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Chapter I 
 
 
 
 

Introduction 

 
 
 
 
 
 
 
 
 
 

This chapter is an introduction to the thesis and gives a brief overview of 
nanotechnology. The chapter discusses the unique properties of nanoparticles, their 
applications and methods of preparation and focuses on the parameters that could alter 
nanoparticle properties. Further, nanoparticle assemblies have been discussed in detail 
with particular emphasis on the importance of DNA based assemblies. This chapter 
also discusses bimetallic nanostructures, their properties and synthesis protocols along 
with their numerous technological applications. Towards the end, the chapter 
summarizes the outline of the thesis, division of chapters and its salient features. 
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1.1 Introduction to Nanotechnology 

Nanotechnology is the science of manipulating objects at nanoscale lengths. 

The term ‘nano’ is Greek for ‘dwarf’ and nanometer refers to the billionth part of a 

meter. To put this in perspective, a single human hair measures 75,000 nm across and 

10 hydrogen atoms lined together would make up 1 nm. 

 

Figure 1.1 “The nanoscale”: size comparison of nanoparticles with other ‘small’ entities. 
(Images courtesy: A (a-k): various sources at http://images.google.com; B: Wiley, B. et al., 
Chem. Eur. J. 2005, 11, 454; C-a, b: www.news.cornell.edu/science.html; C-c: 
www.agiltron.com). 

However, Nanotechnology is not merely creating and observing ‘dwarf’ 

objects, the working definition of nanotechnology as described by the National 

Nanotechnology Initiative of US, encompasses the following: 

1. Nanotechnology involves research and technology developments at 
1 -100 nm ranges. 

2. Nanotechnology creates and uses objects that have unique 
properties because of their small size. 

3. Nanotechnology builds on the ability to control or manipulate at 
atomic scales. 
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Figure 1.1 compares the size of nanoparticles with those of other ‘small’ 

objects, both artificial and natural, that we are familiar with. These comparisons give 

a glimpse of the scales that one needs to manipulate when working with nanoparticles. 

It’s the plethora of exotic properties offered by the smaller forms of materials 

that is the motivating force behind the miniaturization overdrive. These novel 

properties have not only generated new technology but also have given a totally new 

dimension to existing technologies. 

1.2 Historical perspective  

Applications of nanotechnology preceded the current understanding by many 

centuries. Be it the colored windows of the chapels and palaces [1] or the decorative 

Lycurgus cup of fourth century AD [2], the healing sols of gold and silver in the 

traditional medicines [3] or the Damascus Saber [4] used against the crusaders, people 

realized that a certain form of material could generate exceptional colors, healing 

power and strength, much more than anything they had known till then. Mayan 

civilization witnessed the use of nanoparticles in wall paintings, colors that would last 

for centuries [1].  

It was only with Faraday’s pioneering work on systematic synthesis of gold 

sols in the year 1857 [5], that nanotechnology as a discipline started to swell, and in 

the next three decades, engrossed people from pure sciences, engineering and 

medicine alike, into the exciting world of nanotechnology. Significant contributions 

also came from researchers such as Thomas Graham [6] and Norio Taniguchi [7] who 

coined the terms ‘colloids’ and ‘nanotechnology’, respectively. More recently, 

Richard Feynaman’s plenary talk titled, ‘There’s plenty of room at the bottom’, 

discussed the potential advances nanotechnology could bring about and is considered 

to be the foundation for modern nanoscience research [8]. The progress has been 

made possible by the emergence of tools and technologies that have made 

visualization and manipulation of nanoparticles possible. 

1.3 Properties of nanomaterials and applications thereof 

As mentioned above, the surge in nanotechnology research over the last few 

decades was fueled by the set of interesting properties shown by the nanomaterials. 
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These novel properties have thrown open avenues for new technologies and 

applications that were not achievable with bulk materials. 

The transformations in the properties of materials, as one reduces the size 

from bulk to nano domain, are the manifestation of changes in the electronic state of 

the matter. As the size of the materials approaches atomic dimensions, energy level 

bands are slowly transformed into quantised discrete energy levels. Since the changes 

in the electronic structure occur in the nanometer region, it gives an insight as to how 

the properties evolve from the molecular or atomic level to the bulk. Also the 

reduction in size would confine the electronic motion, which is therefore evident in 

terms of unique physical and chemical properties of the material [9]. 

  Although, the changes in the properties with the reduction in size holds true 

for all materials, this thesis is focused on the studies of such phenomena in the metal 

nanoparticles and emphasize on the properties, synthesis and application of the metal 

nanostructures.  

 

Figure 1.2 Schematic representation of increasing surface area with reducing size. (Image 
courtesy: http://piru.alexandria.ucsb.edu/collections/geography3b/p-s/ps06-05a.jpg ). 

The most apparent change resulting from the size reduction is the enormous 

increase in the surface-to-volume ratio of metal nanoparticles as depicted in Figure 

1.2. What it means in atomic terms is that the percentage of the surface atoms 

increases and so does the surface energy, making the nanoparticles surface highly 
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active. For instance, iron nanoparticles of sizes 3 nm, 10 nm and 30 nm will have  

50 %, 10 % and 5 % of atoms on the surface, respectively [9]. Thus, it is evident that 

the properties obtained at the nanoscale could vary with the changes in the particles 

size. Interestingly, size is only one of the parameters that govern the properties of 

nanoparticles, others being shape, composition, dielectric properties of the particles 

and surrounding medium and interparticle interactions. Such remarkable variations 

exist because of the comparable dimensions of nanoparticles to the de Broglie 

wavelength of the charge carriers and their high surface to volume ratio [10]. Varying 

one or all of these parameters provides tunability of the nanoparticle properties and 

has generated extensive research interest.   

One of the most interesting aspects of metal nanoparticles is their optical 

property. The optical properties of metal nanoparticles can be attributed to the 

phenomenon of surface plasmon resonance (SPR) i.e., the coherent charge density 

oscillations [11]. The electric field of the incoming radiation induces the formation of 

a dipole in the nanoparticle, and there is a restoring force due to the positive 

polarization charge that tries to compensate it, so that a unique resonance frequency 

matches this electron oscillation within the nanoparticle (Figure1.3, A). The surface 

plasmons are characterized by strong field enhancement at the interface, while the 

electric field vector decays exponentially away from the surface (in the nm range) 

[12a, b]. When the dimensions of the conductor are reduced, boundary and surface 

effects become very important, and for this reason, the optical properties of small 

metal nanoparticles are dominated by such a collective oscillation of conduction 

electrons in resonance with incident electromagnetic radiation [12c]. The plasmon 

frequency for metals such as Pb, Hg, In and Cd lies in the UV region and therefore 

does not show color effects. However, for coinage metals Au, Ag and Cu, which form 

air stable colloids, the d-d band transitions push the plasmon frequency into the 

visible part of the spectrum, giving them their characteristic colors.  

Plasmon resonance of nanoparticles being a surface phenomenon is affected 

by any change in the electron density of the surface layer and surrounding medium 

[12d]. Other factors that influence the surface plasmon are the particle size, shape and 

composition. For non-spherical particles, such as rods, the resonance wavelength 
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depends on the orientation of the electric field relative to the particle, and thus, 

oscillations either along (longitudinal) or across (transversal) the rod are possible 

[13a] (Figure 1.3, B). Because of the dimensionality of anisotropic shapes, the 

frequencies associated with the various resonance modes can be quite different, and 

thus the optical properties can be largely affected.  

 

Figure 1.3 Plasmon oscillation in spherical nanoparticles (A); transversal (B-a) and 
longitudinal (B-b) oscillation of electrons in metal nanorods. (Figure courtesy: 13a). 

The transverse plasmon band shows a linear relation with the aspect ratio 

(ratio of length to width) and the dielectric constant of the medium [12d, 13b]. With 

an increase in the aspect ratio, the energy separation between the two plasmon bands 

also increases [13c]. In certain cases, another peak in between the two plasmon peaks 

has also been reported, which has been attributed to the in-plane quadrupole mode of 

plasmon resonance [14]. Since these resonances arise from the particular dielectric 

properties of the metals, they can be easily modeled using the equations derived by 

Mie for the resolution of Maxwell equations for the absorption and scattering of 

electromagnetic radiation by small spheres [15a] and their modification by Gans for 

ellipsoids [15b]. The theoretical aspects pertaining to optical properties of metal 

nanoparticles have been further studied in many reviews [15c-f]. Mie theory describes 

the light absorption characteristic of spherical metal nanoparticles [15a], which shows 

that in the size range 3 to 10 nm, the absorption does not depend strongly on the size 

of the particle. This is due to the fact that the higher order terms in the Mie formula 

become insignificant in this size range. Thus, only the dipole term becomes relevant, 

which depends only on the total metal concentration and not the size of the particles. 
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The absorption spectrum of particles in a given solvent can be calculated from the 

optical constants of the bulk metal [15f]. The absorption coefficient, α (mol-1Lcm-1) 

can be calculated according to the relation 

( ) 2
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where λ is the wavelength of light, M and ρ are the molecular weight and density of 

the metal, no is the refractive index of the solvent and ε1 and ε2 are the real and 

imaginary parts of the dielectric constant of the metal. For particles smaller than the 

mean free path of the electrons, the absorption profile is explained using corrected 

values of ε2 [15f] 
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where ω is the frequency of light, ωp the plasmon frequency, VF the electron velocity 

at the Fermi level and R the particle radius (R/VF, mean time of the free movement of 

the electrons). The plasmon frequency can be expressed as following 

0

2

ε
ω

m
Ne

P =                             ………(1.3) 

where N is the concentration of free electrons in the metal, e is charge on one electron 

and m is the effective mass of an electron [15c]. In order to satisfy the resonance 

condition with the incident light, ε1 should be twice the negative value of dielectric 

constant of the medium, 

                      mεε 21 −=              ………(1.4) 

The strong correlation of the optical properties with the size, shape, and 

composition of the nanoparticles is well established and in fact, plasmon absorption 

bands are used as optical signatures for nanoparticles of different morphology and 

composition [16]. 

The increased surface area also renders metal nanoparticles such as gold 

(which, in bulk form, is an inert metal), platinum and palladium highly catalytic [17]. 

The unique surface, electronic structure, high surface area and lower work function 
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make nanoparticles attractive candidates for homogenous catalysis in solution or 

heterogeneous catalysis on a solid support. Dependence of catalytic efficiency on the 

nanoparticle shape has also been reported and is attributed to the preferential 

adsorption of the reactants to certain faces of the nano-crystals [18]. Similarly, 

composition of the nanoparticles also affects the catalytic efficiency and many 

processes have been improved using bimetallic nanoparticles [19]. 

Likewise, other properties such as magnetism [20], electronic properties [21] 

and melting point [22] of the nanomaterials are characteristic of their morphology, 

composition, interparticle interaction and surrounding medium and have been studied 

in great details [23]. 

Owing to these unique and interesting properties, there has been an ever-

growing interest in developing applications of the nanoparticles. It was the 

applications of nanoparticles without much understanding of their chemical and 

physical behavior that lead to the vast areas of nanotechnology research, after which, 

it has been a synergistic relationship between understanding new properties and 

developing new applications, one driving the other. Today, nanotechnology has been 

used in not just developing new techniques and tools, it has played crucial role in 

improving existing technologies. There is a huge literature on the application of 

nanoparticles in sensors [24], catalysis [25], diagnostic tools [26], therapeutic agents 

[27], drug/gene delivery vehicles [28], solar cells [29], plasmonics devices [30], 

cosmetics [31], coatings [32] cell imaging [33], fuel cells [34], photonic band gap 

materials [35], single electron transistors [36], nonlinear-optical devices [37] and 

surface enhanced Raman spectroscopy [38]. 

1.4 Synthesis of nanoparticles 

 As discussed above, properties of the nanoparticles are a manifestation of their 

shape, size and composition. Therefore, not surprisingly, synthesis of nanoparticles 

with control over these parameters has been and will remain, the most challenging 

aspect of nanotechnology research. Even though, numerous methods have been 

developed for the synthesis of nanoparticles, they follow either of the two principles: 

‘top-down’ approach or a ‘bottom-up’ approach. As apparent from the term, ‘top-

down approach’ refers to breaking down materials to sub-micron sizes and was used 
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by mankind to make their earliest tools and materials. Although perfected over time, 

top-down approach is often limited by the precision one can achieve while working at 

the nanoscale. A typical example of the top-down approach is the generation of 

patterned surfaces on SiO2 surfaces by electron beam lithography [39] (Figure 1.4, A 

 

Figure 1.4 The ‘top-down’ and ‘bottom-up’ approach of materials synthesis. ‘A’ illustrates 
the pattern etched on silicon substrate by electron beam lithography, a typical ‘top-down’ 
approach. ‘B’ corresponds to star and smiley fabricated by assembling short DNA molecules 
(Images curtsey: A- www.iu-bremen.de; B-Rothemund, P. Nature, 2006, 440, 297). 

A), which literally etches away the surface, much like chiseling of stones by a 

sculptor. The ‘bottom-up’ approach on the other hand, works by assimilating smaller 

units to fabricate larger structures such as the DNA origami developed by Rothmund 

[40] (Figure 1.4, B) by assembling short complementary DNA strands. Bottom-up 

approach is able to impart excellent precision over the shape and size of the nano-

architectures.    

Synthesis protocols can be broadly divided into physical, chemical and 

biological routes. Different methods that comprise these routes have been surmised in 

scheme 1.1. Physical methods for the synthesis of inorganic nanoparticles includes 

vapor deposition [41], thermal decomposition [42], spray pyrolysis [43], 

photoirradiation [44], laser ablation [45], ultrasonication [46], radiolysis [47] and 

solvated metal atom dispersion [48].  

Chemical methods offer much more control over the synthesis procedures and 

therefore have been widely accepted as most efficient methods. Some of the common 

chemical routes include sol-gel method [49], solvothermal synthesis [50], micelles 

based synthesis [51] and galvanic replacement reaction [52]. 
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Scheme 1.1 Schematic outlining the various approaches for the synthesis of nanoparticles. 

Chemical reduction has been the most popular route towards synthesis of 

metal nanostructures due to easy protocols and the exquisite shape and size control 

provided by this method. The control of size, shape, stability and the assembly of 

nanoparticles have been achieved by using different capping agents, solvents and 

templates. Various types of capping agents have been used ranging from ions [53] to 

polymeric molecules [54] and even biomolecules [55]. Although water has been used 

primarily for synthesis protocols, several reports on use of organic solvents [56], ionic 

liquids [57] and super critical fluids [58] are also available. Similarly, different 

templates such as micelles [59], polymers [60], mesoporous materials [61], carbon 

nanotubes (CNTs) [62], biomolecules [63] and microorganisms [64] have been used 

for the synthesis of nanoparticles on the surface or in confined spaces. 

Despite the advantages associated with the chemical procedures, concern over 

the use of toxic chemicals and solvents along with the high cost factor involved in 

maintaining temperatures and pressures have forced materials scientists to take the 

biological and biomimetic routes for nanomaterials synthesis. The abundance of 

biologically synthesized functional nanomaterials throughout the natural world has 

been the inspiration to create nanomaterials under ambient conditions of temperature, 
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pressure and pH [65-68]. Therefore, growing number of reports of biologically 

synthesized nanomaterials using bacteria [69], fungi [70], yeast [71] and plant extracts 

[72] are appearing in the literature. Similarly, biomimetic approaches involving 

protein-mediated synthesis of various inorganic nanocrystals have been reported 

including peptides such as silaffins [73] and silicateins [74] along with some other 

peptides like frustulins [75] and pleuralins [76]. Besides proteins, other 

macromolecules such as nucleic acids (both DNA and RNA) and even viruses have 

been used as templates for inorganic nanoparticles synthesis. 

1.5 Synthesis of anisotropic nanoparticles 

As the synthesis protocols have evolved over the years, a high degree of 

control over the nanoparticles morphology has been achieved. There are a number of 

examples of physical [78], chemical [79] as well as biological routes [72f, g] where 

well-established protocols exist for the synthesis of specific anisotropic nanoparticles. 

Controlling size, shape, and structural architecture of the nanocrystals requires 

manipulation of the kinetic and thermodynamic parameters of the systems via 

utilization of various additives, light and thermal energies, and their various 

combinations [80]. 

 Thus, nanoparticles of many anisotropic shapes such as nanorod/nanowires 

[81], nanotubes [82], nanodumbbells  [83], nanocubes  [84], nanohexagons  [85], 

tetrahedrals [86], decahedrons  [87], multipods  [88], star-shaped [89], nanodiscs [90], 

nanotriangles [91], dendritic-shaped [92], etc. have been synthesized. Various 

strategies have been applied for the controlled synthesis of anisotropic shape metal 

nanoparticles. The usual methods include: 1) synthesis in micellar/surfactant 

solutions, 2) synthesis using soft and rigid templates, 2) controlling the growth of the 

nanoparticles using physical confinements 3) physical processes such as nanosphere 

lithography, vacuum vapor deposition, 4) direct synthesis in solution in presence or 

absence of additives and 5) morphological transformations of the preformed 

nanoparticles by thermal, photoirradiation or ion irradiation process. Besides, Sastry 

and co-workers have also demonstrated that plant extracts could also be used to 

impart shape anisotropy leading to extremely thin and atomically flat gold 
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nanotriangles while Murphy and co-workers have established seedless and surfactant 

less protocols for gold nanowires synthesis [93]. 

1.6 Nanoparticle assemblies: route to higher order architectures 

 Nanoparticles exhibit size and shape dependent optical and electronic 

properties and as discussed previously, there are well-established protocols for 

synthesis of nanoparticles with discrete morphology. However, another factor 

governing nanoparticle properties and to a great extent, their functionality, is their 

assembly. The physical properties of nanoparticles can be strongly influenced by 

surrounding nanoparticles, some new properties often emerge from the aggregates 

that are distinctly different from those of the corresponding isolated nanoparticles. For 

example, when clusters of metal nanoparticles are placed in close proximity to one 

another, the electrostatic coupling between particles becomes very important [12, 13]. 

