Taken together, these two proper-
ties provide the highest level of therapeutic selectivity of cancer cells. Additionally, 
particles can act as strong contrast agents for the differentiation of normal versus 
cancer cells, further allowing for use in image - guided therapy. As an example, 
when treating a cancer in the brain (e.g. medulloblastoma) it is vital to kill the 
tumor but to leave the normal, healthy brain tissue intact; in this way, important 
brain functions such as visual and motor control are not disrupted. Such precise 
phototherapy can be achieved only through image - guided therapy with the aid of 
plasmonic gold nanoparticles. Moreover, by varying the laser pulse duration it is 
possible to confi ne any damage to the biological material surrounding the particle. 
Finally, the optical response of the particle is highly tunable (visible to NIR); this 
is especially important for reaching tumors embedded deep within a tissue. 

 Today, several important parameters (see Table  13.3 ) still require attention in 
the development of PLP, many of which are defi ned by the biology of the clinical 
situation. Until now, PLP has been tested mainly in an  in vitro  setting; however, 
as the procedure continues to be monitored in animal models, and the particle -
 laser interaction is refi ned, it will surely become applicable to the destruction of 
tumors  in vivo . 
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 In this respect, particle design parameters    –    both dynamic and functional    –    must 
be optimized to meet clinical needs. First, in order for the clinical setting to 
become reality, the developed bioconjugates must have a suffi ciently long shelf 
life under the ambient conditions of clinics (most current bioconjugates have shelf 
lives of 2 – 3 days at 4    ° C before the bioagent dissociates from the nanoparticle 
surface). Studies are also required to verify the biologically inert nature of biocon-
jugates, such that interactions other than with cognate receptors do not occur. An 
inert nature can also be defi ned as the ability of a particle to navigate the body 
without intermediate remoral, or accumulating nonspecifi cally in other tissues. 
The particle must be capable of traveling through the bloodstream to seek out a 
choice target, whilst interacting minimally with other locations in the body. Details 
of particle targeting and localization within tissues or cells also require investiga-
tion    –    from a therapeutic standpoint, it is not clear whether it is more effective to 
induce apoptosis or necrosis to cause cell death. As such, cancer cells can be tar-
geted in a variety of ways, from subcellular components (e.g. DNA or proteins) to 
the plasma membrane. The spatial location of the particle within the cell also 
affects the degree of optical localization required. For example, the targeting of a 
mole cular macromolecule would require far greater spatial confi nement than 
would photodamage to the plasma membrane. One recently acknowledged hurdle 
is that of particle bifunctionalization for controlled directionality into cells and 
attachment to desired intracellular targets; delivery methods have still to be 
matured to overcome this problem. Recently, the intracellular delivery of gold 
nanoparticles utilizing the TAT protein from the HIV virus was demonstrated 
 [119, 120] . Stealth - based  nanoshuttles  (e.g. liposomes and viruses) are also in their 
early stages of development for transporting nanoparticles to regions of interest 
 [123] . Typically, these vessels must either be biodegradable or become part of the 
cellular membrane upon attachment to the target of interest. These nanoshuttles 
have the potential to deliver a large payload of nanoparticles into the target tissue 
or cell, with high specifi city. 

 Laser irradiation parameters are directly related to both the particle geometry 
and biological setting. Each particle type has a unique absorption and scattering 
spectrum; thus, the laser wavelength must be chosen so as to maximize the inter-
action between the laser and the particle, thereby achieving the most effective 
therapy. The particle type and laser wavelength and duration will be a function of 
the tissue type and of the tumor location. Depending upon the tissue structure, a 
specifi c particle size may be necessary; for example, if a tissue has a large volume 
of connective tissue, then smaller particles (e.g. nanorods) may be necessary, and 
this will dictate the laser wavelength. The laser pulse duration will be determined 
by the type of disease - state present, whether solid or scattered among healthy cells. 
The physical delivery of laser light is also important    –    the probe - based technology 
used must minimize patient discomfort but effectively irradiate the region of 
interest. The delivery mode will also depend upon the location of the lesion; for 
example, in the oral cavity the use of an endoscopic probe or a modifi ed dental 
device will be necessary. 
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 Finally, the goal of  multimodal therapy  is of great importance, using combina-
tions of therapeutic and imaging techniques. Procedures under current develop-
ment include smart particles for combined imaging (MRI/optical) and photothermal 
therapy  [122, 123] , or combinations of phototherapy and photodynamic therapy 
 [124] . 

 To summarize, the therapeutic application of PLP has been demonstrated for 
the treatment of cancer in a series of  in vitro  studies. In this chapter we have pro-
vided examples of clinical applications, and discussed how the biological limits 
affect optical and particle parameters. The importance of understanding the physi-
cal properties of bioconjugates in order to develop the next generation of  ‘ smart ’  
phototherapeutic particles, was also highlighted. As these optical and particle 
parameters are further refi ned, as particle development matures, and as  in vivo  
laser delivery techniques for both depth and surface applications develop, plas-
monic phototherapy will surely demonstrate its clear potential to become a  ‘ gold 
standard ’  among cancer treatments.  
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  14.1 
 Introduction 

 Whilst a fashion designer often considers textiles as a base for art with purely 
aesthetic value, a fi ber scientist sees textiles as an extended fl exible surface with a 
huge research potential. The manipulation of nanoscale phenomena to create 
synergies between textiles and nanomaterials leads to the creation of novel func-
tionalities, while preserving appearance and comfort  [1] . By assembling the metal 
nanoparticles on the surface of textile materials, several applications could be 
envisioned. For example, the deposition of silver nanoparticles may impart anti-
bacterial properties, while gold nanoparticles allow the use of molecular ligands 
to detect the presence of biological compounds in the environment. Most often, 
these nanomaterials are impregnated onto textile materials without even signifi -
cantly affecting their texture or comfort. An additional benefi t of using metal 
nanoparticles is the presence of  surface plasmons ; these are strong optical extinc-
tions that can be tuned to different colors by varying their size and shape. For 
example, silver nanoparticles can be used to create a shiny metallic yellow to dark 
pink color while simultaneously imparting antibacterial properties to the textile 
materials. Likewise, platinum and palladium nanoparticles may impart catalytic 
properties such as the decomposition of harmful gases or toxic industrial chemi-
cals. Some recent reports  [2, 3]  have described the coating of textile fabrics with a 
variety of nanoparticles such as metal, metal oxides, organic and biomaterials to 
impart functional properties. However, in this chapter we will concentrate only on 
the functionalization of textiles with metal nanoparticles, the methods of applica-
tion onto textile materials, and their evaluation. The impact of nanotechnology on 
commercial textile industries, together with their environmental concerns, are also 
discussed.  
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  14.2 
 Metal Nanomaterials 

 Size provides an important control over the physical and chemical properties of 
nanoscale materials, including conductivity, catalysis and fl uorescence  [4] . Today, 
metal nanoparticles are attracting increasing attention and importance in a variety 
of scientifi c fi elds. Whenever size is reduced below the particular level, the band 
structure of metals begins to disappear and discrete energy levels become domi-
nant, and quantum mechanical rules must replace those of classical physics  [5] . 
The structural anisotropy of metal nanomaterials show substantially different 
optical properties, including light absorption, light scattering and  surface - enhanced 
Raman spectroscopy  ( SERS )  [6] . According to Mie ’ s theory  [7] , small spherical 
nanocrystals (Ag or Au) exhibit a single surface plasmon band, whereas anisotro-
pic particles exhibit two or three bands, depending on their shape. In the case of 
a nonspherical geometry, they show different modes (transverse and longitudinal) 
of oscillations in the presence of electromagnetic radiation, and a splitting of the 
 surface plasmon resonance  ( SPR ) absorption bands takes place  [8] . 