Neighboring nanoparticles can affect the resonance frequency in a distance-dependent 

manner, allowing electromagnetic energy to propagate along linear arrays. The 

controlled organization of metallic nanoparticles into one-dimensional, two-

dimensional, or three-dimensional arrays offers a promising route to tailor the flux of 

surface plasmon [12e]. 

Study of nanoparticle assemblies is also of interest as it provides insight into 

the laws governing nanoparticle behavior under different conditions. The most 

common methods employed for such ordered ensembles of metal and semiconductor 

nanoparticles are solvent evaporation, molecular cross-linking and template 

patterning. Some of these modes of nanoparticle assemblies have been discussed 

below. 

1.6.1 Spontaneous organization by solvent evaporation 

 Several groups have demonstrated the formation of spontaneous ordered 

arrays of nanoparticles on solid substrates by solvent evaporation [94]. The success of 

the method depends on various parameters such as nanoparticle concentration, rate of 

solvent evaporation, narrow size distribution, ionic strength and surfactant 

concentration. The relatively weak attractions between nanocrystals, which are 

efficiently screened in solution, become manifest as the solvent evaporates, initiating 
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assembly of intricate, slowly evolving structures [95]. 

Moreover, the capping material stabilizing the nanoparticles also determines 

the interparticle distances of such self-assembled structures [96]. Greater chemical 

control over the interparticle separation between the has been achieved by using 

bifunctional ligands [97], which are bound to the surface of the nanoparticles and can 

bind to a neighbouring particle during the assembly process via the second functional 

group. There are several examples in the literature for the evaporation induced 2D and 

3D assembly of alkanethiol/alkylamine capped gold and silver nanoparticles [98]. 

Kiely et al., have shown that it is possible to produce ordered arrays of nanoparticles 

even from bimodal distribution of sizes of the same metal [99] and also of different 

metals  [100].  

1.6.2 Nanoparticle assemblies through electrostatic interactions 

Using electrostatic interactions, Iler showed that oppositely charged silica and 

alumina particles could be electrostatically self-assembled in multilayer structures by 

alternatively immersing the substrate in the two colloidal solutions [101]. Decher and 

co-workers have demonstrated an alternate layer-by-layer deposition of oppositely 

charged polyelectrolytes and nanoparticles [102]. The electrostatically driven layer-

by-layer assembly has been extensively used to realize polyelectrolye/inorganic 

nanoparticle sandwich structures with nano-magnetite [103], TiO2/CdS [104], SiO2, 

TiO2 and CeO2 [105], CdSe [106] and Au [107] as well as alternating layers of 

positively charged gold and negatively charged silver particles [108]. Sastry and co-

workers have shown that amino acid capped gold nanoparticles can be 

electrostatically assembled in a layer-by-layer fashion by suitably changing the pH 

[109]. On the other hand, Murphy and co-workers have demonstrated assembly of 

gold nanorods on glass substrates using electrostatic interactions via charged 

polymers [110]. 

1.6.3 Dielectrophorectic deposition 

 Dielectrophoretic assembly technique also offers a convenient and rapid 

method for organizing nanoparticles in macro-dimensions. In the process, the particle 

mobility and interactions are imparted by an alternating electrical field applied 
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through two metal electrodes (usually indium tin oxide electrode) immersed in a small 

glass cell containing colloidal solution. The charged nanoparticles migrate under the 

influence of electric field and get deposited on the electrode. The use of external 

fields offers a combination of speed, easy control, and precision, which may not be 

readily available through the inherent particle-particle colloidal interactions. Electric 

fields have been used in the assembly of complex particles [111], colloidal crystals 

[112], biosensors [113] and linear particle aggregates [114]. 

1.6.4 Self-assembled monolayers (SAMs) 

Although 3-dimensional (3-D) systems are structurally and electrically well 

characterized, with respect to future applications the nanoparticles have to be 

organized in 2 (2-D) and 1-dimension (1-D). Here, one needs to take into account that 

not only the control over the deposition rate and density, but also the degree of order 

or disorder, respectively, which is vital for any kind of further technological 

developments. Self-assembled monolayers (SAMs), therefore, are interesting for 

generation of 2-D assemblies. SAMs can be prepared using different types of 

molecules and different substrates. Widespread examples are alkylsiloxane 

monolayers, fatty acids on oxidic materials and alkanethiolate monolayers. 

Indeed, SAM formation provides one easy route towards surface 

functionalisation by organic molecules (both aliphatic and aromatic) containing 

suitable functional groups like –SH, –CN, –COOH, –NH2 and silanes on selected 

metallic (Au, Cu, Ag, Pd, Pt, Hg and Co) as well as semiconducting surfaces (Si, 

GaAs, indium coated tin oxide etc.)[115]. Due to the highly ordered nature and tight 

packing, these monolayers on metallic surfaces are also important for several practical 

applications such as chemical sensing [116], control of surface properties like 

wettability and friction [117], corrosion protection [118], patterning [119], 

semiconductor passivation [120], and optical second harmonic generation [121]. SAM 

formation provides one of the easiest ways to obtain ordered monolayers through 

strong chemisorption between the substrate head group of a desired compound and the 

metal surface leading to the preparation of thermodynamically stable monolayers 

[122] as compared to the Langmuir–Blodgett (LB) and other techniques, where only 

physisorbed, thermally unstable mono/multilayer films are obtained. 
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1.6.5 Assembly of nanoparticles at the air water interface   

As a tool for two-dimensional organization of nanoparticles LB technique has 

been an area of extensive research. The LB technique consists the formation of 

monomolecular layers of amphiphilic molecules at the air-water interface and their 

subsequent transfer onto solid substrates. These films have been used as templating 

organic structures for the synthesis of several nanostructures by exploiting their 

highly ordered lamellar structure to provide nanocrystals formation in a confined 

reaction geometry [123]. Nanoparticles of metals such as silver and gold [124], 

semiconductor quantum dots such as CdS and CdTe [125], oxides such as SiO2, TiO2, 

Fe3O4 and γ-Fe2O3 [126] have been assembled from solution at the air-water interface 

using electrostatic interactions.  

1.6.6 Nanolithography 

 Nanolithgraphy has emerged as an indispensable tool for modern 

nanotechnology research. It refers to the ability to define patterns on surfaces at small 

length scales and is central to the research fields such as microelectronics, nano-

electromechanical (NEMS) systems and biomedical applications. 

 A large number of variants of the nanolithography techniques have been 

developed such as extreme unltraviolet lithography [127], electron beam lithography 

(EBL) [128], focused ion beam lithography [129], dip-pen nanolithography [130] and 

microcontact printing [131]. Song et al., have fabricated nanoparticle gradient 

assemblies using contact printing based approach [132]. Such assemblies are excellent 

combinatorial tools for quick determination of adsorption and/or interaction 

selectivity for nanoparticles. In addition, spacing between the density gradient 

particles can also be varied, thus the assemblies can be applied as filters for selecting 

molecules (i.e. DNA or enzyme) or particles for a given size. Furthermore, micro or 

meso-scaled nanoparticle gradient assemblies, due to their steep gradients, open new 

opportunities that have not been explored for designing nanodevices and nanosystems 

as well as discovering new phenomena and properties associated with the size and 

spatial organization of the materials or assemblies. Other direct writing techniques 

such as robocasting, ink jet printing, hot-melt printing and micro-pen writing have 
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been developed that involve assembly via a layer-by-layer deposition of particle based 

inks [133].  

 1.6.7 Templated assemblies of nanoparticles 

  A variety of templates, synthetic as well as natural, have been used for 

directed assemblies of nanoparticles in one and two dimensions with well-defined 

geometries, spacing and properties as depicted in Figure 1.5. Polymer 

beads/membranes [134], block co-polymers [135], carbon nanotubes [136], synthetic 

peptides [137] and several organic molecules [138] have been used for nanoparticles 

assembly. Similarly, large-scale assemblies of nanoparticles have also been achieved 

on nanotrench templates formed on the surfaces [139]. Several polyelectrolytes such 

as poly (diallyldimethylammonium) (PDDA), poly (allylamine hydrochloride) (PAH), 

polyaniline and poly- (Phenylene-pyridyl) dendrimers [140] have been used to 

assemble metal nanostructures. 

 

Figure 1.5 Templated assemblies of nanoparticles on carbon nanotubes (A) [136], viral 
proteins (B) [145], lipid tubules (C) [142], bacteria (D) [143], block copolymers (E) [135], 
plasmid DNA (162) and polymers (G) [140].  

However, merger of biological molecules with nanoparticles is a more 

intriguing and promising aspect of nanotechnology. The specificity and information 
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content of biomolecular interactions offer much more than a mere template for the 

nanoparticle assemblies. Similarity in the size regime of biomolecules and 

nanoparticles and the potential applications of nanotechnology in biological science 

has fueled tremendous amount of research in this direction. Assemblies of 

nanoparticles on biological templates such as proteins [141], microtubules [142], 

bacterial S-layer/ bacterial cells [143], virus coat proteins [145] and nucleic acids 

have therefore attracted lot of researchers as evident by the vast literature available in 

this field. These biological templates provide high degree of programmability and 

reproducibility to the nanoparticle assemblies. Amongst these biological templates, 

nucleic acids (both DNA and RNA)-mediated nanoparticle assemblies have been 

studied extensively and the details of which are discussed in the following section.      

1.7 DNA: The ‘generic’ material of nanotechnology 

Biological self-assembly has stimulated biomimetic “ bottom up” approaches 

for the development of artificial nanometer-scaled elements that are required 

commercially to produce microelectronics and micromechanical devices of 

increasingly small dimensions in the range of 5-100 nm. Amongst the biomolecules, 

Deoxy Ribose Nucleic Acid (DNA) is arguably the most studied and intriguing 

system in context of nanotechnology research. 

The vary properties of DNA that makes it the blue print of life, makes it the 

most intriguing material for nanoparticles assemblies too. The outstanding molecular 

recognition capabilities of the DNA molecule have paved the way for its interesting 

applications in nanotechnology research. The uniqueness of DNA lies in the ability of 

its fundamental building blocks, the nucleobases, to base pair with high degree of 

specificity [146]. Besides, the high aspect ratio of the DNA molecule (diameter of 

double helix is 2 nm; helical repeat is 3.5 nm) along with the robustness of the 

structure and uniform charge density presented by the sugar phosphate backbone 

renders excellent templating capabilities to the DNA molecule. Reversibility of base 

pairing depending on the temperature provides programmability to the nanostructures 

constructed using DNA.  Advances in the molecular biology techniques pertinent to 

synthesis, detection, amplification and manipulation of nucleic acids also have 

contributed in development of the DNA based nanotechnology [147]. 
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 Seeman and co-workers reported one of the earliest works employing DNA as 

a material where they fabricated linear and 2D nanostructures by the hybridization of 

complimentary short DNA sequences [148]. These structures were entirely formed of 

short DNA strands added sequentially under conditions that favored the formation of 

Watson-Crick base pairing through short stick ends, leading to the formation of 

distinct structures. The same group later generated periodic structures with higher 

complexity in 3D with great success [149]. Similar work by other groups such as 

those of Mao and Rothmund have taken such structural arrays of DNA to another 

level [150, 40]. Adleman, who combined the information content of DNA using 

standard biotechnology operations to solve a Hamiltonian path problem, took this 

programmed array of DNA ahead of being mere structural curiosity to DNA-based 

computation [151]. Following it, many varieties of DNA based computation have 

been proposed and the field is steadily developing. 

However, Mirkin and co-workers integrated nanoparticles and DNA for the 

first time when they demonstrated that the distance dependent optical properties of 

oligonucleotides functionlized gold nanoparticles (Au NPs) could be used in 

calorimetric assays for DNA detection [152]. This assay was based on the recognition 

of the complimentary DNA strands immobilized on the gold nanoparticles, which 

would result in the cohesion of the two strands, thereby aggregating the nanoparticles, 

the event that can be monitored optically as a shift in the plasmon resonance 

absorption of gold nanoparticles. The sharp melting transitions of such assemblies 

revealed that imperfect hybridization events could be distinguished from the perfect 

ones efficiently. The assay known as Northwestern spot assay has since been 

commercialized as a diagnostic kit. 

Similarly, many groups have developed chip-based DNA detection assays. 

Keating et al., used Au NPs probes to amplify changes in the SPR of gold films using 

DNA hybridization to capture strands [153]. Subsequently, Mirkin and co-workers 

developed a sandwich assay for DNA detection where the trapped c-DNA Au NPs 

probes were treated with ionic silver. The reduction of silver ions to silver 

nanoparticles mediated by the Au NPs amplify the probe signals due to greater 

scattering by the silver nanoparticles on the chip surface [154]. Commercially 
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available Genicon DNA chip employs Au NPs functionlized with anti-biotin IgG, 

which are used to label biotinylated DNA targets of interest. Here the light-scattering 

properties of Au NPs with different sizes and shapes are used as the read-outs [155].  

Size dependent scattering of light by Au NPs has also been used in the two 

colour labeling of oligonucleotide arrays [156]. Other detection protocols developed 

by nanoparticles DNA conjugates include electrical detection of DNA with Au NPs in 

chip-based assay. Such detection assay are based on the changes in the electrical 

behavior of the circuits i.e., changes in the conduction or resistance of the circuits and 

are more efficient than the optical assays and were shown to have sensitivities to 

approx. 500 fM. Willner and co-workers developed a surface-based DNA assay where 

Faradic impedance spectroscopy or microgravimetric measurements using Au-

electrodes and Au-quartz crystals were used for target hybridization and  

detection [157]. 

Also noteworthy are the SNP detection assay based on the DNA-Au NP 

conjugates and Raman spectroscopy analysis in the chip-based assay in a highly 

sensitive manner [158]. Besides DNA and RNA detection, Mirkin and co-workers 

have also developed protein detection assays using biobarcodes that are specific 

synthetic DNA molecules corresponding to proteins [159]. Similarly, short specific 

DNA sequences called aptamers have also been used in conjugation with metal 

nanoparticles for detection of molecules such as cocaine [160]. 

Another exciting role that DNA could play in nanotechnology is that of a 

template for the assembly of nanoparticles. In particular, DNA metallization has 

generated tremendous interest. Fabrication of devices built upon the nanotechnology 

platform has been the most important goal in nanotechnology research. The 

prerequisite for such devices is the miniaturization of components that make up the 

devices. Metallic interconnects of nanoscale dimension are one of the components 

that are required for such device fabrication. DNA molecule, due to its high aspect 

ratio could be therefore used as templates for metallic nanowires formation. 

Metallization of DNA is required to overcome the inherited non-conducting nature of 

the biomolecules [161]. The challenge in the metallization process on a biomolecular 

template like DNA is that of facilitating a controlled growth of inorganic material on 



Chapter I                                                                                                                                      

Ph.D. Thesis Sourabh Shukla University of Pune 

20

the surface of the biomolecules. Many such reports on the controlled metallization of 

DNA are present in the literature. The protocols that have been applied to achieve 

metallization include immobilization of preformed nanoparticles or their precursors 

on the DNA followed by chemical or photo-induced reduction to generate conducting 

metallic nanowires. 

Thus, platinum, palladium, copper, silver and even quantum dots have been 

grown on both the linear dsDNA templates as well as on the circular plasmid DNA 

molecules [162]. Binding of metal precursors to the DNA templates has made use of 

the electrostatic interactions of the metal cations with the negatively charged sugar 

phosphate backbone [163]. Uri Sivan and co-workers and Facci and co-workers have 

used similar approaches to bind silver ions along the length of the linear lambda DNA 

followed by its reduction [164]. Sivan’s group has used hydrazine vapors for the 

reduction of ionic silver, while Facci and co-workers have reduced the bound silver 

ions by UV radiation. Silmilarly, Sastry and co-workers have used amino acid capped 

gold nanoparticles for assembly on the DNA template [165].  

However, the electrostatic assembly of the cations on the negative sugar 

phosphate backbone would result into the nonspecific binding of the ionic precursors 

over the entire length of the DNA. Such limitations were overcome by Keren et al., by 

using sequence specific Rec A probe nucleoprotein [166]. The Rec A nucleoprotein, 

in a sequence specific manner, protects certain specific regions against metal ion 

binding and the subsequent reduction leading to the metallization of DNA. In another 

method, the same group achieved sequence dependent protection of DNA against 

metallization by placing sequence specific reducing agent on the stretched lambda 

DNA [167]. By doing this it was ensured that DNA metallization took place only at 

locations along the length of DNA where the reducing agent was placed.  

This thesis deals with a related issue, i.e., sequence specific DNA 

metallization. Most of the strategies employed so far for DNA metallization have 

exploited the uniform negative charge density of the sugar phosphate backbone for 

binding of the precursor ions and their subsequent reduction to metal form. However, 

the information content of the fundamental building blocks of DNA molecule, the 

nitrogenous bases, makes DNA the blue print of life. Although quite similar 
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chemically, the four bases of the DNA have subtle differences in their structures. 

There is an extensive literature on the differential interactions of the nucleobases with 

metal ions, molecules, intercalators etc. The differences in the binding abilities of the 

nucleobases with metal ions have been studied in great details and have covered 

specific interactions of nucleobases, nucleosides and nucleotides with metal cations 

including those from the first transition series such as chromium, manganese, iron, 

cobalt, nickel and copper as well as other metals such as zinc, silver, cadmium, 

platinum, lead and mercury [168]. Many of these studies have explained in details the 

interaction of the metal cations with particular nucleobases, nucleosides and 

nucleotides. Some of these metals such as cobalt and nickel have an affinity towards 

the phosphate backbones of the DNA molecules while others such as silver have 

preferential binding with nucleobases [169].  