 The differential light scattering of anisotropic metal nanoparticles probes has 
been already exploited in the development of many biodiagnostic applications 
 [9, 10] . The anisotropic growth of metal nanoparticles is attributed to one of the 
following mechanisms  [11] : 

   •      Different facets in a crystal have different growth rates  
   •      The presence of imperfections in specifi c crystal directions  
   •      A preferential accumulation or poisoning by impurities on specifi c facets.    

 The geometric shape of a nanoparticle plays a major role in determining the 
SPR of metals exhibiting spectrum red - shifts with increasing particle size. In addi-
tion, a simple heat treatment can modify a particle shape, resulting in a change 
in its optical plasmon resonant properties  [12] . The remarkable size - , surface -  
and shape - dependence of the physical, chemical and optical properties of nano-
materials make them excellent candidates in modern chemistry. Indeed, today our 
interest in, and the importance of, anisotropic nanoparticles continue to grow, 
based on the following reasons  [13] : 

  1.     Their synthesis has motivated experimental progress in understanding 
the intrinsic shape - dependent properties of metal and semi - conductor 
nanocrystals.  

  2.     Some of these structures feature optical and electrical properties that make 
them desirable for emerging applications entailing biolabels, photovoltaic 
behavior, chemical sensing and SERS.  

  3.     The particle growth mechanism is amenable to study in some cases, which in 
turn makes possible the prediction and systematic manipulation of the fi nal 
nanocrystal structure.  

  4.     These nanoparticles provide new template materials for the generation of 
different nanostructures.     



  14.3 
 Nanotechnology in Textiles 

 With the advent of science and technology, a new era has emerged in the realm 
of textile processing. Apart from the regular fi nishing, functional properties such 
as antimicrobial, UV - resistance, stain and water repellency, wrinkle resistance, 
fl ame retardancy, moisture control and drug delivery need to be imparted through 
novel fi nishes. The modifi cation of the surfaces of textiles and clothing through 
nanocoating represents a novel approach to the production of highly active sur-
faces to impart UV - blocking, antimicrobial and self - cleaning properties  [14, 15] . 
Among the various metal salts, silver nitrate is the most commonly used antibacte-
rial agent  [16, 17] , and indeed has long been used as an antiseptic agent. The pro-
posed mode of action is that the silver nitrate molecules bind to bacterial proteins, 
thus inhibiting cellular metabolism and leading to a termination of microorgan-
ism growth. An additional benefi t of using metal nanoparticles is the presence of 
surface plasmons; these are strong optical extinctions that can be tuned to different 
colors by varying their size and shape. For example, silver nanoparticles can be 
used to create a shiny metallic yellow to dark pink color, while simultaneously 
imparting antibacterial properties to the textile materials. The major disadvantage 
of using silver nitrate is that everything it comes into contact with is stained brown -
 black when exposed to light  [18] . Silver nanoparticles, on the other hand do not 
cause staining but still retain their antibacterial properties. 

  14.3.1 
 Textile Finishing Processes 

 Textile wet processing consists of three different stages: (i) pretreatment/prepara-
tion; (ii) coloration/dyeing; and (iii) fi nishing. Finishing, as the fi nal step, imparts 
any functional and/or novel properties to the base textile material. Finishes are 
mostly applied to fabrics such as wovens, nonwovens and knitwear, while other 
categories such as yarn fi nishings are used for specifi c purposes. Among the two 
types of fi nishings    –    namely mechanical and chemical    –    the application of nanoma-
terials (nanofi nishing) falls under the realm of chemical fi nishing. Some of the 
functional fi nishes  [19]  and the corresponding chemical groups employed in the 
process are listed in Table  14.1 .   

 A schematic diagram for the simple pad – dry – cure process by which a typical 
wet chemical fi nishing process is carried out is shown in Figure  14.1 . The chemical 
bath containing the colloidal suspension of nanomaterials in a suitable solvent is 
used for padding, followed by a squeezing out of the excess solution. The padded 
fabric is dried and cured at an appropriate temperature to remove the solvent. The 
nanomaterials are generally mixed with polymer binders to increase the durability 
of the fi nished product. Typically, pad applications of chemicals yield wet pickups 
in the 70 – 100% range; these high pickups necessarily require the removal of large 
amounts of solvent during drying. It should be noted that an uncontrolled evapora-
tion of the solvent during drying can lead to an uneven distribution of the fi nish 
due to a migration phenomenon. But, a too - low a wet pickup can be equally 
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 Table 14.1     Typical conventional chemical fi nishing for various functional properties. 

  Serial no.    Functional properties    Chemicals used  

  1.    Soft handle    Silicones, cationic, anionic and nonionic 
surfactants  

  2.    Repellents    Fluorocarbons, paraffi ns, silicones  

  3.    Flame retardants    Phosphorus -  and halogen - based compounds, 
borates, alumina trihydrate and calcium carbonate  

  4.    Easy - care and permanent 
press fi nish  

   N,N  ′  - Dimethylol - 4,5 - dihydroxyethylene urea 
(DMDHEU);  N,N  ′  - Dimethyl - 4,5 - dihydroxyethylene 
urea (DMeDHEU); 1,2,3,4 - Butanetetracarboxylic 
acid (BTCA)  

  5.    Antimicrobial property    Triclosan, quaternary ammonium salts, organo -
 silver compounds, silver zeolites, 
polyhexamethylene biguanide and chitosan  

  6.    Ultraviolet protection    Phenyl salicylates, benzophenones, benzotriazole 
derivatives and oxalic acid dianilide derivatives  

  7.    Antistatic property    Esters of phosphoric acid, polyamines reacted 
with polyglycols  

  8.    Soil - release/anti - soiling    Fluorocarbons, derivatives of starch and cellulose, 
carboxy -  and ethoxy - based fi nishes  

  9.    Non - slip fi nishes    Silicic acid sols with softeners or silicone - based 
water repellents  

    Figure 14.1     The pad – dry – cure process for the wet - fi nishing of textile materials.  

Pad  Dry                    Cure 



problematic and lead to an uneven fi nish distribution if the liquid phase is dis-
continuous. The concept of  critical application value  ( CAV ) is relevant when dis-
cussing optimal wet pickups  [20] . The CAV is defi ned as the minimum amount 
of fi nish liquid that can be applied to a given cotton fabric, without producing a 
nonuniform distribution of fi nish after drying and curing. Cellulosic fi bers, 
because of their inherent hydrophilicity, have CAVs in the range of 35 – 40% wet 
pick up, whereas hydrophobic fi bers such as polyester may have CAVs of less than 
5%. The details of some low wet pickup fi nishing application techniques are listed 
in Table  14.2   [21] .      

  14.3.2 
 Textile Finishing Using Silver Nanoparticles 

 Many disinfectants composed of metals/organic compounds are used for the 
antimicrobial fi nishes of polymers and fi bers  [22, 23] . Silver is a very useful anti-
septic material which binds with protein molecules, inhibits cellular mechanism, 
and fi nally eradicates microbes  [24] . Nanosilver is highly reactive with proteins due 
to its high affi nity towards sulfur - containing amino acids; in fact, when nanosilver 
comes into contact with bacteria and fungi it will adversely affect the cellular 
metabolism of the organisms and inhibit their cell growth. Nanosilver will also 
suppress respiration, the basal metabolism of the electron transfer system, and 
the transport of substrates into the microbial cell membrane. Furthermore, it 
inhibits the multiplication and growth of those bacteria and fungi which cause 
infection, odor, itchiness and sores. When both  scanning electron microscopy  
( SEM ) and  transmission electron microscopy  ( TEM ) were used to study the bio-
cidal action of this nanoscale material  [25] , the results confi rmed that treated 
 Escherichia coli  cells were damaged and showed the formation of  ‘ pits ’  in the bacte-
rial cell wall, while silver nanoparticles were found to accumulate in the bacterial 
cell membrane. As a membrane with such morphology exhibits a signifi cant 
increase in permeability, the result is a rapid death of the cell. 