In another study, Mirkin and co-workers have used temperature programmed 

desorption (TPD) to study the interaction of DNA bases and nucleosides with gold 

thin films and demonstrated the different strength of the nucleobase adsorption on the 

thin films [170]. Sastry and co-workers have made use of highly sensitive isothermal 

titration calorimetry (ITC) to determine the strength of the interaction of nucleobases 

and its peptide analogues with nanogold in solution [171]. ITC measures the heat of 

interaction between two molecules when they are reacted in solution and therefore is a 

more direct analytical tool.  

Other previous studies on understanding the nature of interaction of 

nucleobases with nanoparticle surfaces have made use of various spectroscopic 

techniques such as surface enhanced Raman spectroscopy (SERS), Fourier transform 

infrared (FTIR) and reflection absorption infrared (RAIR) spectroscopies, which are 

clearly indirect methods for estimation of the strength of the above-mentioned 

interactions [172].  

Despite the extensive literature, such differential interactions of nucleobases 

with metal nanoparticles and their precursor ions have not been used for fabrication of 

materials templated on DNA.  A part of the thesis is thus devoted to quantitation of 

the nucleobases-metal ions interactions and using these very interactions to fabricate 

patterned molecular wires on DNA templates.  
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1.8 Bimetallic porous/hollow shell nanoparticles: synthesis and 

applications 

 In addition to the size and shape dependent properties of metal nanoparticles 

discussed in the previous sections, compositional variations also leads to significant 

alterations in nanoparticles properties. Bimetallic nanoparticles constitute a special 

class of nanomaterials, which have attracted a lot of attention pertaining to the unique 

optoelectronic properties exhibited by them [173]. Bimetallic nano-clusters have been 

widely accepted as better catalysts than the monometallic counterparts and have been 

studied extensively. For example, Sinfelt and co-workers have studied inorganic oxide 

supported bimetallic systems for their catalytic applications [174]. However, metal 

nanoparticles without inorganic support have added advantages over the supported 

ones in terms of improved monodispersity and controlled intrinsic properties [175]. 

 The different structural forms in terms of the atomic distribution of the 

constituent metals that bimetallic nanoparticles could acquire are alloys, intermetallic 

particles, core shell particles and cluster in cluster bimetals. Where as random alloys 

are formed when the two constituent metals have similar atomic sizes, intermetallic 

particles are formed when the atomic sizes are different. Core shell nanoparticles are 

characterized by separation of the constituent metal atoms in such a way that one 

metal forms a core that is surrounded by the shell of the second metal. Cluster in 

cluster nanoparticle may be considered as a modification of the core shell structures 

where nanoclusters of one type of metal are surrounded by the second metal clusters 

that act as a binder [175]. 

 Depending on these structural forms, bimetallic nanoparticles vary in their 

properties and have found exciting applications that includes catalysis [176], Surface 

Enhanced Raman Spectroscopy (SERS) based molecular detection [177], diagnostics 

[178], non-linear optics and magnetic applications [179] etc. These applications are 

dependent on the special properties that are brought about by the changes on surface 

and structure caused by alloying. Therefore, preparations and characterization of 

bimetallic nanoparticles comprising of various combinations of noble metals such as 

Au-Ag, Au-Pd, Au-Pt, Ag-Pd, Ni-Co, etc [180] have been subject of intensive studies. 

In general, bimetallic nanoparticles can be prepared by simultaneous reduction or by 
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successive reduction of two metal ions in the presence of suitable stabilization 

strategy such as steric hindrance and static-electronic repulsive force. However, 

control of the reduction, nucleation, and aggregation rates of the two components may 

be effective to control the size, structure, and composition distribution of bimetallic 

nanoparticles [175]. 

 An important class of bimetallic nanoparticles is the hollow shell/porous 

nanoparticles. Besides unique optoelectronic properties, these nanoparticles have 

added advantages of enhanced specific surface area, low density and cost 

effectiveness. Hollow metal nanoparticles also exhibit large surface permeability 

without much sacrifice of mechanical/thermal stability [181]. Porous structures that 

can be of inorganic, organic, and inorganic–organic composite materials are of 

scientific and technological importance because of the ability of the pore wall to 

interact with atoms, ions, molecules and supermolecules, together with the capacity of 

controllable pore space to load or capture liquid and gas molecules, and solid 

particles. The tailorable pore size and pore wall surface make porous materials highly 

attractive in frontier research. 

Metallic hollow shell nanoparticles, particularly gold shell nanoparticles have 

been studied extensively for their interesting and often, highly applicable optical 

properties. The hollow gold shells depicts surface plasmon absorption band in the 

Near Infra red (NIR) region of the electromagnetic spectrum. These unusual optical 

properties have been attributed to the presence of two dipolar plasmon modes; the 

low-energy (long-wavelength) mode ω- corresponds to a symmetric coupling of the 

cavity plasmon on the inner surface and the sphere surface plasmon on the outer 

surface while the higher-energy (short-wavelength) mode ω+ corresponds to 

antisymmetric coupling [182]. These effects have been studied extensively and 

numerous theoretical models are in place to explain the unusual optical properties.  

 Halas and co-workers have illustrated that by increasing particle size at a 

constant wall thickness, the absorption band is red-shifted as the plasmon oscillation 

decreases in energy. However, increasing wall thickness at constant particle size will 

blue-shift the absorption band. The band shifts to higher energy because as the inner 

diameter of the hollow gold shell decreases it takes on more solid-particle-like 
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properties. Because solid gold particles at these sizes have plasmon bands at 

approximately 520 nm, the absorption will always shift in this direction as wall 

thickness increases [182, b]. Thus, Nanoshells can be designed and fabricated with 

optical resonances from the visible to the midinfrared regions of the spectrum [183], 

easily spanning the NIR region of the spectrum (700-1300 nm), where optical 

transmission through tissue is optimal [184]. 

Both chemical and physical methods have been employed for the synthesis of 

hollow shell and porous nanoparticles. Deposition of preformed nanoparticles or their 

precursors on removable templates such as silica or polymeric or ceramic beads, 

microemulsion droplets, liquid crystals, liquid droplets, surfactant vesicles and 

polymer micelles followed by the removal of the core by chemical etching or 

calcination was one of the earliest methods devised for the fabrication of hollow shell 

nanoparticles [185]. Layer-by-layer assembly has also been used extensively to 

synthesize a range of polymeric core inorganic shells nanoparticles [186]. Hollow 

nanocrystals have also been synthesized by the Kirkendall effect in which pores form 

because of the difference in the diffusion rate of two components [187]. There are 

also reports on chemical methods involving seed mediated Ag-Au bimetallic core-

shell nanoparticles growth using surfactants [188]. Suslik and co-workers have 

developed sonochemical methods for the synthesis of hollow gold nanoparticles 

[189]. Song and co-workers reported formation of hollow Ni nanospheres via the 

redox reaction of nickel dodecylsulfate with NaH2PO2 in a micelle system [190]. 

Tang and co-workers have assembled Fe3O4 nanoparticles to form hollow 

nanospheres in ehthylene glycol in the presence of Dodecylamine [191]. Similarly, 

Wong and co-workers have shown the charge driven flocculation of poly L-lysine 

capped gold nanoparticles to form hollow spheres [192].  

One of the most popular approaches used for the fabrication of the hollow 

nanoparticles is the galvanic replacement process that has been illustrated by many 

groups for the synthesis of a wide variety of bimetallic hollow nanoparticles. The 

galvanic replacement reaction makes use of the differences in the redox potentials of 

the two metals to reduce one (with the higher reduction potential) at other’s expense, 

which is oxidized. The latter acts as a sacrificial reducing template and a reducing 
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agent, leading to the reduction and deposition of the first metal as a shell. The 

following equation represents the transmetallation reaction between silver 

nanoparticles and ionic gold: 

3Ag + HAuCl4           Au + 3AgCl + HCl 

Xia and co-workers have used the galvanic replacement reaction for the 

synthesis of hollow gold and platinum nanoparticles using silver nanoparticles of 

different morphologies as the sacrificial templates [193]. Chun Li Bai and co-workers, 

on the other hand, employed sacrificial cobalt nanoparticles for the synthesis of 

hollow platinum nanoparticles for improved catalysis [194]. Mirkin has used similar 

process for the synthesis of hollow nanoframes of gold [195]. Sastry and co-workers 

have illustrated the utility of such process in organic medium for the generation of 

hollow gold and platinum nanoparticles [196]. Alivisatos and co-workers have 

reported the formation of gold hollow octahedral nanoparticles from solid silver 

nanoparticles using the galvanic replacement reactions [197]. Cheon and co-workers 

have used transmetalation reactions to prepare CoAu, CoPt, CoPd and CoCu core 

shell magnetic nanoparticles [198].  

 The volume confined by the hollow shell nanoparticles is empty and is 

accessible to various sensing and spectroscopic applications at the nanometer scale. 

Thus, many such interesting applications have been developed. Most noticeable of 

applications have been the development of immunogold shell mediated cancer 

detection and therapy by Drezek and co-workers [199]. This report demonstrated a 

novel nanoshell-based all-optical platform technology for integrating cancer imaging 

and therapy applications. Immunotargeted nanoshells were engineered to both scatter 

light in the NIR enabling optical molecular cancer imaging and to absorb light, 

allowing selective destruction of targeted carcinoma cells through photothermal 

therapy. Nanoshells functionlized by anti HER2 antibodies were used to detect and 

destroy breast carcinoma cells that overexpressed HER2, a clinically relevant 

biomarker [199]. Similarly, West and co-workers have developed gold nanoshell 

based whole blood immunoassay. Nanoshells decorated with antigen induces 

aggregation in the whole blood, which can be detected via the spectral red shifting in 

the near-infrared, where blood is more transmittive thereby permitting detection of 
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nanoshell aggregation in the whole blood. This immunoassay is capable of detecting 

sub-nanogram-permilliliter quantities of various anylates in different media within 10-

30 min. [200].  

The larger optical cross section of gold nanoshells over the conventional NIR 

chromophores  such as indocyanine green renders them potentially applicable in 

biological sensing and imaging applications such as Optical Coherent Tomography 

(OCT) [201] and Reflectance confocal microscopy (RCM) [202]. Encapsulation of 

fluorophore by the hollow metal nanoparticles also leads to better photostability of the 

fluorophore [203]. Xia and co-workers have also demonstrated that the surface 

plasmon sensitivity of the hollow gold nanoparticles towards environmental changes 

is higher than the solid gold nanoparticles [204]. Gold nanoshells have also been 

applied in techniques such as photo-oxidation inhibition in photoluminescent polymer 

films [205], Raman sensors that can be optimized to specific pump laser wavelengths 

[206], optically triggered drug delivery [207] and optomechanical materials [208].  

Apart from gold nanoshells that have increasingly found application in 

biological research due to its biocompatibility with living systems, other hollow shell 

nanoparticles have also been used in applications in various fields including catalysis, 

magnetic storage devices etc. The enhanced specific surface area of and low density 

makes hollow/porous palladium and platinum and nickel nanoparticles efficient 

catalysts. Numerous catalytic reactions such as Suzuki coupling reaction, 

electrocatalytic oxidation of methanol etc have been shown to have become more 

efficient and cost effective with the introduction of porous forms of the conventional 

catalytic materials [209].  

A lot of research is also focused on the development of increased hydrogen 

storage capacities using the porous forms of platinum and palladium nanoparticles 

[210]. Chen and co-workers have also used nickel hollow shells as catalysts in the 

acetone hydrogenation reaction [211]. The reduced use of metals has been 

demonstrated in making conductive composites consisting of hollow nanostructures 

as metallic fillers [212]. Other applications of metallic and nonmetallic hollow 

nanospheres include artificial cells, coatings for controlled drug release, cosmetics, inks 

and dyes [213].  
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1.9 Outline of the thesis 

 The work presented in the thesis is focused on developing a new strategy for 

the sequence dependent metallization of DNA, which is based on the differential 

binding abilities of the silver ions with nucleobases. The heat of Ag+ - nucleobases 

interactions measured by an extremely sensitive ITC analysis has been employed to 

establish the distinct abilities of nucleobases to bind with silver ions. These 

differences have been exploited to impart sequence dependence in the DNA 

metallization process. This is a significant diversion from the conventional 

metallization approach that is based on the localization of charged particles and their 

precursors on the negatively charged sugar phosphate backbone of the DNA.  

 The second part of the thesis establishes a novel method of synthesizing 

porous metal nanostructures by a galvanic replacement process across a semi-

permeable dialysis membrane. The method offers an excellent control over the 

reaction kinetics and thereby leads to a better insight into the formation of cavities 

within the nanoparticles. Unlike the previous galvanic replacement protocols, our 

method leads to room temperature synthesis of phase pure porous nanostructures. 

 Porous gold nanostructures fabricated by the above-mentioned methods have 

been shown to possess an enhanced surface area over its solid gold counterparts and 

have been applied for cell imaging protocols and enzyme immobilization. We have 

established that the porous gold nanoparticles could confine ligands within the 

cavities and deliver them much like the ‘Trojan horse’. The chapter wise discussion of 

these studies is as follows: 

The Second chapter describes the various techniques used for the 

experimental characterization during the synthesis of nanomaterials and studying their 

interactions with different ligands. Thus, the chapter gives an overview of the physical 

principle of techniques such as Uv-visible-NIR Spectroscopy, Transmission Electron 

Microscopy (TEM), Isothermal titration Calorimetry (ITC), Fluorescence 

Spectroscopy, Fluorescence Assisted Cell Sorting (FACS), Confocal Microscopy, 

Atomic Force Microscopy (AFM), Energy Dispersive Analysis of X-ray (EDAX), X-

ray Photoelectron Spectroscopy (XPS) and High Resolution Transmission 
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Microscopy (HRTEM). The importance of these techniques in the work described in 

the thesis has been illustrated. 

The Third chapter explores the importance of nucleic acids in general, and 

DNA in particular, in the field of nanotechnology. The chapter describes studies 

pertaining to the interactions of the nucleobases with metal nanoparticle precursors 

with the help of extremely sensitive Isothermal Titration Calorimetry (ITC) analysis. 

This analysis reveals the differential strengths of interactions of the nucleobases with 

metal nanoparticle precursor ions. These interactions have been compared with the 

respective short oligonucleotides and the significance of the nucleobases in 

nanoparticle-DNA interaction has been highlighted. Based on these differential 

affinities of nucleobases towards metal ions, a new strategy for sequence based DNA 

metallization and patterned nanowires has been put forward and as a proof of concept 

experiment, customized single stranded DNA sequences have been used to develop 

patterned molecular wires of silver. 

The Fourth chapter is dedicated to development of a novel process for the 

room temperature synthesis of porous bimetallic nanostructures. The chapter begins 

with an introduction to bimetallic structures with an emphasis on porous metal 

nanostructures, previously developed methodologies for their synthesis and their 

characteristic properties. Thereafter, a novel protocol for the synthesis of porous 

bimetallic structures has been described wherein a semi permeable dialysis membrane 

is used for a controlled galvanic replacement reaction between a sacrificial metal 

nanoparticle and a metal ion system. Using UV-vis-NIR spectroscopy and TEM 

analysis, excellent control over the reaction kinetics has been demonstrated. The 

versatile nature of the method has been established by fabrication of different 

elemental combinations of porous nanostructures and also applying the method for 

obtaining anisotropic porous nanostructures. Further, HRTEM and EDX analysis of 

these bimetallic nanoparticles has been performed to establish the presence and 

distribution of the bimetal in the nanostructures. 

The Fifth chapter explores the potential applications of the porous metallic 

nanostructures in cell imaging, enzyme immobilization and drug delivery 

applications. Using tools such as confocal laser scanning microscopy, the chapter 
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illustrates the importance of enhanced surface area and nano-cavities offered by the 

porous metallic nanostructures in cell imaging protocols as well as enzyme 

immobilization applications. The biocompatibility issues of the porous gold 

nanoparticles have also been addressed using mammalian cell lines and microbial 

cultures. 

The Sixth chapter concludes the thesis by highlighting the results and 

observations of the previous chapters and discusses the future prospects of the work 

carried out in the thesis. 
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Characterization Techniques 
 
 
 
 
 
 
 
 
 
 

This chapter discusses the basic working principle of the various characterization 
techniques, which were used during the course of the presented work. 
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2.1 Introduction 

This thesis broadly deals with two different systems pertaining to the 

nanoparticles. The first part is the study of the interactions of nanoparticle precursors 

with DNA and applying the outcomes of such studies in fabricating patterned 

nanowires. The second part of the thesis is the synthesis of porous metallic 

nanostructures and their biological applications. 

Various characterization techniques have been used during the course of the 

work presented in this thesis including spectroscopic measurements such as Ultra 

Violet-visible-Near Infra Red (UV-vis-NIR) spectroscopy, Fluorescence 

spectroscopy, X-ray photoelectron spectroscopy (XPS); microscopy techniques such 

as Transmission Electron Microscopy (TEM), High resolution TEM (HRTEM), 

Atomic Force Microscopy (AFM), Confocal Laser Scanning Microscopy (CLSM), 

and Phase Contrast Microscopy. Besides, other techniques such as Isothermal 

Titration Calorimetry (ITC), Electron Dispersive Microanalysis (EDX), Fluorescence 

Activated Cell Sorting (FACS) and conductivity measurements have also been used. 

This chapter explains the basic principles of these techniques and the instruments.  

2.2 UV-vis-NIR absorption spectroscopy 

Absorption spectroscopy is one of the most important analytical tools [1]. 

Most molecules and materials show characteristic absorption in different regions of 

the electromagnetic spectrum, which is therefore used as a signature for their 

identification and analysis.  