 Table 14.2     Low wet pickup fi nish application methods. 

  Type of method    Technique  

  Saturation – removal    Vacuum extraction  
  Porous bowl technique  
  Air - jet ejectors  
  Transfer padding (squeeze – suck technique)  

  Topical application    Kiss - roll  
  Loop transfer system  
  Engraved roll  
  Nip padding system  
  Spray system  
  Foam application  
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 On account of its nontoxic nature, nanosilver is biocompatible and can be used 
with great effect to reduce bacterial counts on nonwoven materials such as air -
 fi lters, water - fi lters, medical clothing and textile woven fabrics that come into 
direct contact with human skin  [26, 27] . Silver is also familiar in the molecular 
biology laboratory, where it is used as a stain for proteins in polyacrylamide gels. 
Here, the silver in the stained proteins is in the reduced form of silver (nanosil-
ver)  [28] . Initially, Ag(I) binds to a denatured protein (primarily to histidine resi-
dues); this is then followed by stabilization of the polymeric Ag center, with 
multiple Ag reduction events. Today, silver in its different forms is used in silver -
 coated catheters  [29] , silver - coated wound bandages  [30] , water purifi cation 
systems  [31]  and dental amalgams  [32] . The microbiocidal activity of silver derives 
from the silver ions being released from compounds such as silver nitrate and 
silver sulfadiazine. This results in a development of Ag(I) resistance to pathogens 
by effl ux pumping  [33, 34]  and occasionally also to bioaccumulation and biotrans-
formation  [35] . 

 In an earlier study  [36]  the details were reported of a novel, one - pot synthetic 
route to prepare silver nanoparticles, reduced and stabilized by starch on the 
surface of cotton fabrics. The thus - formed nanoparticles imparted color to the 
fabrics due to their SPR (Figure  14.2 ). Figure  14.3  shows a SEM image of silver 
nanoparticles deposited on the surface of cotton fabrics. These silver nanoparticle -

    Figure 14.2     Cotton fabrics treated with increasing 
concentrations of silver nanoparticles. Before treatment the 
fabric is white; the color changes from light to dark brown 
with increasing silver concentrations.  



 impregnated cotton fabrics have been shown to possess excellent antibacterial 
activity against  Staphylococcus aureus , and bacteriostatic activity towards  Klebsiella 
pneumoniae.  The nanosilver - coated fabrics, owing to their absorption in the 
near - UV region, exhibited better protection against UV radiation, and Gorensek 
and Recelj  [37]  observed a similar increase in UV - absorption when preparing a 
functionalized cotton fabric with commercial nanosilver. These authors treated 
cotton fabrics with commercially available silver nanoparticles (80   nm diameter; 
Ames Goldsmith Corp) to inhibit the growth of  Streptococcus faecalis  and 
 S. aureus.    

 A group from the Hanyang University, Korea  [38] , while investigating the 
padding of colloidal silver solution onto textile fabrics made from cotton, polyester, 
cotton/polyester and cotton/spandex blended fabrics, also reported effi cient anti-
bacterial activities against both  S. aureus  and  K. pneumoniae ; moreover, the fabrics 
showed good laundering durability. A colored, thin fi lm which possessed antimi-
crobial properties  [39]  was prepared using a layer - by - layer deposition method of 
application by the sequential dipping of nylon or silk fi bers in dilute solutions of 
poly(diallyldimethylammonium chloride) and silver nanoparticles capped with 
poly(methacrylic acid). Duran  et al.   [40]  demonstrated the dip - coating of silver 
nanoparticles synthesized by a fungus ( Fusarium oxysporum ) onto cotton textiles. 
Here, the silver ions were reduced extracellularly by the fungus to generate stable 
silver nanoparticles in water, after which the nanoparticles were coated onto the 
cotton fabrics by dip - coating. The coated fabrics thus produced showed excellent 
antibacterial activities; some typical SEM images of these fabrics are shown in 
Figure  14.4 .   

 Other uses of nanosilver particles include the widespread application to  socks  
in order to prevent the growth of odor - causing bacteria, and also to a range of 

    Figure 14.3     Scanning electron microscopy (SEM) image of a 
cotton fi ber coated with silver nanoparticles.  
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other healthcare products such as dressings for burns, scalds and skin donor and 
recipient sites. A SEM image of silver nanoparticles used for the impregnation of 
healthcare products is shown in Figure  14.5   [41] .   

 Plasma treatment, as a dry and eco - friendly technology, offers an attractive 
alternative to adding new functionalities to textile materials. The cosputtering of 
silver during plasma polymerization enables a controlled incorporation of silver 
nanoparticles into a functional plasma polymer matrix such as a C:H:N in a one -
 step process, thereby inducing an antibacterial activity. A homogeneous size and 
spatial distribution of the nanoparticles were obtained by plasma polymerization/
cosputtering (Figure  14.6 ) to achieve antimicrobial activity  [42] .    

  14.3.3 
 Textile Finishing Using Other Metal Nanoparticles 

 Qufu Wei  [43]  investigated the preparation and uses of copper nanocomposite 
textiles by fi rst coating the basic textiles with copper (using magnetron sputter 
coating) and then characterizing them using  atomic force microscopy  ( AFM ). The 
surface conductivity of the textiles coated with copper nanostructures was signifi -

    Figure 14.4     SEM images of the cotton fi ber. (a) Without 
silver nanoparticles (control), original magnifi cation  × 75; 
(b) Without silver nanoparticles (control), original 
magnifi cation  × 1400; (c) Containing silver nanoparticles, 
original magnifi cation  × 60.  



    Figure 14.5     Scanning electron microscopy image of silver nanoparticles.  

    Figure 14.6     Nanosilver deposited on the textile surface by 
cosputtering during plasma polymerization.  

cantly increased compared to the uncoated textiles. Moreover, they also exhibited 
an improvement in UV and visible light shielding effects. At the Victoria Univer-
sity of Wellington, Johnston has explored the possibility pf utilizing gold nanopar-
ticles as stable colorants on fabrics, and particularly of wool in high - fashion 
garments  [44] . These gold nanoparticles are red in color when their sizes range 
from 2 – 5   nm, but the color shifts through orange to yellow to violet as the particle 
size increases. It has also been noted that the gold nanoparticles neither fade nor 
denature in light, and also exhibit antimicrobial and catalytic functionalities. Plati-
num and palladium nanoparticles, when coated onto textiles, impart catalytic 
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properties such as the decomposition of harmful gases or toxic industrial 
chemicals. 

 Although the use of other metallic nanoparticles such as Cu, Fe, Co and Ni is 
envisaged in textile fi nishing, the synthetic routes for Cu, Fe, Co and Ni nanopar-
ticles have yet to be improved upon  [45] . Synthesis in inverse micelles and via the 
sonochemical decomposition of metal carbonyls have each been reported for the 
preparation of nanosized colloids of Co  [46] , Fe  [47]  and Ni  [48] . However, these 
methods yield (in most cases) polydisperse particles and are perhaps not suited 
for scale - up due to problems with reproducibility at high volumes and high con-
centrations. Various attempts have been made to synthesize Cu nanoparticles by 
chemical reduction in solution  [49] , but these have yielded particles of irregular 
shapes and wide size distributions. The research group at the  Pacifi c Northwest 
National Laboratory  ( PNNL ) have grown never - before - seen confi gurations of metal 
crystals on cotton that show promise as components in biosensors, biological 
imaging, drug delivery and catalytic converters  [50] . By using acid - treated cellulose 
fi bers from cotton as a natural template, the PNNL team has been able to grow 
gold, silver, palladium, platinum (see Figure  14.7 ), copper, nickel and other metal -
 oxide nanocrystals quickly; moreover, the crystals were of a uniform size. In this 
process, the acid converts the cellulose to a large, stable crystallized molecule that 
is rich in hydroxyl groups that, predictably, are spaced along the long chemical 
chains that comprise the cellulose molecule ’ s backbone. When most metal salts 
dissolved in solution were added in a pressurized oven and heated at 70 – 200    ° C 

    Figure 14.7     (a) Transmission electron microscopy (TEM) 
image of platinum, deposited on cellulose. The inset shows 
crystalline cellulose without the metal; (b) TEM image 
showing the pattern of platinum clustering along hydroxyl 
sites on the cellulose surface.  