Any molecular system possesses three types of energy namely, electronic 

(Eele), vibrational (Evib) and rotational (Erot) with decreasing magnitude in same order 

for a system. Absorption of energy leads to transition of electron from the ground 

state to an excited state. The absorption peak thus obtained is broad, smooth and never 

very sharp due to the fact that the electronic absorption is accompanied with a 

corresponding change in the vibrational and rotational energies as well. The 

relationship between the energy absorbed in an electronic transition and the 

frequency, ν, wavelength, λ and wavenumber,⎯ν of the radiation producing the 

transition is  
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ΔE = hν = hc/λ = h.⎯ν.c 

where, h is Planck’s constant, c is the velocity of light and ΔE is the energy absorbed 

in an electronic transition in a molecule from a low-energy state (ground state) to a 

high energy state (excited state). The position of absorption maxima for a molecule 

depends on the difference in the energy of the ground state level to that of excited 

state; larger the difference between the energies, higher is the frequency of absorption 

and thus smaller will be the wavelength. Absorption band shows two important 

characteristics: position of the band which depends on the energy difference between 

electronic level and intensity which depends on the interaction between the radiation 

and electronic system as well as on the energy difference between the ground and 

excited state. A convenient expression, which relates the absorbance with the path 

length that the radiation travels within the system and the concentration of the species, 

can be derived from the Lambert-Beer law and is given as,  

cbaA ..=           ………(2.1)                        

where, A is measured absorbance, a is the absorptivity, b is the path length and c is 

the concentration of the analyte. 

Noble metal nanoparticles absorb strongly in the visible region due to surface 

plasmon resonance, which was discussed briefly in the previous chapter. Hence the 

UV–visible absorption spectroscopy is a primary characterization tool to study the 

metal nanoparticles formation [2]. All the UV–Visible absorption spectra presented in 

the thesis was carried out on Jasco V-570 dual beam spectrophotometer and HP diode 

array spectrophotometer operated at a resolution of 2nm [2]. 

 In the present work, the formation of silver nanoparticles in the presence of 

nucleobases and short oligonucleotides was followed by measuring the UV-vis 

absorption. Similarly, the transmetalation reaction leading to the formation of porous 

gold nanoparticles was kinetically followed by the UV-vis-NIR absorption 

spectroscopy. Bacterial growth in the presence of different nanoparticles was also 

followed by recording the single wavelength spectra from the bacterial cultures. 
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2.3 Fluorescence spectroscopy 

 Fluorescence is generated when a substance absorbs light energy at a short 

(higher energy) wavelength and then emits light energy at a longer (lower energy) 

wavelength. At room temperature most molecules occupy the lowest vibrational level 

of the ground electronic state, and on absorption of light they are elevated to the 

excited states. Having absorbed energy and reached one of the higher vibrational 

levels of an excited state, the molecule rapidly loses its excess of vibrational energy 

by collision and falls to the lowest vibrational level of the excited state. In addition, 

almost all molecules occupying an electronic state higher than the second undergo 

internal conversion and pass from the lowest vibrational level of the upper state to a 

higher vibrational level of a lower excited state, which has the same energy. From 

there the molecules again lose energy until the lowest vibrational level of the first 

excited state is reached. From this level, the molecule can return to any of the 

vibrational levels of the ground state, emitting its energy in the form of fluorescence.  

The length of time between absorption and emission is usually relatively brief, 

often on the order of 10-9 to 10-8 seconds. The fluorescence event can be shown by 

means of a Jablonski Diagram, named for the Ukranian born physicist Aleksander 

Jablonski [2] (Fig.1).  

 
Figure 2.1 Jablonski Diagram of a fluorescence event. 

As shown, in Stage 1 a photon of given energy hυex is supplied from an 

outside source such as a laser or a lamp. The fluorescent molecule, lying in its ground 

energy state S0, absorbs the energy creating an excited electronic singlet state S1’. 

This excited state will last for a finite time, usually one to ten nanoseconds, during 

which time the fluorescent molecule undergoes conformational changes and can be 

subject to myriad potential interactions with its molecular environment. The first 
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phase of Stage 2 is characterized by the fluorophore partially dissipating some of the 

absorbed energy creating a relaxed singlet state S1. It is from this state that the 

fluorophore will enter the second phase, the emission of energy, hυem. Finally, in 

Stage 3, the fluorophore will return to its ground state, S0. 

In the present work, fluorescence measurements were performed to evaluate 

binding of Propidium Iodide (PI) on the surface of borohydride reduced gold 

nanoparticles and porous gold nanoparticles. Fluorescence measurements of the 

supernatants collected from the porous and solid gold nanoparticle solutions were 

performed on a Fluoroskan Ascent fluorimeter by recording the emission at 590 nm 

after exciting the solutions at 485 nm. 

2.4 X-ray photoelectron spectroscopy (XPS) 

 XPS or Electron Spectroscopy for Chemical Analysis (ESCA) is a surface 

sensitive technique, which is used extensively for determining compositions and 

oxidation states.  It also gives accurate quantitative information of the surface of the 

sample. Photoelectron spectroscopy uses monochromatic source of radiation (i.e. 

photons of fixed energy given by relation E = hv). In XPS, the photon of energy hv is 

absorbed by an atom A in a solid, leading to the ionization and emission of a core 

(inner shell) electron. The kinetic energy distribution of the emitted photoelectrons is 

measured and a photoelectron spectrum is obtained. The overall process of photo-

ionization can be demonstrated as: 

      A + hν = A+ + e-                 ………(2.6) 

According to the law of conservation of energy, 

       E (A) + hν = E (A+) + E (e-)         ………(2.7) 

Since the entire energy of the emitted electron will be kinetic energy (KE), equation 

2.7 can be rearranged as follows, 

       KE = hν - [E (A+) - E (A)]          ………(2.8) 

The term in the square bracket represents the energy difference between the ionized 

and the atomic state of an atom, known as the binding energy (BE), which is 

characteristic for an atom. The equation 2.8 is thus simplified to  
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                                 KE = hν - BE                   ………  (2.9) 

The binding energy is measured with respect to the fermi energy level in solids and 

thus equation 2.9 is modified incorporating the work function (φ) term for the solids. 

KE = hν - BE - φ                ……… (2.10) 

Thus, from the equation 2.10, employing the photon of known energy hν and 

measuring the kinetic energy of the emitted electron and with known work function φ, 

it is possible to find the binding energy, a characteristic signature of an element. 

Electron traveling out through the material undergo inelastic collision with the bound 

electron in the material resulting into energy loss. This gives a strong background to 

the spectrum rather than a very sharp peak. It is due to this reason that the electrons, 

which come out from near the surface, give the true information about the chemical 

composition. Such electrons are emitted from very short distance inside the material 

(<100 nm) and thus XPS is known to be a surface sensitive technique where the 

emitted photoelectrons are detected for analysis [3]. 

 The binding energy of an electron does not only depend upon the energy level 

of emission but also upon the oxidation state of the concerned atom and the local 

surrounding to that atom. A change in either of the two factors results in a shift of the 

peak for that atom in the spectrum, which is called as chemical shift. Atoms of a 

higher positive oxidation state exhibit a higher binding energy due to the extra 

coulombic interaction between the photo-emitted electron and the ion core. Similarly, 

presence of an electronegative atom in the surrounding of the atom in question, a net 

partial positive charge is imparted to that atom. Thus, emission of an electron from 

such an atom will require higher energy, which shifts the peak to higher binding 

energy. This ability to discriminate between different oxidation states and chemical 

environments is one of the major strengths of the XPS technique. 

 In the work presented here, XPS has been used to confirm the formation of Au 

(0) from chloroaurate ions by transmetallation against silver nanoparticles. XPS does 

not only give a signal for presence of Au (0) in the bimetallic film but also shows the 

presence of Ag+ ions, which are formed due to the process of oxidation during the 

course of transmetallation. Besides, the formation of the alloy phase has also been 
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indicated by the appearance of the low binding energy bands. The Samples were 

prepared by drop-coating the solution on Si (111) and copper substrate. XPS 

measurements were carried out on a VG Microtech ESCA 3000 instrument at a base 

pressure better than 1 x 10-9 Torr with un-monochromatized Mg Kα radiation (1253.6 

eV energy). The measurements were made in the constant analyzer energy (CAE) 

mode at pass energy of 50 eV and electron takeoff angle (angle between electron 

emission direction and surface plane) of 60°. This leads to an overall resolution of ~ 1 

eV in the measurements. The chemically distinct components in the core level spectra 

were resolved by a non-linear least squares fitting algorithm after background 

removal by the Shirley method [3]. 

2.5 Phase contrast microscopy 

Phase contrast microscopy finds application in generating high contrast image 

of the unstained transparent specimens such as living cells, microorganisms, thin 

tissue slices, lithographic patterns, and sub-cellular particles (such as nuclei and other 

organelles) [4]. It imparts contrast to the biological sample by transforming the phase 

difference of light, due to the difference in the refractive index between different sub-

cellular systems, into difference in the amplitude of light. When a light ray passes 

through a sample with areas of different optical paths, it is retarded in phase even 

though the amplitude of the light remains same. Since the human eyes cannot 

distinguish phase difference, the information is lost. Phase contrast microscope 

converts this phase difference into amplitude difference to generate the contrast 

visible to human eye. The various components of a phase contrast microscope have 

been shown in the Figure 2.4. 

 A phase contrast has two unique components namely the “phase plate” which 

retards the incoming light to ¼ of wavelength in a centered, ring shaped area at the 

back focal plane of the objective lens and a matching “phase annulus” in the 

condenser consisting of a clear ring on a black field. The matching phase plate and 

annulus allows the direct unmodified light to pass through and be retarded by ¼ of 

wavelength. Since the intensity of the diffracted light will be diminished slightly due 

to the absorption by the sample, a neutral density coating on top of the phase ring 

attenuates undiffracted, background light to balance total illumination. The light ray 
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interacting with the sample diffract away from and do not impinge on to the phasing 

area of the phase plate but are focused by the objective on the image plane. It is due to 

this difference in the optical path of the light interacting and non-interacting with the 

sample that retards the refracted wave by ¼ of wavelength in phase. Light that does 

not interact with the specimen is collected by the objective, passed through the phase 

plate ring, and is retarded exactly ¼ of wavelength. Since the phase shift is not 

detectable to human eye, the resulting image on the image plane in the microscope 

appears as a normal bright background. 

 

Figure 2.2 Schematic showing different components of a phase contrast microscope (Image 
courtesy: http://nobelprize.org/educational_games/physics/microscopes/phase/index.html) 

 Contrarily, the light passing through the specimen gets scattered due to edges 

and irregularities causing retardation in phase. The diffracted light diverges from the 

specimen filling the back focal plane of the objective and is resolved on the image 

plane in the microscope. The undiffracted and diffracted light interacts at the image 

plane causing wave interference. In negative phase contrast, a constructive 

interference occur between the two at the image plane resulting into bright areas 

depending on the difference in the refractive index within the specimen against the 

background of the undiffracted light. In the presented work, an inverted phase contrast 

microscope has been used where the specimen is positions at the top and the source of 
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light comes from the bottom. Such an arrangement makes the visualization of the 

living animal cells in culture medium easier.  

In this thesis, the CHO cells were studied under the phase contrast microscope 

after being exposed to different concentrations/ time intervals of porous gold 

nanoparticles to estimate their cytotoxicity on mammalian cell lines. 

2.6 Fluorescence Microscopy 

Fluorescence microscopy is used to study specimens, which can be made to 

fluoresce. It is based on the phenomenon that certain material emits energy detectable 

as visible light when irradiated with the light of a specific wavelength [5]. The sample 

can either be fluorescing in its natural form like chlorophyll, proteins and some 

minerals, or treated with fluorescing chemicals or a fluorophore such as green 

fluorescent protein (GFP). 

 

Figure 2.3 Schematic showing the components of a fluorescence microscope. (Image 
courtesy: http://nobelprize.org/educational_games/physics/microscopes/fluorescence/index. 
htm/) 

The specimen is illuminated with light of a specific wavelength, which is 

absorbed by the fluorophore, causing it to emit longer wavelengths of light. The 

illumination light is separated from the much weaker emitted fluorescence through the 

use of an emission filter. The fluorescing areas can be observed in the microscope and 

shine out against a dark background with high contrast. Typical components of a 
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fluorescence microscope are the light source (Xenon or Mercury arc discharge lamp), 

the excitation filter, the dichoric mirror and the emission filter (Figure 2.3). The filters 

and the dichoric are chosen to match the spectral excitation and emission 

characteristics of the fluorophore used to label the specimen. 

 In the work presented in the thesis, a Nikon Eclipse E 600 fluorescence 

microscope was used to visualize CHO cells stained with PI-nanoparticles conjugates 

to establish the different quantities of PI loaded on the different metal nanoparticle 

systems. 

2.7 Confocal Laser Scanning Microscopy (CFLSM) 

Confocal microscopy is an imaging technique used to increase micrograph 

contrast and /or to reconstruct three-dimensional images by using a spatial pinhole to 

eliminate out-of-focus light in specimens that are thicker than focal plane [6]. In 

traditional wide-field epi-fluorescence microscopy, the entire specimen is subjected to 

intense illumination from an incoherent mercury or xenon arc-discharge lamp, and the 

resulting image of secondary fluorescence emission can be viewed directly in the 

eyepieces or projected onto the surface of an electronic array detector or traditional 

film plane. In contrast to this simple concept, the mechanism of image formation in a 

confocal microscope is fundamentally different. 

The confocal principle in epi-fluorescence laser scanning microscopy is 

diagrammatically presented in Figure 2.4. Coherent light emitted by the laser system 

(excitation source) passes through a pinhole aperture that is situated in a conjugate 

plane (confocal) with a scanning point on the specimen and a second pinhole aperture 

positioned in front of the detector (a photomultiplier tube). As the laser is reflected by 

a dichromatic mirror and scanned across the specimen in a defined focal plane, 

secondary fluorescence emitted from points on the specimen (in the same focal plane) 

pass back through the dichromatic mirror and are focused as a confocal point at the 

detector pinhole aperture. The significant amount of fluorescence emission that occurs 

at points above and below the objective focal plane is not confocal with the pinhole 

(termed Out-of-Focus Light Rays in Figure 2.5) and forms extended airy disks in the 

aperture plane. Because only a small fraction of the out-of-focus fluorescence 
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emission is delivered through the pinhole aperture, most of this extraneous light is not 

detected by the photomultiplier and does not contribute to the resulting image. 

The dichromatic mirror, barrier filter, and excitation filter perform similar 

functions to identical components in a wide-field epi-fluorescence microscope. 

Refocusing the objective in a confocal microscope shifts the excitation and emission 

points on a specimen to a new plane that becomes confocal with the pinhole apertures 

of the light source and detector. 

 

Figure 2.5 Optical configuration of a typical laser scanning confocal microscope. (Image 
courtesy: http://www.olympusfluoview.com/theory/confocalintro.html)  

In the work presented in the thesis, CLSM was used to image fixed and live 

CHO cells stained with different flourophores loaded on the porous gold 

nanoparticles. All the confocal images were recorded on an LSM 510 Zeiss 

workstation (Carl Zeiss Meditec AG, Jena, Germany) equipped with an argon air-

cooled laser (LASOS Lasertechnik GmbH, Jena, Germany).  

2.8 Transmission Electron microscopy (TEM) 

 Electron microscopes function exactly as their optical counterparts except that 

they use a focused beam of electrons instead of light to "image" the specimen and can 

yield information on topography, morphology, composition and crystallographic 
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information of materials on a very fine scale [7]. Electron Microscopes were 

developed due to the limitations of light microscopes, which are limited by the 

physics of light to 500x or 1000x magnification and a resolution of 0.2 micrometers.  

Resolving power of a microscope is given by the following formula 

                d = 0.5 λ / sin α 

Thus, smaller the wavelength of the source, higher will be the resolution of the 

system. Since the wavelength of electrons is in the few angstroms, in principle, the 

resolution of electron microscope could go up to few angstroms.  There are two 

different types of electron microscopes, transmission electron microscope and 

scanning electron microscope. 

 In the transmission electron microscopy, much smaller wavelength electrons 

(0.03 Å) are used instead of photons (λ > 1000 Å) providing much higher resolution. 

During TEM analysis, a thin sample is bathed with a collimated beam of accelerating 

electrons uniformly over the illuminated area. Electrons being charged in nature, can 

be easily deflected using an external electric or magnetic field and can be accelerated 

using external potential. As the electrons travel through the sample, they are either 

scattered or are transmitted unaffected through the sample. The probability of 

scattering is described in terms of the interaction cross-section or the mean free path 

and can be elastic or inelastic. This results into a non-uniform distribution of electrons 

in the beam that comes out of the sample, which contains all the structural 

information of the sample.  

 The scattered (diffracted) electrons deflected away from the optical axis of the 

microscope are blocked using an aperture and thus the transmitted electron beam 

generates a contrast on the fluorescent screen depending on its varying intensity. In 

the case of nanomaterials, the crystalline structures interact with the electron beam 

mainly by diffraction rather than absorption, though the intensity of the transmitted 

beam depends largely on the density and thickness of the material though which it 

passes. The intensity of the diffraction thus depends on the orientation of the planes of 

atom in the crystal relative to the electron beam. Angular distribution of electrons due 

to diffraction can be viewed in the form of scattering patterns, usually called 

diffraction patterns, and spatial distribution of electrons can be observed as contrast in 
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images of the sample. Figure 2.6 shows the layout of the various components of a 

transmission electron microscope. 

 

Figure 2.6 Configuration of a typical transmission electron microscope (TEM). (Image 
courtesy: http://nobelprize.org/educational_games/physics/microscopes/tem/index.html). 

In this thesis, TEM has been extensively used to visualize different types of 

nanoparticles and kinetically follow the changes during transmetalation process. It has 

also been employed to obtain the selected area electron diffraction patterns that lead 

to the identification of nanoparticles composition. The TEM measurements were done 

on a JEOL model 1200EX instrument operated at an accelerating voltage of 80 kV. 

High resolution transmission electron microscopy (HRTEM) of the porous gold and 

palladium nanostructures prepared on carbon coated grids were carried on a Technai 

G2 F-30 model operated at an accelerating voltage of 300 kV. 

2.9 Scanning probe microscopy (SPM) 

Scanning probe microscopy (SPM) is a branch of microscopy that forms 

images of surfaces using a physical probe that scans the specimen. An image of the 

surface is obtained by mechanically moving the probe in a raster scan of the 

specimen, line by line, and recording the probe-surface interaction as a function of 

position [8]. There are many advantages associated with SPM such as the resolution 

of the microscopes is not limilted by diffraction, but only by the size of the probe-

sample interaction volume, which can be as small as a few picometer. Also, the 
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interaction can be used to modify the sample to create small structures. Among the 

various types of SPM, atomic force microscopy has been desribed below. 

Atomic force microscope (AFM) is a high-resolution scanning probe 

microscope, with demonstrated resolution of fractions of an Angstrom. It utilizes a 

sharp tip at the end of cantilever that moves over the sample in a raster scan and bends 

in response to the force between the tip and the sample. Initial AFM was equipped 

with a scanning tunnelling microscope at the end of the cantilever to monitor its 

bending, but now, an optical lever technique is employed for the purpose, as shown in 

the Figure 2.7. As the cantilever bends, light from the laser is reflected onto the split 

photo-diode. 

 

Figure 2.7 Diagram showing the working of an AFM cantilever [7]. (Image courtesy: 
http://en.wikipedia.org/wiki/Atomic_force_microscopy) 

The difference in the signal is used as a measure of bending of the cantilever. 

The bending of the cantilever obeys the Hooke’s law for small displacements and so 

the force between the tip and the sample can be calculated. A device made of piezo-

electric ceramic in the form of a tube scanner is used to control the movement of the 

tip or the sample. The scanner is capable of sub-angstrom level resolution in the x, y 

or z direction, z being the direction perpendicular to the sample. 

 The AFM can be operated in two modes namely, with feedback control mode 

and without feedback control mode. The feedback control mode works at a constant 

force between the tip and the sample where the piezo which moves sample (or the tip) 
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responds to any change in the force between the sample and tip and alters the 

separation between the two to restore the original value of force. This measurement is 

known as height mode measurement and enables reliable topographical analysis of the 

sample. When the feedback control mode is off, the measurement is performed at 

constant height (deflection mode), which is useful in high-resolution analysis of the 

samples that are extremely flat. AFM incorporates several refinements such as 

sensitive detection, flexible cantilever, sharp tips, high resolution precise tip-sample 

positioning and force feedback, which enables it to achieve atomic level resolution. 

Since the imaging process uses the force of interaction of the atoms on the tip to that 

of the sample, AFM is used for imaging even the non-conducting samples. 

AFM measurements can be performed in contact, tapping or non-contact 

modes, the difference being the extent of tip-sample interaction during the 

measurement. Contact mode AFM is the most commonly used method where the tip 

remains in close contact with the sample during the process of scanning. The force of 

interaction between the tip and the sample lies in the repulsive regime in the 

intermolecular force curve. Contact mode AFM provides 3-dimensional information 

of the sample non-destructively with 1.5 nm lateral and 0.05 nm vertical resolution. 

Tapping mode is generally used for imaging soft and poorly immobilized samples. 

The tip is oscillated at its resonating frequency and positioned over the sample so that 

it contacts the sample for a short time interval during oscillation. In the non-contact 

mode, the tip is oscillated at a distance from the sample so that the two are no longer 

in contact.  

In this thesis, contact mode AFM imaging has been used to study the thickness 

of silver nanotriangles synthesized by a seedless-surfactant less chemical method and 

the porous triangles formed by the transmetalation process. The AFM measurements 

were done in the contact mode on a VEECO Digital Instruments multimode scanning 

probe microscope equipped with a Nanoscope IV controller at a scan rate of 5.086 Hz. 

2.10 Energy dispersive X–rays analysis (EDX) 

EDX is a chemical microanalysis technique, used most commonly in 

conjunction with SEM or HRTEM and utilizes the X–rays emitted from the sample 

during bombardment by an electron beam [9]. EDX is used to characterize the 
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elemental composition of the analyzed volume. Features or phases as small as about 1 

μm can be analyzed. When the electron beam of SEM bombards the sample, electrons 

are ejected from the atoms comprising the sample’s surface and another electron from 

a higher shell fills up the resulting electron vacancy. In this process, an X–ray photon 

is emitted in order to balance the energy difference between the two electrons. The 

EDX X–ray detector measures the number of emitted X–rays versus their energy. The 

energy of the emitted X–rays is characteristic of the element from which the X–ray is 

emitted. A spectrum of the energy versus relative counts of the detected X–rays is 

obtained and evaluated for qualitative and quantitative determinations of the elements 

(atomic number _ 4) present in the sampled volume. Combining the EDX system with 

the SEM allows the identification at microstructural level, of compositional gradients 

at grain boundaries, second phase impurities and inclusions. In the scanning mode, the 

SEM/EDX unit can be used to produce maps of element location, their concentration, 

and distribution.  

In this thesis, we have used EDX measurements to determine the chemical 

composition (both qualitative and quantitative) of bimetallic nanoparticles formed by 

the galvanic replacement reactions. EDX was performed using a Phoenix EDX, 

attached to Leica Stereoscan – 440 SEM.  

2.11 Isothermal Titration Calorimetry (ITC) 

 Isothermal titration Calorimetry is an extremely sensitive technique, which 

measures the thermodynamic parameters of a reaction between two molecules in 

solution and is most commonly used to determine interactions between biological 

molecules and their ligands including drugs, substrates, inhibitors etc [9]. 

 An ITC instrument consist of two identical cells made of a highly efficient 

thermal conducting material surrounded by an adiabatic jacket (Figure 5.7). The 

temperature difference between the two cells is monitored via sensitive thermocouple 

circuits.   Prior to the reaction, a constant power (<1 mW) is supplied to the reference 

cell. This directs a feed back circuit activating a heater located in the sample cell. 

During the titration, the ligand is titrated into the sample cell in precisely known 

aliquots, causing heat to evolve (exothermic reaction) or taken up (endothermic 

reaction). The time dependent power requirement to retain the temperatures of the cell 
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is measured. In an exothermic reaction, the temperature in the sample cell increases 

upon addition of ligand. This causes the feedback power to the sample cell to be 

decreased in order to maintain an equal temperature between the two cells while 

opposite occurs in an endothermic process. 

 

Figure 5.7 Components of the ITC instrument (Image courtesy: http://www.microcal.com) 

Observations are plotted as the power in μcal/sec needed to maintain the 

reference and the sample cell at an indentical temperature. This power is given as a 

function of time in seconds. As a result, the raw data for an experiment consists of a 

series of spikes of heat flow (power), with every spike corresponding to a ligand 

injection. These heat flow spikes/pulses are integrated with respect to time, giving the 

total heat effect per injection. The pattern of these heat effects as a function of the 

molar ratio [ligand]/[macromolecule] can then be analysed to give the thermodynamic 

parameters of the interaction under study. The entire experiment takes place under 

computer control.   

ITC is a quantitative technique that can directly measure the binding affinity 

(Ka), enthalpy changes (ΔH), and binding stoichiometry (n) of the interaction between 

two or more molecules in solution. In this chapter ITC measurements have been used 

to study the nucleobase-silver ions interactions and oligonucleotide-silver ions 

interactions and establish that the four nucleobases have different strengths of 

interaction with the silver ions. 
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2.12 Fluorescence Activated Cell Sorting (FACS) 

Fluorescence-activated cell-sorting (FACS) is a specialised type of flow 

cytometry (FCM) [10]. It provides a method for sorting a heterogenous mixture of 

biological cells into two or more containers, one cell at a time, based upon the specific 

light scattering and fluorescent characteristics of each cell. It is a useful scientific 

instrument as it provides fast, objective and quantitative recording of fluorescent 

signals from individual cells as well as physical separation of cells of particular 

interest. Flow cytometry, in general, has found tremendous application in the fields of 

cell biology and clinical medicine. It is a versatile technique which simultaneously 

measures and analyses several physical properties of a single particle, usually cells, as 

they flow in a stream of fluid through a beam of light. It is capable of obtaining 

information about the cell size, cell granularity and internal complexity and relative 

fluorescence intensity. 

 

Figure 2.8 Schematic showing the components of a typical FACS instrument. (Image 
courtesy: www.flow-cytometry.de/img/fcm.gif). 

For FACS analysis, the cell suspension is introduced in the centre of a narrow, 

rapidly flowing stream of liquid. The flow is arranged so that there is a large 
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separation between cells relative to their diameter. A vibrating mechanism causes the 

stream of cells to break into individual droplets. The system is so adjusted that just 

before the stream breaks into droplets, the flow passes through a fluorescence 

measuring station where the fluorescence character of each cell is measured. An 

electrical charging ring placed at the point of stream breaking into droplets, places a 

charge on the droplets depending on the fluorescent intensity measurement. The 

charged droplets then fall through an electrostatic deflection system that diverts the 

droplets into containers based on their charges. Thus, the technique enables us to 

measure the fluorescence intensity and population of cells associated with a particular 

fluorescence. The configuration of a typical FACS instrument has been shown in 

Figure 2.8. 

In the thesis, FACS measurements have been used to measure the fluorescence 

intensity for equal number of cells incubated with PI-porous gold nanoparticle 

conjugate, PI-solid gold conjugates and PI-porous platinum nanoparticles conjugates. 

These results helps in establishing the higher loading of the fluorophore PI on the 

porous nanoparticles in terms of the higher mean fluorescence intensity for 10,000 

cells counted.  
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Fabrication of the active and passive components of futuristic nano-devices has 
generated considerable interest. This chapter discusses the use of DNA as a template 
for the assembly of nanoparticles leading to construction of molecular metal 
nanowires. We demonstrate herein the significantly different interactions of the 
building blocks of the DNA molecules, the nucleobases, with metal ions based on the 
extremely sensitive Isothermal Titration Calorimetry analysis. The distinct nature of 
the binding interactions of metal ions with the nucleobases, in turn, could be used to 
develop patterned molecular wires based entirely on the oligonucleotide sequences. 
 

The work described in this chapter has been communicated: Shukla, S. and Sastry, M. J. Am. 

Chem. Soc. 2007. 
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3.1 Introduction 

One of the primary objectives of nanotechnology research is the development 

of technology that is miniaturized in a true sense. This implies that the tools and the 

components that would make up these devices be significantly downsized from their 

present forms. Much of current nanoscience research including synthesis of new 

nanomaterials, development of better processes for synthesis, controlling the 

morphology of the nanomaterials and tuning the optoelectronic properties of the 

nanomaterials, is focused on the development of constituents that would shape 

futuristic nano-devices. The other major area of research is the actual fabrication of 

final prototypes by assimilating the building blocks and already a considerable 

number of these products have been developed and successfully implemented in 

diverse fields such as optics [1], plasmonics [2], electronics [3], sensing applications 

[4] as well as bio-diagnostics and therapeutics [5]. 

The thrust, therefore, is on developing methodologies devoted to fabrication of 

active and passive components of nanoscale dimensions and currently includes 

techniques such as nanolithography [6], micro-contact printing [7], molecular self-

assembly [8] and templated assemblies [9], to name a few. A wide variety of 

nanomaterials have been used for developing these components using the above-

mentioned techniques including oxides [10], magnetic materials [11] and quantum 

dots [12]. Insofar as integrated circuits are concerned, there would be a need to 

fabricate metallic interconnects for the components in the circuit. Besides this, metal 

nanoparticle assemblies with controlled size, spacing and composition are also 

desirable for plasmonics wave-guides and which may have applications in field 

enhancement spectroscopy techniques such as surface enhanced Raman spectroscopy, 

infrared or fluorescence spectroscopy [13]. Experimental routes to nanoparticle chains 

have included synthesis via electron beam lithography (EBL) and manipulation of 

preformed particles using scanning probe tips [14]. These techniques provide 

excellent control over particle placement but are tedious and require sophisticated 

instrumentation. Alternatively, particle assemblies could be achieved in preformed 

channels but there is hardly any control over the interparticle distances in such 

techniques [15].  
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A more direct approach for the fabrication of metallic nano-interconnects is 

the template directed assembly of nanoparticles. For example, striped metal nanowires 

have been fabricated by the templated electrodeposition of metal in pores of alumina 

channels in a multistep process [16]. Other templates of choice include synthetic and 

natural polymers, which have been used under different conditions [17]. Of these, 

nucleic acids, particularly, Deoxy Ribose Nucleic Acid (DNA) perhaps, has been the 

most attractive template for the following reasons: (i) it has a remarkably high aspect 

ratio with a uniform charge density along the length, (ii) it is made up of only four 

building blocks, the nucleobases, with a highly predictable structural-functional 

relationship, (iii) the structure is flexible and yet sturdy for templated assemblies, and 

(iv) molecular biology techniques relevant to nucleic acids are highly developed, 

therefore rendering the manipulation of DNA very convenient. Besides, techniques 

like Polymerase Chain Reaction (PCR) provides a very efficient way of amplifying 

DNA, and also, DNA mediated nano architectures often have biological applications. 

The ability to synthesize DNA with arbitrary base sequence permits programming of 

inter and intra-molecular associations and thereby allows one to create simple linear 

structures to more complex intrinsic networks, based on which varying levels of 

complexity of nanoparticle assemblies could be achieved. Therefore, DNA has 

become increasingly relevant to nanotechnology research, not just as a template, but 

for three dimensional nanoparticle assemblies, complex architectures, and sensors of 

diagnostic importance and hence, there is extensive literature on the use of DNA for 

nanotechnology research [18].  

Most of the strategies for DNA templated assemblies have so far relied on the 

binding of preformed metal nanoparticles onto double stranded DNA (dsDNA) [19] 

or by chemically [20-21]/photo-catalytically reducing [22] metal cations 

electrostatically bound to the negatively charged backbone (due to the phosphate 

groups in the DNA backbone) to achieve metallized molecular wires, rings [23] or 

networks [24]. One immediately recognizes that the non-specificity of the columbic 

interaction between metal cations and the phosphate backbone leads to metallization 

along the entire DNA segment with little opportunity to control metallization 

spatially. However, the structural-functional predictability of the DNA molecule lies 

in its nucleobases that have the ability to undergo extremely specific Watson Crick 
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base pairing and it’s the nucleobase sequence that is responsible for diversity of DNA 

structure. Despite this, there have been only few attempts towards achieving any kind 

of sequence dependent control upon the dsDNA metallization including localization 

of a sequence specific DNA binding protein [25-a] or reducing agent [25-b] followed 

by the metallization process on the DNA. While these protocols have generated 

patterned molecular wires on the DNA, they require extensive multi-step 

modifications of the dsDNA molecule and are thus rather cumbersome. 

 

Scheme 3.1 Chemical structures of the four DNA nucleobases. 

 Nucleobases are the building blocks of the DNA molecule along with the 

ribose sugar and phosphate. Chemically, nucleobases or the nitrogenous bases are 

derivatives of purine or pyrimidine structures. Adenine and guanine are purines, while 

cytosine and thymine are the derivatives of pyrimidines. The chemical structures of 

the four nitrogenous bases are shown in scheme 3.1.  

There are numerous reports on the specific interactions of nucleobases, 

nucleosides and nucleotides with metals cations including those from the first 

transition series such as chromium, manganese, iron, cobalt, nickel and copper as well 

as other metals such as zinc, silver, cadmium, platinum, lead and mercury [26]. Many 

of these studies have explained in detail the interaction of the metal cations with 

particular nucleobases, nucleosides and nucleotides. Some of these metals such as 

cobalt and nickel have an affinity towards the phosphate backbone of the DNA 

molecules while others such as silver have preferential binding with nucleobases [27]. 

Even though such information on the differential binding abilities of the bases or 

nucleosides with metal cations exists, they have rarely been exploited in materials 

chemistry, especially those related to fabrication of metal nanoparticles assemblies. 
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In this chapter, the interactions of one such metal cation, Ag+, with the 

nucleobases have been studied using extremely sensitive Isothermal Titration 

Calorimetry (ITC) measurements. ITC measures the heat of reaction between two or 

more interacting molecules in aqueous solution and is an important tool for 

determining molecular interactions for biological and non-biological systems [28]. 

ITC therefore is a more direct approach to establish the strengths of interaction than 

any of the methods used earlier to establish such interactions between metals and 

DNA [27, 29]. We have illustrated that such differences amongst the nucleobases 

towards interaction with certain metal ions could be used for the fabrication of 

patterned molecular wires after reducing the ions to its metallic form, with excellent 

control over the interparticle spacing. The extensive literature available on the 

formation of silver nanowires, rings and networks [23, 24] based on the DNA 

templates was decisive in choosing Ag+ for the present studies. We show that the 

subtle differences between the nucleobase structures are capable of generating 

significantly distinct morphologies and optical signatures. Therefore, it would be 

possible to fabricate pattered metal wires based entirely upon the sequences of the 

template DNA molecule in an easier solution based process. 

3.2 Isothermal Titration Calorimetry Measurements 

3.2.1 ITC measurements of nucleobases – Ag+ interactions 

Isothermal Titration Calorimetry (ITC) is an extremely sensitive technique for 

the analysis of thermodynamic parameters associated with non-covalent interactions 

between two or more molecules. In our experiments, the heat of interaction between 

the nucleobases and silver ions (Ag+) and the single stranded DNA (ssDNA)-Ag+ 

complexes was determined by ITC. In the first set of experiments, 100 µl of 100 µM 

aqueous solutions of the nucleobases were titrated in equal steps of 10 µl into 1.47 ml 

of 100 µM Ag2SO4 solution. There was a lag of 5 min between successive injections 

of the nucleobases. This point onwards we will refer to these experiments as the 10 

injection experiments. The heat of interaction resulting from the solvation effect of 

the nucleobases was taken into account by performing control experiments where 

equivalent concentration and volumes of the respective nucleobases were titrated into 

1.47 ml of Millipore water and the heat response were recorded. 