(a) (b)



(or higher) for 4 – 16   h, uniform metal crystals were seen to form at the hydroxyl 
sites. Details of important AATCC test methods used to evaluate nanofi nished 
textiles are listed in Table  14.3 .      

  14.3.4 
 Metallic Versus Nonmetallic Nanoparticles in Textiles 

 Metal oxide nanoparticles such as TiO 2 , Al 2 O 3 , ZnO and MgO possess photocata-
lytic and antibacterial activity and UV absorption properties. Textile materials 
treated with these nanoparticles have been proved to impart antimicrobial, self -
 decontaminating and UV - blocking functions for both military protective clothing 
and civilian health products  [51] . 

 New - generation medical textiles represent an important and rapidly growing 
fi eld that requires functional properties such as bacteriostatic, antiviral, fungi-
static, nontoxic, high - absorbent, nonallergenic, breathable, hemostatic and bio-
compatible. Thus, apart from metal and metal oxide nanomaterials, nanoscale 
biological materials such as enzymes and drugs are required in order to add spe-
cifi c functionality to medical textiles  [52] . Specialized nanomaterials functionalized 

 Table 14.3      AATCC  test methods useful for evaluation of nanofi nished textiles. 

  Serial no.    AATCC test 
method no.  

  Title    Comments  

  1.    147    Antibacterial activity of textile materials: 
parallel streak method  

  Qualitative  

  2.    100    Antibacterial fi nishes on textile materials, 
assessment of  

  Quantitative  

  3.    30    Antifungal activity, assessment on textile 
materials: mildew and rot resistance of 
textiles  

  Both qualitative and 
quantitative  

  4.    174    Antimicrobial activity assessment of 
carpets  

  Both qualitative and 
quantitative  

  5.    183    Transmittance or blocking of erythemally 
weighted UV radiation through fabrics  

  Quantitative  

  6.    76    Electrical resistivity of fabrics    Quantitative  

  7.    115    Electrostatic clinging of fabrics: Fabric to 
metal test  

  Quantitative  

  8.    134    Electrostatic propensity of carpets    Quantitative  
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with ligands can be introduced onto the surface of cotton textiles, the aim being 
to adsorb odors, to provide strong and durable antibacterial properties, and to ease 
pain and relieve irritation. Such value - added textiles may also be of immense use 
in tissue engineering, drug delivery and protective clothing. As an example of the 
latter role, Nyacol Nanotechnologies Inc. has been the world ’ s leading supplier of 
colloidal antimony pentoxide, which is used to produce a fl ame - retardant fi nish in 
textiles. The company supplies colloidal antimony pentoxide as a fi ne - particle dis-
persion for use as a fl ame - retardant synergist with halogenated fl ame - retardants. 

 Recently, a simple, low - cost method was developed that allowed the conversion 
of low - frequency vibration/friction energy into electricity using piezoelectric zinc 
oxide nanowires grown radially around textile fi bers. By entangling two fi bers and 
brushing the nanowires rooted on them with respect to each other, mechanical 
energy could be converted into electricity, owing to a coupled piezoelectric – semi-
conductor process. These studies establish a methodology for scavenging light -
 wind energy and body - movement energy using fabrics  [53] . 

 Apart from silver nanofi nishing for antimicrobial fi nishes, nanoparticles con-
sisting of a drug which is either surrounded by a synthetic, polymer shell or 
contained within a synthetic, three - dimensional polymer matrix (both micrometric 
to nanometric in size) can be used for drug delivery in medical textiles. Encapsula-
tion can be achieved by using several methods, including interfacial polymeriza-
tion, microemulsion polymerization, precipitation polymerization and diffusion. 
As a general procedure, the drug is brought into contact with a set of monomers, 
oligomers or polymers which then assemble around the payload; polymerization 
will lead to the creation of the fi nal particles. An alternative approach would be to 
prepare the nanoparticle in the absence of a drug, which would then be adsorbed 
by the nanoparticles  [54] . 

 Another interesting investigation at the Massachusetts Institute of Technology 
is that of a cloth which links nanoparticles of gold in solution with strands of DNA, 
and which is coded to change color when exposed to the DNA of a biological agent. 
In this way, a shirt could detect low doses of harmful chemicals in the air, or a 
dressing gown could diagnose viruses such as infl uenza or  severe acute respiratory 
syndrome  ( SARS ). 

 Hofmann  et al.   [55]  have created a bioactive cellulose surface where the nonwo-
ven cellulose (regenerated, oxidized) fabrics were coated with hydroxy - carbonated 
apatite, using a procedure based on a biomimetic method (Figure  14.8 ). A simu-
lated body fl uid with a high degree of supersaturation was applied to accelerate 
the biomimetic formation of bonelike apatite on the cellulose fabrics. These mate-
rials are under consideration as attractive candidates for scaffolds in bone tissue 
engineering.     

  14.4 
 Commercial Use of Nanotechnology in Textiles 

 Today, the use of nanotechnology - based fi nishes in enhancing the performance 
of textiles made from natural fi bers including cotton, wool and silk, and from also 



synthetic fi bers such as polyester and nylon, is growing rapidly. The  ‘ lotus effect ’  
(a super - hydrophobic and self - cleaning property found in the leaves of the lotus 
plants) has been emulated in synthetic textile using nanotechnology. In the  ‘ Nano -
 care ’  technology developed by Nano - Tex, the textile is embedded with billions of 
nanowhiskers, each 10   nm in length, that cover the textile material and make it so 
dense that it can barely be penetrated by liquids. In the  ‘ nanosphere ’  technology 
developed by Schoeller, a special 3 - D surface structure of nanospheres, ranging 
from 1 to 100   nm in diameter, is created in the textile, thus limiting the available 
contact surface to which dirt particles can attach. Some important commercial 
organizations involved in the nanofi nishing of textiles include: 

   •      Nano - Tex, LLC, USA.  
   •      Texcote Technology Ltd., Sweden  
   •      Schoeller Textiles AG, Switzerland  
   •      Beijing Zhong - Shang Centennial Nano - Tech Co. Ltd., China.    

 To date, each of the 20 largest textile mills worldwide has acquired Nano - Tex 
licensing technology. 

 Nanotechnology, although still at its infancy, is already proving to be an innova-
tive tool in enhancing the performance of textiles. The Burlington Industries 
subsidiary, Nano - Tex, is one of such leading commercial organizations to acquire 
additional revenue from adding performance and value to textiles. Branded as one 
of the  ‘ coolest ’  products in 2003 by  Time Magazine , Nano - Tex is providing clothing 
manufactures such as Levi, Eddie Bauer, GAP and Old Navy the means to make 
their products more durable, water -  and oil - repellent, stain - resistant and with a 
reduced need for washing, without simultaneously altering the feel of the fabric. 
Their chemical formulation and application technology, which can easily be 
adopted by existing textile mills, alters the fabric itself at the molecular level, 
embedding it with tiny, fl oppy, hair - like fi bers that themselves are attached to a 
common spine. These  ‘ nanowhiskers ’  in the chemical mix keep any stains away 
from the garment. Nano - Tex is said to have plans to expand its product range to 
include stain - proof mattresses, boat covers and hotel bedding markets. 