Chapter III                                                                                                                                      

Ph.D. Thesis Sourabh Shukla University of Pune 

78 

 

Figure 3.1 ITC plots for the titration of the four nucleobases into the Ag+ solution. A, B, C 
and D correspond to the ITC profile of cytosine, guanine, adenine and thymine respectively. 
The upper panels in the plots represent the heat evolved per injection of nucleobase while the 
lower panels show the integrated heat per injection plotted against the molar ratio of the 
nucleobase/Ag+. The gray curves in each of the upper panels correspond to the experimental 
values while the black curves represent the control experiments for the respective 
nucleobases.  

The ITC measurements recorded for the four nucleobases in the 10-injection 

experiments are shown in the Figure 3.1. The upper panels in A, B, C and D represent 

the heat of reaction involved with injection, each peak corresponding to one injection. 

While the gray curve corresponds to the titration of nucleobases into the Ag+ solution, 
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the black curve represents the control experiment where similar concentrations of 

nucleobases were added to 1.47 ml of Millipore water as explained earlier. The area 

under each curve corresponds to the total heat evolved in each injection of the ligands 

(nucleobases in our case) into the solvent. This integrated heat when plotted against 

the molar ratio of the Ag+ ions and nucleobases, generates the lower panels of the 

respective ITC plots. The values of the integrated heats of the control experiments 

have been deducted from their respective experimental values.  

It is evident from the ITC measurement of cytosine-Ag+ titration that the 

interaction is exothermic as suggested by the negative values of the heat of reaction 

for the first few injections (Figure 3.1, A, gray curve). As successive injections of 

nucleobases are titrated into the cell, the quantity of heat released, which is in direct 

proportion to the amount of binding occurring between the nucleobase and the silver 

ions, decreases. As the system reaches saturation, the signal diminishes until only 

heats of dilution are observed. (Figure 3.1, A, gray curve). Similarly, the titration 

plots of guanine, adenine and thymine are also shown in Figure 3.1, B, C and D 

respectively. While titration of guanine against silver ions showed similarity with 

cytosine (Figure 3.1, B, upper panel), that of adenine and thymine did not follow a 

typical binding isotherm (Figure 3.1, C and D, upper panels). It is evident from the 

ITC profile of adenine that the exothermic response is only slightly higher than the 

dilution response, while in the case of thymine, the experimental and control values 

overlap, suggesting negligible interaction of thymine with silver ions.  

Comparison between the integrated heat values for the four nucleobases 

clearly reveals that their binding affinities with silver ions vary significantly as 

reflected in the heat of interactions recorded in the ITC experiments. Thus, while 

cytosine shows the highest affinity to interact with silver as shown by the heat of 

interaction with a maximum value of - 48.74 kCal/mol, guanine, adenine and thymine 

followed in that order with values of - 29 kCal/mol, - 12.68 kCal/mol and - 4.46 

kCal/mol, respectively (overall order being C > G > A ≥ T). The scattered values of 

integrated heats in the case of adenine and thymine shows the insignificant amount of 

heat changes taking place upon titrating these bases with silver ions. 
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There is extensive literature on the interaction of cations with DNA and 

nucleotides, especially Ag+ - DNA interactions [27, 29]. Combined potentiometric 

and spectroscopic studies have revealed the different modes of interaction between 

silver ions and DNA depending on the Ag+: nucleotide ratios. However, there are no 

direct quantitative evidences for the differential binding abilities of nucleobases with 

silver ions. Our measurements therefore are significant as they clearly illustrate that 

the four bases behave differently in the presence of metal ions such as silver.  

To compare the strengths of interactions of the nucleobases, one more set of 

ITC experiment was carried out with only the most strongly binding cytosine and the 

least binding thymine. In this experiment 300 µl of 100 µM nucleobases (cytosine and 

thymine) were titrated in equal steps of 10 µl into 1.47 ml of 100 µM Ag2SO4 solution 

with 2 min interval between the successive injections. This experiment hereafter, will 

be therefore referred to as the 30-injection experiment. The ITC plots of the 30- 

injection experiments are presented in Figure 3.2.  

 

Figure 3.2 ITC plots obtained by titrating 300 µl of 100 µM cytosine (A) and thymine (B) 
against 1.47 ml of 100 µM Ag2SO4 solution. The upper panels represent the heat liberated in 
each injection while the lower panels shows the integrated heat of each injection plotted 
against the molar ratio of the nucleobases and the silver ions. Gray curves in the upper 
panels depict the experimental values while the black curves are from the control 
experiments.  
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As explained earlier, the upper panels of the plots correspond to the heat 

liberated with each injection of the nucleobases into the silver ions, while the lower 

panels are the integrated heats of each injection plotted against the molar ratios of 

nucleobases to the silver ions. The gray curves in the upper panels correspond to the 

control experiments where equivalent concentrations of the nucleobases were titrated 

against Millipore water.  

As is clear from Figure 3.2, cytosine shows a significantly higher exothermic 

response to the interaction with silver ions. The 30- injections experiment leads to a 

binding isotherm that reaches saturation towards the end of the 30 injections (Figure 

3.2, A, gray curve). The heat of dilution remains much lower and constant throughout 

the titration. On the other hand the heat evolved by the titration of thymine is 

significantly lower, and does not show a typical binding isotherm (Figure 3.2, B, 

upper panel) as in the case of cytosine. The small difference in the experimental curve 

values (gray curve) and the control values (black curve) suggests that there is no 

significant interaction of thymine with the silver ions in the solution and the major 

contribution in the heat evolved during the titration comes from the dilution effect of 

thymine. The magnitude of the integrated heat from the lower panels of Figure 3.2, A 

and 3.2, B highlights the remarkably different affinities of cytosine (-50.3 kCal/mol) 

and thymine (-2.7 kCal/mol) towards silver ions. The saturation of the heat liberated 

at the equimolar ratio of silver ions and cytosine also suggests a 1:1 binding between 

the two (Figure 3.2, A, lower panel).  

These results are important as the nucleobases are the basic building blocks of 

the DNA structure and the significant differences amongst the nucleobases towards a 

metal cation suggest that the interaction of DNA as a whole, with metal ions could be 

more dynamic in terms of the association of the ions to a certain fragment of the DNA 

length depending on its nucleobase composition. 

3.2.2 ITC measurements of oligonucleotides – Ag+ interactions 

The assumptions made above however, are not that straightforward when we 

talk about the DNA molecule as a whole. This is due to the fact that the DNA 

molecule contains, besides the nucleobases, a negatively charged sugar phosphate 

backbone that provides a uniform charge density for columbic interactions with any 
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charged moiety. In dsDNA, the hydrophobic core made up of the nucleobases remains 

generally inaccessible to any interacting charged species. On the contrary, a small 

ssDNA would offer an exposed sugar phosphate backbone as well as the nucleobases 

for the same (Scheme 3.2). Thus, any such interaction is now subjected to the 

competitive binding affinities of the phosphate sugar backbone and the nucleobases. 

Therefore, a ssDNA would present an excellent opportunity to compare the affinities 

of interactions between the nucleobases and the sugar – phosphate backbone. 

 

Scheme 3.2 Comparative structure of single stranded DNA (ssDNA) and double stranded 
DNA (dsDNA). 

Therefore, in an experiment similar to the previous ones involving 

nucleobases, 300 µl of 4 µM aqueous solutions of oligo-C (C24) and oligo-T (T24) 

were titrated in equal steps of 10 µl into 1.47 ml of 100 µM Ag2SO4 with a time lag of 

2 min between the successive injections. Control experiments similar to those 

mentioned above were performed where equivalent concentrations of the 

oligonucleotides C24 and T24 were titrated against de-ionized water. The temperature 

of the reaction cell was maintained at 4 0C for all the titration experiments and the pH 

was maintained at 7.5. The ITC plot of the titration of the oligonucleotides against 

silver ions with respective control experiments is shown in Figure 3.3. It is clearly 

seen from the ITC plots of C24 and T24 v/s Ag+ that the interactions are exothermic, 

the one involving C24 being the stronger interaction as suggested by the more intense 
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heat response recorded during the titration (Figure 3.3, A, upper panel). T24, in 

comparison, shows much lower interaction with the silver ions (Figure 3.3, B, upper 

panel). 

 

Figure 3.3 ITC plots depicting the heat response recorded by titrating 300 µl of 4 µM 
oligonucleotides C24 (A) and T24 (B) against 1.47 ml of 100 µM Ag2SO4 in a 30-injection 
experiment. The upper panels show the heat liberated per injection for experiments (gray 
curves) and controls (black curves), while the lower panels shows the integrated heat per 
injection against the molar ratio of oligonucleotides/Ag+. 

In both cases, the heat released during successive injections of the 

oligonucleotides decreases, indicating the saturation of binding sites on the oligos. 

The integrated heat per mole of the ratio of the oligonucleotides to Ag+ gives the 

magnitude of difference between the affinities of C24 and T24. Thus, while the 

maximum heat liberated in the case of C24 is - 122 kCal/mol, that for T24 is 

significantly low at - 25 kCal/mol and shows a lot of scatter suggesting that T24 hardly 

interacts with the silver ions in solution.  

Interestingly, the two oligos were so chosen that they have the same length 

and hence similar charge density arising from the sugar-phosphate backbone. The 

difference between the two lies in the nucleobase composition. Since, the ITC 

measurements of the two oligos display significantly different exothermicity, it can be 

concluded that it is the nucleobases that are interacting primarily with the silver ions 
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and not the sugar phosphate backbone. Had it been the case that the positively 

charged nucleobases were interacting with the negatively charged phosphate groups, 

we should have obtained comparable, if not exactly similar values in the two 

titrations. However, the significant difference between the values for C24 and T24 

illustrates that it is the differential affinity of the nucleobases, which is coming into 

play, as already demonstrated in the experiments involving the nucleobases directly. 

These results open exciting possibilities in terms of employing DNA as a 

template for assembly of nanoparticles, by varying the sequences of DNA one can 

generate fragments where a certain metal ion or nanoparticles bind preferentially, thus 

developing spatially patterned assemblies. 

3.3 UV-vis spectroscopy and transmission electron microscopic 

(TEM) analysis 

3.3.1 Nucleobases - Ag+ interactions 

 Reducing the silver ions in the presence of the nucleobases could further 

prove the apparent differences in the binding ability of the nucleobases with the silver 

ions and the complete binding between them at equimolar ratios. We followed a well- 

established protocol for the synthesis of silver nanoparticles developed by Sastry and 

co-workers where reduction of Ag+ by tyrosine under alkaline conditions leads to the 

formation of silver nanoparticles [30]. In a typical experiment, 1 ml of 10-3 M aqueous 

solutions of nucleobases (cytosine and thymine) were mixed with 1 ml of 10-3 M 

Ag2SO4 and 1 ml of 10-3 M tyrosine and the final volume was made up to 9 ml. After 

bringing this solution to boil, 1 ml of 10-2 M KOH was added to this mixture and the 

boiling was continued for another five minutes. For control, equivalent concentration 

of silver was reduced in absence of the nucleobases following the procedure 

mentioned above. Similarly, silver was also reduced in the presence of a concentration 

of nucleobases three times higher than the above concentrations. 

The UV-vis-NIR spectra recorded for the reduction of silver ions in presence 

and absence of the nucleobases is shown in Figure 3.4. Reduction of silver in the 

absence of the nucleobases cytosine and thymine leads to formation of silver 

nanoparticle as soon as KOH is added to the boiling mixture. The colorless aqueous 
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solution of the silver immediately turns to yellow, indicating the formation of 

colloidal silver. The UV-vis spectrum of this solution shows a sharp absorption band 

centered at 420 nm, which is due to the surface plasmon resonance of the colloidal 

silver nanoparticles [30] (Figure 3.4, curve 1). 

 

Figure 3.4 UV-vis absorption spectra recorded for the tyrosine-KOH reduction of silver with 
and without the nucleobases. Curve 1 corresponds to the plasmon absorption band of 10-4 M 
silver nanoparticles in absence of the nucleobases. Curves 2-5 correspond to the reduction of 
varying concentration silver in presence of cytosine (curves 2 and 4; 10-4 M and 3 x 10-4 M 
Ag+, respectively) and thymine (curves 3 and 5; 10-4 M and 3 x 10-4 M Ag+, respectively).  

However, in the presence of the nucleobases, there is a clear dampening of the 

silver nanoparticles plasmon peak (Figure 3.4, curves 2-5). A closer look at these 

curves further reveals that for a silver concentration of 10-4 M and 10-4 M nucleobases 

concentration, the plasmon absorption band is significantly dampened (Figure 3.4, 

curves 2 and 3), indicating the absence of spherical silver nanoparticles, which 

generates a sharp surface plasmon band at 420 nm. This observation can be explained 

in terms of the results obtained in the ITC experiments that at equimolar 

concentrations, nucleobases binds tightly to the silver ions, rendering very little free 

silver ions for reduction by tyrosine under alkali conditions, for both cytosine and 

thymine. Subsequently, when the concentration of silver in the solution is 

significantly increased (3 x 10-4 M from the original 1 x 10-4 M), the reduction by 

tyrosine in alkali conditions leads to appearance of the silver plasmon band as shown 

in the Figure 3.4, curves 4 and 5. Thus, it can be observed that while in presence of 

thymine, a low intensity band centered at 400 nm is obtained (Figure 3.4, curve 5), a 
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very low intensity broad absorption band is obtained in the presence of cytosine 

(Figure 3.4, curve 4). The appearance of the surface plasmon band is indicative of the 

formation of silver nanoparticles in the high concentration experiments; however, the 

low intensity of the resultant absorption bands suggest that only the excess silver ions 

are reduced to form silver nanoparticles and the broad spectra reflects aggregation of 

silver nanoparticles so formed. These results can be further confirmed by the TEM 

analysis of the respective samples as shown in Figure 3.5. 

 

Figure 3.5 Representative TEM images of 3 x 10-4 M silver ions reduced by tyrosine under 
alkaline conditions without the bases (A); and in the presence of 1 x 10-4 M thymine (B) and 1 
x 10-4 M cytosine (C). The scale bars in TEM images correspond to 100 nm. 

Figure 3.5, A shows TEM image of the silver nanoparticles formed by the 

reduction of silver ions by tyrosine-KOH in absence of the nucleobases. It is clear 

from the image that in absence of the nucleobases spherical nanoparticles with an 

average diameter of 50 nm are formed without any apparent aggregation. The TEM 

image validates the presence of a sharp high intensity band centered at 400 nm in the 

UV-vis spectrum for the same (Figure 3.4, curve 1). Contrary to this, silver (3 x 10-4 

M) reduced in the presence of thymine results in the formation of aggregated silver 

nanoparticles (Figure 3.5, B). The TEM is in agreement with the low intensity UV-vis 

absorption band observed for thymine (Figure 3.4, curve 5). Cytosine, on the other 

hand, under similar conditions, generates highly aggregated silver nanostructures of 

irregular morphologies (Figure 3.5, C). Such aggregation of silver nanoparticles by 

strongly binding ligands has been previously observed for phthalazine, which resulted 

in rapid aggregation of silver nanoparticles into clusters of irregular shapes and sizes. 

The aggregation is characterized by the dampening of the surface plasmon resonance 

absorption band of silver nanoparticles [31]. Similarly, mannose stabilized silver 

nanoparticles were shown to undergo rapid aggregation upon addition of 
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Concanavaline A, resulting in dampening of the plasmon band and has been used for 

bioassays [32]. The appearance of a broad absorption band with very low intensity in 

the UV-vis spectrum of 3 x 10-4 M silver ions being reduced in presence of cytosine is 

therefore attributed to the formation of such highly aggregated irregular structures 

(Figure 3.4, curve 4). It is the strong binding ability of cytosine that results in the 

reduction of silver ions to form large aggregates, while in the absence of any capping 

molecule, spherical silver nanoparticles are obtained. 

3.3.2 ssDNA – Ag+ interactions 

Similar to the nucleobases, short stretches of oligonucleotides also showed 

differential interactions with the silver ions as demonstrated by ITC measurements 

explained above. The ITC analysis proved that the silver ions actually bind to the 

nucleobases in a ssDNA molecule and that its interaction, in such a case, with the 

phosphate groups present on the sugar phosphate backbone, is minimal despite the 

uniform charge density on the backbone. This point was further illustrated by UV-vis 

spectroscopy of the reaction where the silver ions are reduced in the presence of the 

two ssDNA with dissimilar base composition. In a typical experiment, ssDNA (C24 

and T24) were mixed with Ag+, so as to keep their final concentrations as 4 μM and 

100 μM, respectively. After incubating the mixture at 4 oC for 12 h, the reduction of 

bound Ag+ was carried out by exposing the solution to alkaline tyrosine. For the 

control experiment, equivalent concentration of silver ions was reduced by tyrosine-

KOH in the absence of the short oligonucleotides. The UV-vis spectra recorded is 

shown in Figure 3.6.  

The reduction of silver in the absence of the oligonucleotides results in a sharp 

plasmon absorption band at 400 nm that is characteristic of spherical silver 

nanoparticles (Figure 3.6, curve 1). However, in the presence of the short 

oligonucleotides, there is a significant dampening of the silver plasmon absorption 

band. In the presence of T24, the intensity of the 400 nm plasmon band reduces, 

indicating slight aggregation of the resulting silver nanoparticles. Also, in the case of 

C24 there is a drastic reduction in the silver plasmon band intensity, suggesting large 

aggregation of the silver nanoparticles. These results were further supported by the 

TEM analysis of the above reduction process shown in Figure 3.7. 
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Figure 3.6 UV-vis spectra of 100 μM Ag+ reduced by tyrosine-KOH without any 
oligonucleotides (curve 1), and in presence of 4 μM of T24 (curve 2) and C24 (curve 3). 