    Figure 14.8     Nonwoven cellulose (regenerated, oxidized) 
fabrics coated with hydroxy - carbonated apatite. Scale 
bar   =   20    μ m.  
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 Another company in the fi eld is Schoeller Textiles AG, a Swiss textile company 
and producer of  ‘ NanoSphere ’ , a fi nishing process that renders fabric water - repel-
lent, dirt - repellent and anti - adhesive. The use of this technology leads to the cre-
ation of a special 3 - D structure, thus limiting the available contact surface to which 
dirt particles can attach. When considering our previous defi nition of  ‘ nanotech-
nology ’ , it could be argued that Nano - Tex ’ s technology is not really nanotechnology 
but rather is  ‘ improved chemistry ’ . However, the company is today achieving a 
profi t while other  ‘ proper ’  nanotechnology companies are still waiting and 
dreaming. 

 Toray Industries, Inc. has developed a new nanoscale processing technology 
that allows the necessary molecular arrangement and molecular self - assembly 
required to develop a new breed of advanced functionalities in textile processing. 
This technology    –    named  ‘ NanoMATRIX ’     –    involves the nanoscale coating of 
a functional material onto each of the monofi laments that forms a woven or 
knitted fabric. The application of this technology is expected to lead to the develop-
ment of newer and complex functionalities, in turn bringing about remarkable 
improvements in the existing functions (quality, durability, etc.) and expansion of 
use in materials/application, without the fabric losing any of its textural 
properties.  

  14.5 
 Environmental Concerns 

 Since the onset of the Industrial Revolution, environmental law has steadily 
increased in popularity due to an interest in public health and safety and the 
environment  [56] . As the environmental concerns regarding a novel material 
cannot be addressed by existing health and safety legislation, there is a clear need 
to develop fully fl edged norms and regulations not only for the use of nanomateri-
als but also for their disposal in the environment. In the case of textiles, both the 
fi nished product and effl uent are likely to be of major concern. As textile products 
have the closest interaction with the human body, they must be evaluated in terms 
of their toxicology and levels of tolerance. Similarly, the quantities of nanomateri-
als that leach into the effl uent during a fi nishing process should be reduced and 
maintained within permitted limits. During the past few decades, there has been 
increased interest in reducing the availability of commercial textiles containing 
antibacterial agents, so as to limit environmental pollution. As silver is a good 
antibacterial agent, is nontoxic, and is also a natural inorganic metal, it appears to 
be an interesting material for use in different types of textile fi ber. Likewise, as 
microbes become increasingly involved in systems for the synthesis and accumula-
tion of metal nanoparticles, these too must be removed from the effl uent. In one 
study, it was found that silver nanoparticles in an effl uent from a cotton nanofi n-
ishing process could be removed effi ciently by using  Chromobacterium violaceum  
 [40] , a microorganism which is capable of absorbing, metabolizing and/or storing 
metal ions, thereby preventing damage to the environment. Very recently, a study 
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was carried out to analyze the risk to freshwater ecosystems caused by the release 
of silver from nanoparticles incorporated into textiles and plastics  [57] . In this case 
study, which focuses on the river Rhine in 2010, biocidal plastics and textiles are 
predicted to account for up to 15% of the total silver released into water in the 
European Union. However, due to a lack of information on the toxicity of envi-
ronmentally relevant silver species, only a limited risk assessment is possible at 
this time, although no risk is predicted for microbial communities in sewage treat-
ment plants.  

  14.6 
 Conclusions 

 Today, the use of nanotechnology has allowed textiles to become  ‘ multifunc-
tional ’ , and the fi rst commercial entries of nanotechnology have recently been 
made into the  ‘ textile arena ’ . The emergence of an ability to create, alter and 
improve textiles at the molecular level, and to enhance their durability and per-
formance beyond those of existing textile products, is already clearly visible. Yet, 
in order to continue this favorable trend, the global textile industry must not only 
contribute generously to research efforts in nanotechnology, but also intensify its 
collaboration with other disciplines. Nanotechnology represents a means of 
adding value to a product, and may also serve as a valuable tool in generating 
extra revenue for an already hard - pressed textile industry. The twofold focus of 
nanofi nishing in textiles will be: (i) to upgrade the existing functions of textile 
materials; and (ii) to develop  ‘ smart ’  textiles with unprecedented functions. Wear-
able solar cell and energy storage, information acquisition and storage, sophisti-
cated protection and detection, healthcare and wound healing function are just a 
few of the many functionalities of textiles that are likely to be developed in the 
near future.  
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– DNA carrier for gene therapy   281f., 526
– drug release system   292ff.
– in vitro bioimaging   287
– in vivo bioimaging   287, 291
– in vivo tumor therapy   283, 514ff.

– photothermal therapy   268, 277, 279f., 
284, 286f., 291ff.

– pulsed laser plasmonic phototherapy 
(PLPP)   518ff.

– radiofrequency (RF) thermal damage   279f.
green chemistry   407
green reductant   48
green solvent   48
growth   43, 49, 112, 413f.
– anisotropic   104, 132, 134, 266, 314
– bimodal   123
– control   242
– diffusion-controlled   363
– direction   78, 108, 133, 246
– inhibition   161, 226, 314ff.
– isotropic   266
– kinetically controlled   413
– photoinduced   125
– polyhedral NP   119
– rapid   263
– rates   38, 241, 307
– reaction   308
– secondary   369
– seed-mediated   239, 252f.,
– solution   239
– unimodal   124
growth mechanism of gold nanocrystals   

261ff.
– competitive growth stage   263
– reaction temperature   262
– reverse transformation   261
– seed-mediated growth   239, 252f., 426ff.
– shaped-directing constituents   265
– stability   264

h
heating properties of NP, see laser heating
high-throughput molecular diagnostics   175
high-throughput screening (HTS)   176
HIV (human immunodefi ciency virus)   163, 

165, 532
HOPG (highly oriented pyrolitic graphite)   

108
hot injection, see morphology of palladium 

nanocrystals
hot spots   189
hydration layer   265
hydrophilic   242, 346, 545
– functional groups   346
hydrophobic
– aliphatic thiols   242
– fi bers   545
– shell   27
– super-   553
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i
ICP-MS inductively coupled plasma mass 

spectroscopy   163
incubation   263f.
– continuous   263
– times   324ff.
inhibition
– cell growth   161, 226
– of infl ammation   229, 269
inorganic ions   368f., 373
inorganic molecules   368f.
in-situ acidic etching   116
in-situ analyses   73
interaction
– analyte   179f.
– attractive   101, 106
– biological   235
– cluster-matrix   506
– cooperative noncovalent   28
– energy model   35
– fl uorophore-metal   182
– gold-gold   470
– hybridization   197
– particle-cell   161
– particle-surfactant   161
– repulsive   101
– size-dependent   407
– van der Waals   101
intercellular adhesion molecule 1 (ICAM-1)   

81
interface
– air-water   385
– heterogeneous   265
intermetallics   390f.
in vitro
– anticancer activity   86
– cytotoxicity of gold NP   286
– cytotoxicity of silver NP   157
– nanorods   517
– nanoshells   514ff.
– nanospheres   516f.
– selection technique   320
– toxicity of silver NP   227ff.
– wounding model   161
in vivo
– animal studies   517f.
– anticancer activity   86
– biological research   154
– gentoxicity   229f.
– imaging   283
– toxicity of silver NP   229ff.
IR (infrared) spectroscopy   333f.
irradiation
– continuous-wave laser   292f., 294
– convergent electron beam (CEB)   78

– γ-irradiation   383
– near-IR pulsed-laser   291

j
Joule heating   464

k
keratinocytes   160f.
kinetics on shape control   367ff.
Kirkendall effect   328

l
lab-on-a-chip   173
LaMer model   363ff.
Langmuir-Blodgett (LB) technique   385f.
– fi lm   391
laser
– ablation (LA)   38, 40f.
– continuous-wave (CW)   495, 505f., 510
– CW laser plasmonic phototherapy, see 

plasmonic laser phototherapy
– fl uences   521, 523, 525ff.
– heating properties   504ff.
– irradiation   283f. , 505
– localized thermal damage   518, 521ff.
– particle heating/cooling models   506ff.
– pulsed   495, 505f., 510, 518, 521
– pulsed laser plasmonic phototherapy, see 

plasmonic laser phototherapy
laser-based cancer therapy   493ff.
laser-induced phase change   509ff.
ligand
– exchange   242
– passivating   268
– phosphine   311ff.
– stabilizing   308, 315, 344
– structure   24
light-emitting diode (LED) illumination   

124f., 290
liquids
– cryogenic   12
– ionic (Ils)   14, 37f., 48
lithography   186ff.
– bead   243
– dip-pen nanolithography (DPN)   323
– electron beam (EBL)   186f.
– focused ion beam   186
– scanning probe microscope   186
lotus-effect   553

m
magnetostatic energy   328
Maxwell equations   100, 237, 408
mediator   161, 179
– oxygen   81
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– redox   81
medical imaging magnetic resonance 

imaging (MRI)   72, 80f., 87
medical imaging positron emission 

tomograpgy (PET)   72, 81, 87
MEF (metal-enhanced fl uorescence)   137, 

181f., 186
metabolic disorders   81ff.
metal
– atoms   12, 31
– fi lm   179
– heterostructures   265
– particles   12
– solid metal phase (SMP)   79
– set-up   181
metal-dendrimer complex   31
micells   18, 30
– AOT   35, 108
– reverse   18, 22, 73
– shape   20
microemulsions   18, 20, 35, 107f.
– quaternary systems   41
– water-in-oil (w/o)   18f.
Mie theory   237, 410, 542
minimum bactericidal concentration (MBC)   

154
minimum inhibitory concentration (MIC)   

154, 226
MIR (magnetic resonance imaging), see 

medical imaging
MOCVD (metal organic chemical vapor 

deposition)   12, 385
molecules
– analyte   179f.
– biological   310
– dendritic   31
morphology
– one-dimensional structures   133, 358, 

380ff.
– pseudo-zero-dimension Pt NP   376
– shape   20f., 73, 99f., 235f., 238, 240, 242, 

244, 254, 412
– shape control   359ff.
– stability   25, 30f.
– three-dimensional structures   358, 368, 

386ff.
– two-dimensional structures   358, 368, 

383f., 411
– zero-dimensional structures   358
morphology of biological synthesized 

nanomaterials   471ff.
morphology of copper nanomaterials   14, 

20, 25, 28, 73
– cylindrical   19f.
– nanocables   8

– nanoclusters   8
– nanodisks   20, 22
– nanofi ber   8
– nanorods   14, 16, 20, 25, 30, 38, 46, 48f.
– nanotubes   25, 32f., 37
– nanowires   12, 14, 17, 32f., 37, 48f.
– shape   20f., 73
– spherical   3, 9, 12, 14, 23, 71ff.
morphology of gold nanomaterials   236, 

244, 247f., 250ff.
– as-grown nanocrystals   259f., 264
– bipyramids   431, 433
– decahedrons   256f., 261ff.
– hexagonal   263
– icosahedrons   257f., 261f., 265
– irregular multipods   259
– isotropic   263
– multiple twinned decahedral   258
– multishaped   432ff.
– nanocubes   240f., 245f., 248, 250, 265, 

422f.
– nanoplates   251, 254, 262f., 266f.
– nanoprisms   297
– nanorods   239, 243, 253f., 427ff.
– nanosheets   424f.
– nanoshells   283f., 514ff.
– nanowire   251, 253, 265
– octahedron   258, 260f., 263, 423f.
– shape   235f., 238, 240, 242, 244, 254
– spherical   237, 422, 426f., 516f.
– tadpoles   432
– tetrahedrons   257, 263
– tetrapods   297
– thorny gold nanostructures   431f.
– triangular nanoplate   257f., 263, 265
– twin plane   257, 263
– twinned nanoplates   262f.
– twinned nanorods   256, 261f.
morphology of palladium nanomaterials 

307, 314ff.
– aspect ratio   322ff.
– crystal facets   315
– decahedral   321f.
– growth habit   365ff.
– hexagonal nanoplates   318, 320
– hollow spheres   309, 327
– hot injection   365
– icosahedral   321f.
– nanobars   315
– nanoboxes   316, 318
– nanocages   315f.
– nanocubes   315f., 318, 320
– nanorectangles   315
– nanoribbons   324ff.
– nanotubes   322f., 326
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– octahedra   320f.
– spheres   309, 328
– triangular nanoplates   318f., 322
– trigonal   322
morphology of platinum nanomaterials   

357, 359ff.
– aspect ratio   386, 389
– cubo-octahedron   378f.
– decahedron   366
– defects for shape control   365f.
– dendritic sheets   383ff.
– faceted particles   377ff.
– fl ower-like   386f.
– hollow structures   388f.
– icosahedrons   367
– multipods   358, 367, 383f., 386ff.
– nanocubes   369, 377f.
– nanofl owers   386f.
– nanorods   380ff.
– nanoplates   384
– nanotubes   380f., 383
– nanowire   380ff.
– shape control   359ff.
– spherical   379f., 388
– octahedron   378
– oriented attachment   369f.
– porous nanonetwork   385
– rapid reduction   365
– shape control   359ff.
– spherical   379f.
– tetrahedron   366, 378f.
– tetrahexahedron   379
– triangular plates   383f.
– twin plane   382
– twinning   365ff.
– uniformity control   363
morphology of silver nanomaterials   

417ff.
– aspect ratio   110f.
– bipyramids   119f., 419f.
– cubes   117ff.
– nanobars   120f.
– nanobeams   120
– nanocubes   417f.
– nanohexapods   420f.
– nanoplates   122, 125, 129ff.
– nanoprisms   122ff.
– nanorice   120
– nanorods   110ff.
– nanowires   110f., 114ff.
– shape   99ff.
– spherical   99ff.
Muller-Hinton agar (MHA) plates   225
multiphoton luminescence   528

n
National Nanotechnology Initiative (NNI)   

71
National Institute of Environment Research 

(NIER)   230
NMR (nuclear magnetic resonance) 

spectroscopy   334ff.
nucleation   43, 103, 112f., 413f.
– bursting   363
– center   238
– heterogeneous   362f., 367
– homogeneous   38, 242, 362
– parameters   361f.
– polyhedral NP   119
– rate   38, 361
– secondary   362f.
– stage   359
– theory   359ff.
– type   362f.
nuclei   359, 261
nucleus   360
– critical   44
– formation   238f., 249

o
oblique angle deposition (OAD) method   

189
optical properties of NP
– aggregation   500f.
– geometric changes   502
– material composition   501f.
– near-fi eld tunability   502ff.
oscillation
– coherent   100
– collective   100, 408, 495
– standing   408
Ostwald ripening process   122, 124, 129, 

240, 264, 311, 364f., 423
oxygen
– dissolved   4, 13
– reactive oxygen species (ROS)   160f.

p
palladium nanomaterials
– aggregation   310, 344
– anisotropic   314ff.
– applications   344ff.
– aspect ratio   322ff.
– characterization   329ff.
– colloidal   307, 344f.
– cluster   325
– diameter   307, 325
– environmental remediation   348
– growth   307, 311, 314
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– hollow spheres   309, 327
– immobilized   344f.
– isotropic   306
– monodisperse   308, 311ff.
– morphology, see morphology of palladium 

nanocrystals
– shape-controlled   305f., 311
– shell   309f.
– size-controlled   305f., 310f.
– spheres   309, 328
– stabilizers   307ff.
palladium nanomaterials in life sciences   

343ff.
– catalysis   343ff.
– environmental remediation   348
– sensors   348f.
partial least squares discriminate analysis 

(PLS-DA)   194ff.
particle
– core/shell   24, 44, 126
– dispersibility   35, 101
– heating/cooling models, see laser-based 

cancer therapy
– multimetal   17
– multiply twinned (MTP)   117, 246f., 251, 

257, 259ff.
– repulsion   101f.
– separation distance   35f.
– size control   305f., 310f., 411
– size distribution   8, 104, 122f., 261, 307f., 

310ff.
– temperature   506ff.
– unstable   360
passivation   246
– components   243
– layer   242, 266
PET (positron emission tomograpgy), see 

medical imaging
phase-changes   509ff.
– liquid-vapor   510
phase diagram   20, 26
– TO20/H2O/CuSO4 system   26
photochemical conversion   39, 122f, 129
photothermal effect   268, 277, 279
photo-oxidation inhibitors   185
plasmon excitation bands   236f.
plasmonic laser nanoablation (PLN)   

527f.
plasmonic laser phototherapy (PLP)
– bubble formation   523ff.
– continuous wave (CW)   514ff.
– localized thermal damage   518, 521ff.
– non-linear absorption-induced   526f.
– parameters   530f.