The reduction of silver ions in the absence of the oligonucleotides results in 

the formation of spherical silver nanoparticles (Figure 3.7, A). The oligonucleotide on 

the other hand, results in various degrees of aggregation. With T24, the reduced silver 

nanoparticles show aggregation in the form of loosely held clusters of spherical 

nanoparticles (Figure 3.7, B). The smaller extent of aggregation is sufficient enough 

to dampen the intensity of the silver plasmon band as observed in UV-vis 

spectroscopy (Figure 3.6, curve 2). However, the strong binding ability of the cytosine 

containing ssDNA C24 results in significant dampening of the plasmon band, which is 

attributed to the flat aggregated structures formed when silver is reduced in the 

presence of C24 (Figure 3.7, C). It is evident from the above experiments that the 

nucleobases, especially, cytosine and thymine varies drastically in the manner in 

which they interact with the silver ions.  The differential affinity of the nucleobases 

towards silver ions is reflected in the way the optical absorption of the silver 

nanoparticles formed by reducing the ions in the presence of the bases varies. 

The remarkably different interactions between the silver ions and the bases 

also generate entirely different morphologies of silver nanoparticles. It is also 

noteworthy that the nucleobases have higher affinity for silver than the phosphate 

groups in the sugar phosphate bonds of the DNA, which is illustrated by the 

persistence of the differences observed in experiments involving nucleobases in the 

experiments involving homo-oligonucleotides. 
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Figure 3.7 Representative TEM images of the reduction of 100 μM Ag+ in absence of 
oligonucleotides (A); and in presence of 4 μM of T24 (B) and C24 (C). The scale bars in the 
TEM images correspond to 50 nm. 

These evidences are in agreement with the ITC experiments, which provide 

the direct measure of the differential interactions of the nucleobases with silver ions. 

3.3.3 Metallization of Plasmid DNA 

The ability of the silver ions to differentially interact with the nucleobases and 

the sugar phosphate backbone could also be proved by metallization of plasmid DNA 

(p-DNA) that is a circular double helical DNA molecule with the nucleobases in the 

core and the sugar phosphate backbone around it. The nucleobases in a p-DNA are 

not exposed at all. However, heating the p-DNA to its melting temperature, a part of it 

could be uncoiled and the two strands could be separated, exposing the bases.  

In a typical experiment, 0.15 μg/ml IL2 plasmid (3500 bp) was mixed with  

2 μM Ag+ at 80o C for 5 min, after which, the reduction was achieved in solution 

using alkaline tyrosine. Similar experiment where the mixture of plasmid and silver 

ions were incubated at room temperature prior to reduction was also performed. In 

another experiment, after mixing the plasmid and silver ions at elevated temperature 

and then reducing silver by tyrosine KOH, 0.1% NaBH4 was added in to the mixture. 

For control experiment, equivalent concentration of silver ions were reduced by 

tyrosine KOH at elevated temperature without the addition of plasmid. The UV-vis 

spectra for the above-mentioned experiments are shown as Figure 3.8. 

It is clear from the UV-vis spectra for the metallization of p-DNA that 2 μM 

silver ions on reduction by tyrosine KOH generates a sharp plasmon absorption band 

at 400 nm (Figure 3.8, curve 1) which is characteristic of the silver nanoparticles. 

Similar concentration of silver ions when incubated with p-DNA at room temperature 
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followed by reduction by tyrosine KOH results in a plasmon band without any 

significant changes in the absorption intensity (Figure 3.8, curve 2), suggesting little  

 

Figure 3.8 UV-vis spectra for the reduction of silver ions in the presence and absence of p-
DNA at different temperatures. Curve 1 corresponds to the spectrum of the 2 μM Ag+ reduced 
by tyrosine KOH. Curve 2 corresponds to the reduction of silver in presence of p-DNA after 
incubation at room temperature. Curve 3 is the reduction of silver incubated with p-DNA at 
80 0C, while curve 4 is obtained after addition of 0.1 % NaBH4 in 3. 

interaction between silver ions and the plasmid DNA that is still intact and highly 

coiled. However, when the mixture of silver ions and the p-DNA are incubated at 80 
0C for 5 min prior to the reduction by tyrosine KOH, the surface plasmon band 

intensity of silver dampens significantly (Figure 3.8, curve 3) suggesting generation 

of silver nanoparticles to a lesser extent and association of the silver ions with the 

nucleobases. At 80 0C, which is generally the melting temperature (Tm) of a plasmid 

of size 3.5 kbp, some parts of the plasmid molecule are present in an uncoiled state 

with the two strands separated at certain places. This would expose the otherwise 

hidden nucleobases to the external environment where they can form association with 

the silver ions. Thus, a part of the silver ions population in the reaction mixture would 

now be bound to the exposed nucleobases, and upon reduction with tyrosine KOH, 

would result in aggregated silver nanoparticles embedded in the plasmid molecule. 

Only a small fraction of the silver ions would be reduced to form free silver 

nanoparticles in the solution and therefore dampened plasmon band intensity is 

observed in this case.  
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The reversibility of the association of the silver ions with the plasmid DNA is 

evident by the enhanced intensity of the plasmon band when a strong reducing agent 

sodium borohydride is added to the reaction mixture described above (Figure 3.8, 

curve 4). NaBH4 addition to the solution leads to release of unreduced silver ions 

trapped in the p-DNA molecule in the solution, which are then reduced to give 

spherical silver nanoparticles in the solution thereby contributing to the enhancement 

of the plasmon band absorption over the previous case. However, the overall silver 

ions available for the strong reducing agent NaBH4 in solution remains much lower 

than the control experiment, and therefore the band intensity remains lower than that 

of the control experiment (Figure 3.8, curve 1). 

 

Figure 3.9 Representative TEM images showing the formation of silver nanoparticles on the 
p-DNA template by reduction with tyrosine KOH. The scale bars in the A and B represents 
200 nm while that in C and D correspond to 100 nm. 

The formation of aggregated silver nanoparticles of irregular shapes on the p-

DNA template can be observed in the TEM images shown in the Figure 3.9. 

3.4 Sequence dependent DNA metallization 

The ability of the nucleobases to differentially interact with metallic ions such 

as silver throws open a lot of interesting possibilities of sequence dependent 

metallization of DNA. In the previous approaches, people have used enzymatic 

protection of certain fragments of the DNA molecule against deposition of metal 
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nanoparticles or ions and its reduction thereafter. Also, selective localization of the 

reducing agent on the DNA itself has also been used for the reduction of precursor 

ions on the DNA molecules in order to achieve metallization. However, these 

methods are cumbersome and involve careful modification of DNA molecule in 

several steps.  

 

Scheme 3.3 Experimental procedures leading to the metallization of oligonucleotides C30- 
T40- C30 and C20- T20- C20- T20- C20. 

The ITC measurements have shown that despite their similar structures 

nucleobases clearly differ in the strengths of their interaction with the silver ions. UV-

vis and TEM analysis further proved that the differences in the heat of interactions 

actually materialize into the varying degrees of aggregation of the resulting 

nanoparticles, based entirely on the nucleobases involved in the reaction. Based on 
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such studies, we propose a new approach to construct patterned molecular wires of 

silver templated on DNA, which is shown in the Scheme 3.3. 

Two short oligonucleotides with sequences C30- T40- C30 and C20- T20- C20- 

T20- C20 were used to illustrate sequence dependent metallization. The sequences were 

so designed that the first one has two cytosine containing stretches flanking a thymine 

rich stretch in the middle, while the second has alternating cytosine and thymine 

stretches of equal lengths. In two separate experiments, 50 μM of the each 

oligonucleotide was mixed with 50 μM silver ions and incubated at 4 0C for 8 h. After 

the incubation, the reduction of silver ions was brought about by addition of  

5 x 10-5 M tyrosine in alkaline conditions. The assembly of the silver nanoparticles so 

formed on the DNA template was observed under TEM and is shown in Figure 3.10 

and 3.11.  

 

Figure 3.10 Representative TEM images of the metallized C30- T40 -C30 oligonucleotides.  The 
formation of doublets of silver nanoparticles separated by the distance corresponding to the 
T40 stretch can be seen in images and the interparticle separation has been shown.  

It is evident from TEM analysis that the patterning on DNA template takes 

place as depicted in the scheme discussed above (Scheme 3.2). Thus, in the first 

oligonucleotide sequence (100 bases ~ 34 nm) with two cytosine stretches (C30) 

flanking a thymine stretch (T40), silver ions are trapped in the two adjoining stretches 
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of cytosine and are subsequently reduced to metallic silver by tyrosine in alkaline 

conditions (Figure 3.10). As the particles grow in size, the unoccupied thymine stretch 

(12.4 nm) at the center is delimited by the two particles of ca.15 nm each on either 

side. The average interparticle separation is observed to be 12.2 ± 1.7 nm, which is 

consistent with the length of T40 stretch in the middle. The metallized DNA therefore, 

appears in the form of doublet of nanoparticles separated by a fixed distance 

(Figure 3.10).  

 

Figure 3.11 Representative TEM images obtained from the metallized C20- T20- C20- T20- C20 
oligonucleotide. The arrows have indicated the interparticle separation between the trimers. 

The second oligonucleotide sequence (100 bases ~ 34 nm) contains three 

stretches of C20, alternating with two T20 stretches. Exposure to the reducing agent 

following the interaction with the silver ions leads to the appearance of short linear 

arrangements consisting of three silver nanoparticles (Figure 3. 11). These linear 

arrangements suggest that silver ions bind to three C20 regions in the ssDNA and 

subsequently forms silver nanoparticles. The alternating T20 regions do not bind silver 

nanoparticles strongly and therefore remains non-metallized. The set of three silver 

nanoparticles are separated by an average distance of 6.04 ± 1.33 nm, which is 

comparable to the length of alternating T20 stretches (~ 6.8 nm). Variation in the 

interparticle separation could result from differences in the particle size on flanking 

C20 stretches. For example, larger particles would encompass the non-metallized T20 
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regions in the oligonucleotide and therefore would exhibit smaller separations 

between them. 

 Alivisatos and co-workers have demonstrated similar assemblies of gold 

nanoparticles by sequence dependent hybridization of a 5’-thiolated short 

oligonucleotide-gold nanocrystals conjugate with a complementary longer DNA 

molecule  [33]. Although, their method showed spatially arranged gold nanocrystals, 

the process of DNA and gold nanocrystals functionalization is cumbersome. The 

assembly using ssDNA however, simplifies the process to a great deal. By designing 

appropriate oligonucleotides one can fine-tune the site of metallization and thereby 

control the interparticle separations. It should be also possible to develop more 

complex patterns of sequence based metallic nanowires by using non-liner arrays of 

oligonucleotides. 

3.5 Discussion  

Incorporation of DNA for nanoparticles assemblies has gained tremendous 

interest because of the large number of advantages associated with DNA over other 

templates [34]. This chapter was aimed at studying the ability of the nucleobases to 

interact with silver ions based on ITC analysis, which revealed that four nucleobases 

differed in their affinities towards Ag+ remarkably, the order of strength of their 

interaction with silver being C > G > A ≥ T. Similar trend in the exothermicity values 

was observed for single stranded oligo-cytosine and oligo-thymine sequences. The 

significant differences in the magnitude of interactions with silver ions despite the 

similarity in the sugar phosphate backbone suggest that the binding of silver ions 

takes place primarily with the nucleobases. This is in agreement with the previous 

reports that state that silver ions have affinity toward the nucleobases rather than the 

sugar phosphate backbone of DNA molecule [27].  

The ability to differentially bind the metal ions with the nucleobases in a 

ssDNA presents a new approach for metallization of DNA molecule based entirely on 

the sequence of nucleobases. This has been realized by designing sequences 

consisting of the poly-cytosine and poly thymine stretches. These nucleobases 

exhibited the strongest and weakest binding ability with silver ions in ITC analysis. 

Exposing such single stranded oligonucleotides to silver ions leads to their entrapment 
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at the stretches rich in cytosine and the subsequent reduction event generates silver 

nanoparticles at these sites. Thymine rich regions remain non-metallized and acts as 

spacers between the silver nanoparticles at the adjoining regions. The TEM images 

have revealed that the interparticle separation is a function of the length and position 

of spacers. Such control over the sites of metallization on a DNA template had not 

been possible where the electrostatic assemblies of preformed nanoparticles or their 

precursors on the sugar phosphate backbone were employed. 

The ready availability of synthetic DNA of desired sequences, and ease of 

manipulating it with metal ions makes this approach more promising than the 

previous methods requiring chemical modification of DNA molecule. 

3.6 Conclusions 

The chapter highlights the ability of nucleobases to differentially interact with 

silver ions based on the sensitive ITC measurements. These differences have been 

further supported by showing the varying extent of silver nanoparticle morphologies 

generated when the silver ions associated with the nucleobases are reduced in 

solution. The preferential binding of silver ions with the nucleobases over the sugar-

phosphate backbone of DNA molecule has also been proved using the ITC analysis. 

Based on these results, we have devised a new approach for fabricating patterned 

nanowires of silver, where the DNA metallization can be controlled based on the 

sequences of the nucleobases. 
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Chapter IV 
 
 
 
 

Synthesis of Porous Metal 
Nanostructures 

 

 

 

 

 

Porous metal nanostructures are a special class of bimetallic nanomaterials, which 
have unique electronic and optical properties arising from the presence of cavities. 
Thus, these materials are not just bestowed with an enormous surface area but also 
have low density and cost-effectiveness over solid nanomaterials of comparable size 
and composition. This chapter describes a novel process developed for the synthesis 
of such porous bimetallic metal nanostructures of varying composition as well as 
morphologies. The process is based on a controlled galvanic replacement reaction 
between a sacrificial metal nanoparticle and a metal ion species with a higher redox 
potential, across a semi-permeable dialysis membrane. The dialysis membrane acts as 
a semi-permeable barrier providing excellent control over the reaction kinetics and 
thereby leads to synthesis of phase-pure porous nanostructures. 
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4.1 Introduction 

Synthesis of metal nanoparticles has been an active area of research for a long 

time now because of their unique properties that make them enormously important in 

applications such as electronics [1], optics [2], catalysis [3], sensing [4], diagnostics 

[5] and therapeutics [6]. The intrinsic properties of a nanostructured metal are mainly 

determined by its size, shape, composition, crystalinity and structure. In principle, 

therefore, accurate control over any of these parameters would allow one to fine-tune 

the properties of such nanostructured metals and this field presents an exciting area of 

research [7]. As evident from the huge interest that it has generated recently, 

developing new synthesis protocols with shape and size tunability, thus, is a 

challenging field to work in. Therefore, there are ever increasing reports on the 

synthesis of metal nanoparticles with control on their morphology using physical [8], 

chemical [9] as well as biological routes [10]. One can therefore, control the 

characteristic properties of metal nanoparticles such as surface plasmon resonance 

(SPR) by varying the shape and size, which could be tuned from the visible region to 

infrared region depending on the extent of anisotropy [11]. These anisotropy-induced 

changes could induce significant enhancement in the functionality of the metal 

nanoparticles, rendering them potentially more useful for specific applications. 

This size, shape and structure dependent tunability of the optoelectronic 

properties that has lead to development of specific applications based on the 

morphologies. Thus, while the spherical metal nanoparticles such as gold and silver 

have been exploited for their visible region plasmon absorption in optical sensors [12] 

and as chromophores [13], other morphologies such as flat gold and silver 

nanotriangles with SPR absorption in the near infrared region have been used in 

optical coatings for thermal shields [14], cancer hyperthermia [15] and as substrates 

for SERS applications at longer wavelengths [16]. Similarly, other noble metal 

nanoparticles such as platinum nanoparticles also show catalytic specificity based on 

the their structures [17].  

However, composition is another variable that is important in determining the 

nanoparticle properties and providing them with enhanced functionality. Bimetallic 

nanoparticles are a class of metal nanoparticles that constitute atomic clusters of two 
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different metals. These bimetallic nanoparticles exhibit highly improved catalytic 

activity, surface plasmon properties and magnetic properties arising from the 

structural and electronic effect of the bimetal [18]. One important subclass of 

bimetallic nanoparticles is hollow-shell/porous nanomaterials, which besides having 

advantage of high specific surface area, low density and cost effectiveness, are 

significant as they have unique optical and catalytic properties, different from their 

solid counterparts [19]. A great deal of research over the last few years is thus focused 

on the development of synthesis protocols leading to such hollow-shell / porous 

nanostructures.  It is noteworthy that the presence of cavities is desirable not just in 

metallic nanostructures but also in polymeric and polymeric-inorganic composite 

nanomaterials [20]. Whereas the synthesis methods of hollow / porous polymer 

nanoparticles and oxide nanoparticles is well documented [21], there are only few 

reports on the synthesis of porous/ hollow shell metal nanostructures.  

The importance of porous/ hollow metal nanostructures and the interest in 

developing efficient methodologies for its synthesis exists due to the unique optical 

and catalytic properties possessed by them. It has been established that the hollow 

shell SPR is dependent on the shell thickness relative to its core and is tunable from 

the visible to the Near Infra Red (NIR) region of the electro-magnetic spectrum by 

varying the shell thickness [22]. NIR absorption by the hollow-shell nanostructures is 

particularly interesting as in this region the tissue transmissivity is maximum due to 

low scattering and absorption by the intrinsic chromophores that makes the gold nano-

shells attractive for in vivo diagnostic and therapeutic applications [23]. Also, 

nanostructures with hollow interior have been used as sensors based on the change in 

electric properties upon chemisorption of organic molecules [24]. 

The nano-shells also possess a large optical cross section exceeding that of 

conventional NIR chromophores, such as indocyanine green, by many orders of 

magnitude, making them potentially applicable for biomedical sensing and imaging. 