– pulsed laser plasmonic phototherapy   
518ff.

platinum alloys   390
platinum nanomaterials
– aspect ratio   386, 389
– catalytic property   357
– cluster   359
– crystal defects   383, 387, 391
– 3-D network   389
– growth   363ff.
– hollow structures   388f.
– hyperbranched   386f., 389
– morphology, see morphology of platinium 

nanocrystals
– monodispersed   379
– shape control   359ff.
– spherical   379f.
polymer
– gelatin   39
– PEGs (polyethylene glycols)   30, 242
– PMMA (polymethylmethaacrylat)   157
– PVA (poly(vinyl alcohol))   30, 41, 105
– PVP (poly(vinylpyrrolidone))   30f., 34, 39, 

41, 103f., 242
– surface layer   158
– thermoresponsive   296
– UHMWPE (ultra-high-molecular-weight 

polyethylene)   158
polymer/surfactant mixtures   30
precursors   8f., 15f., 25, 48, 238f., 379, 391
principle component analysis (PCA)   198f.

q
QDL (quantized double-layer)   341
quantum
– dots   174, 267
– size effect   305

r
radiative decay   182
radical   373
– organic (OR)   77
– reduction   104
– surface   161
γ-radiolysis   104f., 307
rapid reduction, see morphology of 

palladium nanomaterials
Rayleigh light-scattering   237
reaction
– aqueous organic interface reaction 

technique (AOIRT)   27
– carbon-carbon (C-C) coupling   305, 343, 

346
– exchange   310
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– Heck recation   305, 343, 347
– hydrogenation   305, 346f.
– kinetics   318
– medium   241f.
– product   37
– solid-state displacement   8
– Stille reaction   305, 343, 347
– Suzuki reaction   305, 343, 346f.
– temperature   27, 246, 316, 361
reaction-limited growth   364
reactor
– laminar fl ow   12
– monodisperse nanoreactor   31
– steady-fl ow   30
redox
– potentials   327
– reaction   30, 33f., 37f.
– reactivity   38
RNA-detection   196ff.

s
scale-up   411
screen-printing (SP) technology   73, 82f., 89
SAED (selected-area electron diffraction)   

16, 21, 24f., 47, 134, 250, 339, 382, 420f.
seed
– capped gold seeds   244f.
– concentration   130ff.
– cubo-octahedral silver NP   118
– penta-twinned   263f., 265
– single-crystal   120
– stability   264
– twin crystal seed   382
seed-catalyzed reduction   131
seed-mediated growth   131, 239, 252f., 

426ff.
self-assembled
– block copolymers   243, 410
– hyperbranched Pt multipods   389, 391
– monolayers (SAMs)   80
– thiol adlayers   80
– spontaneous   382
– structure   18f.
SEM (scanning electron microscopy)   16, 

24, 47, 49f., 79, 115, 118, 329, 331f.
– fi eld emission (FE)   17, 47, 249, 423f.
semiconductor
– cupric copper oxide   80
– dielectric   235
sensors
– biosensor   174, 178, 198, 235, 348f., 550
– environmental   185
– glucose biosensor   81
– LSPR   178ff.

– Pd NP   348f.
– single-use   73
shape variation, see morphology
shell
– biocompatible   27
– hydrophobic   27
– oxide   13
– polymeric protecting   11
– thickness   44, 309f.
signal-to-noise ratio (SNR)   189
silica spheres   309f.
silver halide model   135, 257, 263
silver nanomaterials
– aggregates   108, 124, 127, 131, 186
– anisotropic   99ff.
– antimicrobial activity   225ff.
– applications   137, 149ff.
– arrays   186ff.
– aspect ratio   110f.
– cluster   104, 122
– colloids   106, 110, 188, 547
– core-shell   126
– diameter   103
– environmental impact   225f., 232
– fabrication   185
– growth   104, 111f., 116, 132f.
– health impact   225ff.
– hydrocolloidal   229
– individual NP   185
– monodisperse   108, 122, 131
– morphology, see morphology of silver 

nanomaterials
– optical properties   99ff.
– preparation   101ff.
– shape, see morphology of silver 

nanomaterials
– size   99f., 106, 108f.
– single-crystal   108, 117
– spherical   99ff.
– stability   101f.
– toxcicity   159ff.
– translocation   162
silver nanomaterials diagnostic techniques   

176ff.
– applications   190ff.
silver nanomaterials in medical diagnosis
– high-throughput molecular diagnostics   

175
– MALDI (matrix-assisted laser desorption/

ionization)   153
– SERS, see surface-enhanced raman 

scattering
– third-harmonic-generation (THG) 

microscopy   154
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silver nanomaterials in medical therapy   
149ff.

– anti-infl ammatory   151f., 163
– antimicrobial effects   150f.
– anti-viral drugs   163f.
– artifi cial joints   158
– bone cement   157f.
– desinfectants   159
– gastrointestinal tract   162
– impregnated catheters, see catheters
– orthopedic applications   157ff.
– proteomic approach   150f.
– pulmonary entry   161f.
– surgical mesh   158f.
– wound dressings   154f., 160
SNOM (scanning near-fi eld optical 

microscopy)   442
solid compound phase (SCP)   79
sonochemistry   38, 46, 77f., 373
– pulse sonoelectrochemical synthesis   46f.
– ultrasonication   249
spin-lattice relaxation (T1)   80
spin-spin relaxation (T2)   80f.
SPM (scanning probe microscopy)   332f.
spray pyrolysis   39
stabilization
– cathodic   43
– Cu nanoparticles (NP)   13, 27, 37
– electrostatic colloidal   13
– electrosteric   13, 28, 44
– steric   13, 127
STM/STS (scanning tunneling microscopy 

and spectroscopy)   342f., 465, 467
substrate
– Ag-nanorod array   189
– glassy-carbon (GC)   83
– nanoparticle   179f.
– preparation techniques   187
– SERS   187, 189f., 193
– silicon   32
– surface   179, 187
supercritical water   34f., 37
superhydride   308
superlattice
– bimodal   110
– Cu NP   25
supersaturation   361, 363ff.
surface
– area   73, 80
– binding model   133
– catalytic   82
– dendrimer   310f.
– density   264
– free energy   361

– morphology   73
– polarization   410
– resonance   77, 100
– roughening   187
– structure   247
surface-active functional groups   242, 252, 

265
surface-active layer   265
surface-directing agents   264
surface energy   361, 412, 425
– high-index facets   412
– low-index facets   110, 264, 412
– minimization   314
surface-enhanced fl uorescence   99
surface-enhanced infrared absorbance 

spectroscopy (SEIRA)   183, 185f.
surface-enhanced Raman spectroscopy 

(SERS)   99, 103, 137, 152f., 175f., 183ff.
– bacteria detection   201ff.
– calibration curve   201
– detection confi gurations   191f.
– labeling techniques   197
– MicroRNAs as biomarkers   193f.
– nucleic acids detection   196ff.
– sensitivity   200f., 207
– small biomolecule detection   192f.
– spectra   193ff.
– surface enhancement factor (SEF)   

189
– substrate fabrication techniques   187ff.
– virus detection   198ff.
surface-enhanced resonant Raman 

spectroscopy (SERRS)   175, 542
surface-enhanced vibrational spectroscopy 

(SEVS)   181, 184
surface plasmon resonance (SPR)   100f., 

174, 176ff.
– absorption   39, 100, 180, 409, 495ff.
– based biosensors   174, 178
– excitation   124, 126
– far-fi eld   442f.
– in-plane dipole   122, 131f.
– localized (LSPR)   137, 177ff.
– localized surface plasmon resonance 

wavelength (LSPRW)   177, 179ff.
– near-fi eld scattering dynamics   498ff.
– origin   408f., 495ff.
– oscillation   100, 408, 495f.
– out-of-plane quadruple   123
– peak   22
– profi le   178
– scattering   407, 409, 495ff.
– set-up   178
– surface plasmon bands   284
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surfactants   11, 17f., 20, 38, 76, 107, 112f., 
133, 255

– alkyl chains   44
– anionic   20
– AOT (bis(2-ethylhexyl) sulfosuccinate))   

107f.
– cationic   20, 76, 255
– CTAB (cetyltrimethylammonium bromide)   

107, 111ff.
– CTAC (cetyltrimethylammonium chloride)   

257
– CTAT (etyltrimethylammonium tosylate)   

112f.
– DPPC (di-palmitoyl-phosphatidyl-choline)   

161
– SDS (sodium dodecylsulfate)   107
synthesis of copper nanomaterials
– aerosol OT (AOT)-capped   14, 18
– alkyl-phosphate-capped   22
– alkyl-sulfate-capped   22
– alkyl-thiol-capped   22, 24
– arc-discharge   10
– arc evaportaion/condensation   11
– biotemplate systems   32f.
– capped by molecules with biological 

relevance   26ff.
– capped by nonionic stabilizers   25
– capped by nonionic surfactants   25
– capped by quaternary ammonium 

surfactants   25, 27
– chemical reduction in aqueous media   

75f.
– chemical reduction in organic media   76f.
– dendrimer-encapsulation   28f., 31f.
– electrical wire explosion (EW)   8
– electrochemical   42ff.
– electrochemical milling   42, 46
– electrochemical reduction   78f.
– electron beam-assisted processes   38, 42
– electrospinning (ES)   8
– fl ame spray pyrolysis   10
– hydrothermal routes   33f.
– inert gas condensation (IGC)   12
– ionic liquids (Ils)   37f., 48
– laser ablation (LA)   38, 40f.
– machine-chemical reduction   78
– metal-organic chemical vapor 

condensation   12f.
– metal-organic chemical vapor deposition 

(MOCVD)   12, 385
– metal vapor condensation   12
– microemulsion-based   17
– photochemical processes   38ff., 77
– photo-fragmentation processes   40f.

– plasma polymerization technique   11
– polyol process   28, 30
– radiation-assisted processes   38, 41f.
– redox routes in compressed and heated 

fl uids   33ff.
– soft-template process   17, 28, 30
– soft-wet-chemical   17f.
– solid-liquid phase arc discharge (SLPAD)   

11
– solution-based   4
– solvothermal routes   34
– sonochemical   38, 46f., 77f.
– spray pyrolysis (SP)   9
– supercritical fl uids   34f.
– ultrasonic-chemical processes   38
– ultrasonic-electrochemical   46f.
– wet chemical routes   14ff.
synthesis of NP through biological means
– bacterial   440, 480ff.
– extracts from biological tissues   473, 

476ff.
– fungal   440, 478ff.
– inactivated biological tissues   473
– living plants   440, 482ff.
– oat biomass   463, 466ff.
– wheat biomass   463, 466, 469f.
synthesis of gold nanomaterials
– amine reduction   251f.
– biosynthetic   437ff.
– Brust-Schiffrin   436
– citrate reduction   248f., 415f.
– DMF reduction   248ff.
– electrochemical   255
– fast reduction by sodium borohydride   

244f.
– photochemical   255
– polyol   243, 245ff.
– seed-mediated   252f., 426ff.
– shape-controlled   250
– silver ions   247f.
– thermal reductions   248ff.
synthesis of palladium nanomaterials
– aqueous phase   370ff.
– colloidal   370, 373
– dendrimer stabilizers   310f.
– DNA stabilizers   314
– electrochemical   373
– electroless deposition technique   326f.
– isotropic NP   306f.
– microwaves   373
– non-hydrolytic   373f.
– phosphine and biophosphine stabilizers   

311ff.
– polymer stabilizers   307f.
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– γ-radiolysis   307, 373
– reduction   306
– solvents   375f.
– sonication   373
– thioether stabilizers   311
– thiol stabilizers   308ff.
– wet-chemical   306ff.
synthesis of platinum nanomaterials
– galvanic method   381, 388
– Langmuir-Blodgett (LB) technique   385f.
– polyol   380ff.
– template   382f.
– template-free   380ff.
synthesis of silver nanomaterials
– anisotropic NP   109ff.
– aqueous method   103f., 111f., 117
– biosynthetic   437ff.
– chemical reduction   103f.
– γ-radiolysis   104f.
– microemulsion methods   107f.
– organic polyol-based methods   113f., 

117ff.
– organic solvents   106ff.
– photochemical metods   122ff.
– physical methods   104ff.
– polyol   416ff.
– reduction by the solvent   107
– self-seeding coreduction   128
– stability of sterically stabilized NP   106f.
– thermal methods   127
– thiol-stabilized NP   109f.
– wet chemical   185
synthetic strategies
– bottom-up   410f.
– chemical synthetic approach   414
– top-down   7, 410f.

t
TEM (transmission electron microscopy)   9, 

16ff.
– high-resolution (HRTEM)   26, 47, 120, 

136, 245, 259, 310, 329ff.
template
– anodizing aluminium oxide (AAO)   381
– carbon nanotubes (CNT)   75
– etching time   49
– growth   188
– hard   243
– mesoporous silica   37
– morphology   20
– organic-inorganic   105
– soft   368
– spherulites   26
– structure   18, 31

template-assisted electrochemical growth   
48f., 322f.

– copper NP   48f.
– Pd NP   322f.
TGA (thermogravimetric analysis)   116, 

339f.
thermal
– annealing   25
– denaturation   522f.
– energy   114
– explosion   525f.
top-down approaches, see synthetic strategies
total turnover (TTO) number   37
toxicity of NP
– cytotoxicity of gold NP   267ff.
– cytotoxicity silver NP   157, 162
– in vivo   229f., 232
– inhalation   230ff.
– oral   230
– risk   408
– tissue   230f.
transformation
– organic-phase   346
– shape   526
transition metals   4, 17, 31, 43, 305
transmetallation   267
truncation   129, 131
turnover frequency (TOF)   305
two-photon luminescence (TPL) 289

u
UV
– irradiation   39, 105, 255f., 283
UV-switchible reducing agent   105
UV-visible absorbance spectrometry   334f., 

408
UV-visible NIR spectra   125, 128, 283
UV-visible spectrum   22, 100, 102, 111, 129, 

256, 441, 465f.

x
XANES (X-ray absorption near-edge 

structure)   444ff.
– simulation   446ff.
XAS (X-ray absorption)   407, 465, 470
XPS (X-ray photoelectron spectroscopy)   

45f., 116, 248, 336f.
XRD (X-ray diffraction)   11, 16, 133, 135f., 

338, 423f., 441, 465ff.
– pattern   47, 49, 118, 134, 465f.
XRR (X-ray refl ectivity)   338f.

z
zero-dimensional structures, see morphology
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