The higher photostability of the encapsulated fluorescent probes resulting from the 

metallic structure of the carrier nanoparticles also contributes to their enhanced 

functionality [25]. The higher scattering cross section [26] also makes the nano-shells 

useful for photonics based imaging applications such as Optical Coherent 
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Tomography (OCT) [27] and Reflectance confocal microscopy (RCM) [28]. Xia and 

co-workers have also demonstrated that the surface plasmon sensitivity of the hollow 

gold nanoparticles towards environmental changes is higher than the solid gold 

nanoparticles [29].  

Besides the numerous advantages of gold hollow shells and porous gold 

nanoparticles in cell imaging, sensing and other biological applications, porous 

nanostructures comprising platinum and palladium are also significant in the field of 

catalysis and energy storage. Porous nanostructures of platinum and palladium could 

contribute significantly in improving the catalytic processes currently utilizing the 

solid forms of these nanomaterials. This is possible as the specific surface area in the 

case of hollow / porous nanostructures increases tremendously. Also, the reduction in 

the amount of the noble metal required for such applications brought about by having 

a surface layer of the platinum/ palladium alone, would mean introduction of cost 

effectiveness in the whole process. This could be very significant as the nanoparticle 

mediated catalysis processes despite being highly efficient, are often hampered by the 

high cost of metals such as platinum and palladium. While some of catalytic processes 

involving porous palladium, such as in Suzuki cross coupling reactions [30] and 

enhanced electrocatalytic oxidation of methanol by porous platinum has been 

demonstrated [31], others such as nano-platinum based catalytic conversion of 

methane to hydrogen for fuel cell applications are being developed [32]. Introduction 

of the porous forms of the catalytically important platinum and palladium 

nanostructures would therefore improve the existing processes besides opening new 

avenues for research in this direction. 

There are only a few known methods for the fabrication of metallic hollow / 

porous materials. One of them is the deposition of preformed nanoparticles or their 

precursors on colloidal materials such as silica or polymeric and ceramic beads 

resulting in a core shell morphology followed by the removal of the core by chemical 

etching or calcination [33]. Layer-by-layer assembly has also been used extensively to 

synthesize a range of polymeric core inorganic shell nanoparticles [34]. Hollow 

nanocrystals have also been synthesized by the Kirkendall effect in which pores form 

because of the difference in the diffusion rate of two components [35]. There are also 
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reports on chemical methods involving seed mediated Ag-Au bimetallic core-shell 

nanoparticle growth using surfactants [36]. 

One of the most interesting methods for the fabrication of metallic shell 

nanoparticles, however, is the galvanic replacement reaction. It involves the sacrificial 

oxidation of a metal nanoparticle acting as a template and a consequential reduction 

of the second metal ion with higher redox potential leading to the formation of a shell 

of the latter on the former. The method has been extensively used by many research 

groups to form a broad range of bimetallic/ metal shell nanoparticles. Xia and co-

workers have shown the synthesis of hollow Ag-Au metal nanoparticles of different 

morphologies by using silver nanoparticles as the sacrificial reducing agent and 

reducing gold ions [37]. Chun Li Bai and co-workers, on the other hand, have used 

cobalt nanoparticles as the sacrificial reducing agent for the synthesis of gold- 

platinum bimetallic nanoparticles [38]. Similarly, Mirkin’s group has also fabricated 

gold nanoframes using sliver nanotriangles as the sacrificial templates [39]. Sastry 

and co-workers have used similar principles in the organic medium to synthesize 

hollow gold and platinum nanoparticles [40]. 

The popularity of this method, though, is marred by certain inherent 

drawbacks. For instance, in Xia `s protocol, the residual products of the redox 

reactions, the ions, have a tendency to form insoluble complexes that hinder the 

formation of purified products of interest [41]. Thus, silver ions liberated as a result of 

the oxidation of silver nanoparticles upon addition of gold ions, lead to the formation 

of silver chloride precipitates in the reaction mixture, which necessitates additional 

downstream steps for the purification of the hollow metal nanostructures. To avoid 

the formation of these impurities, one needs to carry out the reaction at a higher 

temperature, thereby preventing the formation of the precipitate. Also, the redox 

reaction underlying the transmetallation is an extremely rapid process making it 

challenging to control the reaction rate and the composition of the products. 

This chapter discusses an exciting way out of the above-mentioned problem 

along with providing an excellent control of the rate of the galvanic replacement 

reaction. We describe here, the use of a selective semi-permeable dialysis membrane 

to carry out the reaction, which allows the ions to diffuse across but retains the more 
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bulky nanoparticles inside, thus separating the residual ions from the metal 

nanoparticles. The slow diffusion of the ions provide excellent control over the 

reaction and thereby facilitate control on the composition of the resulting hollow 

shell/ porous nanoparticles in terms of the constituting metals and the pore size. The 

method is not just simple but also is generic, applicable to a variety of redox pairs of 

metals – ion pairs, as well as morphologies.  

The chapter begins with the illustration of the novel method developed for the 

synthesis of porous gold, platinum and palladium nanospheres with an emphasis on 

gold porous nanoparticles. This section also forays into the detailed mechanism of the 

cavity formation in these porous nanospheres and the affect of various parameters on 

the rate of the reaction. The second section, on the other hand, brings in the factor of 

anisotropy in the porous nanostructures. This section describes the fabrication of 

anisotropic template nanostructures and thereafter the galvanic replacement reactions 

leading to creation of the cavities within these structures. The characterization of the 

nanoparticles has been done using UV-vis-NIR spectroscopy, transmission electron 

microscopy (TEM), high resolution TEM (HRTEM), and atomic force microscopy 

(AFM) and is described in the chapter. 

4.1.1 Experimental set-up 

The porous nanostructures were synthesized by the galvanic replacement 

reaction taking place across the dialysis membrane, which serves as a selectively 

permeable barrier between the sacrificial metal nanoparticles and the suitable  

metallic ions. 

Figure 4.1 illustrates the actual reaction set up, where the sacrificial 

nanoparticle solution is enclosed in dialysis tubing, which is then immersed in another 

solution of the second metal ions. Therefore, M-1 and I-1 are the reduced form and 

oxidized form of the sacrificial metal respectively, while M-2 and I-2 are the same for 

the second metal. For the transmetallation reaction to take place, the redox potential 

for the M-2/I-2 pair should be higher than the redox potential for the M-1/ I-1 pair. 

The set up is kept on a magnetic stirrer for uniform mixing and diffusion of the 

reacting species. Samples are collected intermittently for analysis from the dialysis 

tubing, while the reaction could be paused or terminated by simply removing the 
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dialysis membrane from the outer solution. The progress of the reaction could be 

monitored visually by the changing color of the solution inside the dialysis 

membrane, and also spectroscopically by monitoring the absorption spectrum of the 

internal and external solutions. 

 

Figure 4.1 Schematic representation of the experimental set up for the synthesis of porous 
nanostructures by galvanic replacement reaction across the dialysis membrane. M-1 and I-1 
are the reduced and ionic forms of the sacrificial metal while M-2 and I-2 are the reduced 
and ionic forms of the second metal.   

4.2 Synthesis of porous nanospheres of gold, platinum and palladium 

The synthesis of porous gold nanoparticles (porous Au NPs), porous platinum 

(porous Pt NPs) and porous palladium nanoparticles (porous Pd NPs) was carried out 

by the transmetallation reaction between the sacrificial silver nanoparticles (Ag NPs) 

and ionic solutions of gold, platinum and palladium, respectively. Tyrosine reduced 

silver nanoparticles were synthesized by the method developed by Sastry and co 

workers [42]. Briefly, 100 ml of 10-4 M Ag2SO4 solution was mixed with 10-4 M 

tyrosine and the mixture was brought to boil. Addition of 10-3 M KOH solution and 

the subsequent boiling resulted in the rapid change of the solution color from 

colorless to yellow, indicating the formation of the Ag NPs. The pH of the resulting 

Ag NPs solution was 10.2. The solution was allowed to cool and then dialyzed against 

Millipore water for 24 h with three water changes to get rid of all the uncoordinated 

tyrosine and hydroxyl ions, in the process, also bringing down the pH from 10.2 to pH 
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7, and was used for all the further experiments. Hereafter, Ag NPs would correspond 

to the dialyzed tyrosine reduced silver nanoparticles.   

For the transmetallation experiment leading to the fabrication of porous Au 

nanoparticles, 20 ml of Ag NPs was taken inside a 12.5 kDa cut-off dialysis tubing 

(Sigma). Prior to this, the dialysis tubing had been washed under tap water for  

5 minutes followed by boiling twice in Millipore water to remove the surface bound 

impurities, in accordance with the instructions provided by the manufactures. The 

sealed tubing containing the Ag NPs solution was then submerged in the aqueous 

solution of 5 x 10-5 M chloroauric acid (HAuCl4 or Au (III) ions) in a dialysis jar and 

the whole set up was kept for continuous stirring on a magnetic stirrer. Aliquots were 

intermittently collected from within the dialysis tubing and the outer HAuCl4 solution 

and were analyzed using UV-vis-NIR spectroscopy, Transmission Electron 

Microscopy (TEM), conductivity measurements, Energy Dispersive Analysis of X-

rays (EDAX), and High Resolution Transmission Microscopy (HRTEM). 

 

Figure 4.2 Scheme depicting the synthesis of porous Au, porous Pt and porous Pd by the 
transmetallation reaction using the dialysis tubing. Tyrosine reduced silver nanoparticles, Ag 
(0) when dialyzed against Au (III), Pt (IV) and Pd (II) ionic solutions leads to the synthesis of 
respective porous nanoparticles.  
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Similarly, for the fabrication of porous Pt, 20 ml of Ag NPs was dialyzed in 

the 12.5 kDa cut-off tubing against 10-4 M chloroplatinic acid (H2PtCl6 or Pt (IV) 

ions) with continuous stirring while in the case of porous Pd, 10-4 M palladium nitrate 

solution (PdNO3 or Pd (II) ion) was used as the outer solution in the dialysis 

experiment. As in the previous case, small amount of samples from the dialysis tubing 

and from the outer solution were taken out intermittently, and analyzed using the 

above-mentioned techniques. Figure 4.2 depicts the general layout of the experiment. 

4.2.1 UV-vis-NIR and Transmission Electron Microscopy analysis 

The transmetallation reaction was studied using the UV-vis-NIR spectroscopy 

analysis and transmission electron microscopy (TEM) analysis of the samples 

intermittently collected from within the dialysis tubing and from the outer solutions in 

all the three sets of experiments involving Au (III), Pt (IV) and Pd (II) ionic solutions. 

The UV-vis spectra were recorded for all the solutions on a Jasco V-570 UV-vis-NIR 

spectrophotometer operated at a resolution of 1 nm. Samples for TEM analysis were 

prepared by drop-coating the nanoparticle samples at various stages of 

transmetallation on carbon coated copper grids. TEM measurements were performed 

on a JEOL model 1200EX instrument operated at an accelerating voltage of 80 kV. 

The reaction between 10-4 M Ag NPs and 5 x10-5 M Au (III) ions across a 12.5 

kDa dialysis tubing was monitored by time dependent UV-vis-NIR spectroscopy and 

TEM analysis, and is shown in Figure 4.3. The time point UV-vis-NIR absorption 

spectra recorded from the solution inside the dialysis tubing is shown in Figure 4.3 A. 

The surface plasmon resonance absorption spectrum of the as-prepared Ag NPs is 

centered at 408 nm (Figure 4.3 A, curve 1) [41]. As the reaction proceeds, damping of 

the silver plasmon absorption band is observed that shifts monotonically with time (up 

to 5 h of reaction, Figure 4.3 A, curve 3) to ca. 480 nm. The progressive intensity 

decrease and red shift in the silver plasmon absorption band is symptomatic of loss of 

metallic silver via oxidation of the silver nanoparticles (to Ag+) and formation of an 

Ag-Au alloy phase that becomes progressively rich in gold. After 5 h of reaction 

(Figure 4.3 A, curve 3), an additional broad absorption band appears at 700 nm, 

indicating the formation of a thin shell of gold on the sacrificial silver nanoparticle. 
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Figure 4.3 UV-vis-NIR and transmission electron microscopy (TEM) analysis of the galvanic 
replacement reaction carried out between 10-4 M Ag NPs and 5 x 10-5 M Au (III) ions. Curve 
1 in A corresponds to the UV-vis-NIR spectrum of the as-prepared Ag NPs, while curves 2, 3 
and 4 are the absorption bands of the solution from the dialysis tubing after 3 h, 5 h and 48 h 
respectively. The change in the colour of the solutions with time is shown in B. C, D, E and F 
are TEM images corresponding to the curves 1-4 in A, respectively (scale bars in TEM 
images represent 100 nm). G represents the change in the λ max as a function of time for the 
above-mentioned reaction. H and I correspond to the time dependent UV-vis-NIR absorption 
spectra and the conductivity measurement of the outer solution. 

These spectral changes, as a function of time, can be explained on the basis of the 

compositional changes taking place inside the dialysis tubing. The galvanic 

replacement reaction between Au (III) and Ag NPs occurs since the standard 

reduction potential for the AuCl4
- /Au pair (0.99 V vs standard hydrogen electrode, 

SHE) is higher than that of the Ag+/Ag pair (0.80 V vs SHE). Thus, Ag NPs act as a 

sacrificial reducing agent in the reduction of Au (III) ions to Au (0) and in the 
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process, get oxidized to Ag (I). As more and more Au (III) diffuses in, there is a 

significant loss of metallic silver as a result of this oxidation leading to loss in 

intensity of the silver plasmon band. As the reduction of Au (III) ions takes place only 

when the ions come in contact with the surface of Ag NPs, there is a gradual 

deposition of metallic gold on the Ag NPs surface. As the amount of metallic gold 

builds up in the reaction medium, formation of Ag-Au alloy phase can be observed 

which is evident by the gradual red shift in the surface plasmon band at the end of 3 h 

of reaction along with the dampening. The positioning of the surface plasmon band 

between that of the metallic silver and nano gold is an indication of the alloy phase 

and is in agreement with literature [43]. As the reaction proceeds, loss of metallic 

silver results in the formation of cavities with in the template particles, rendering the 

nanoparticles porous with thin metallic shells of gold around them, indicated by a ~ 

700 nm absorption band [22]. The increasing percentage of metallic gold, however, 

drives the reaction to a de-alloying phase which is characterized by a blue shift in the 

surface plasmon band to 540 nm (Figure 4.3 A, curve 4), which represents the 

formation of solid gold nanoparticles. The colour of the solution during the course of 

the reaction changes from yellow (Ag NPs) to light brown (Ag-Au alloy) to blue (gold 

shell) to pink (gold nanoparticles) as shown in Figure 4.3, B.  

The observations made in the UV-vis-NIR absorption analysis are well 

supported by the TEM analysis (Figure 4.3, C-F), where one can clearly see the 

transition in the morphology of the nanoparticles as the reaction proceeds. Thus, the 

as-prepared Ag NPs can be seen as spherical nanoparticles with an average diameter 

of ~ 50 nm (Figure 4.3, C).  However, as the reaction proceeds, at the end of 3 h, a 

large number of the Ag NPs show etching at specific locations on the particle surface 

and the creation of small voids (Figure 4.3, D). These voids become more prominent, 

and at the end of 5 h of reaction, a thin gold shell is formed around the silver 

nanoparticles (Figure 4.3, E). The subsequent de-alloying resulting from the 

continuous influx of Au (III) up to 48 h of reaction leads to the collapse of the porous 

gold nanoparticles to generate small irregular gold nanoparticles (Figure 4.3, F).  

A simultaneous UV-vis-NIR absorption analysis of the outer solution of 

chloroauric acid reveals the consumption of the Au (III) ions as they diffuse into the 
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membrane (Figure 4.3, H). It can be observed that the intensity of the absorption band 

of chloroauric acid centered at 312 nm goes down as the reaction proceeds.  

For each migrating Au (III) ion, three silver atoms are oxidized in the dialysis 

tubing, generating three Ag (I) ions, which then diffuse out. Thus, the overall ionic 

population of the outer solution increases. A conductivity measurement carried out for 

the outer solution thus reveals that as the reaction proceeds, the conductivity of the 

outer solution increases steadily for 20 h, reaching near saturation at around 24 h 

(Figure 4.3, I). Interestingly though, there is a second increment in the conductivity 

values towards the end of the reaction. These results can be correlated to the UV-vis-

NIR absorption spectrum of the solution enclosed in the dialysis tubing (Figure 4.3, 

A) and the TEM analysis of the reaction mixture at the terminal stage of the reaction 

(Figure 4.3, F). Once the formation the thin gold shell around the Ag NPs has taken 

place at around 5 h of reaction, the leaching out of the silver ions from within the 

particles nears saturation. The steady influx of the Au (III) ions however continues. It 

is only at the later stages of the reaction that the concentration build up of Au (III) 

drives the collapse of the porous gold shell structures (Figure 4.3, F), exposing the 

inaccessible metallic silver to the transmetallation reaction. This in turn, results in an 

increased population of silver ions, which then diffuse out to contribute to the 

conductivity of the outer solution, and hence the second phase of rise in the 

conductivity is observed. 

A closer look at the TEM images of the silver nanoparticles, as they acquire 

the porosity during the course of the reaction, reveals much about the possible 

mechanism of the void formation in these nanoparticles. The multiply twin nature of 

the tyrosine-reduced silver nanoparticles is clearly observed, with the surface 

topology marked with presence of the twin boundaries [44]  (Figure 4.4, A). These 

surface defects are marked with white arrows in the figure. Higher magnification 

images of the nanoparticles after 3 h of reaction shows regions on the nanoparticle 

surface that have been etched away at certain specific locations. (Figure 4.4, B). A 

comparison of Figure 4.4 A and B strongly suggests that there is a correlation 

between the topology and position of the voids and the twins in the sacrificial silver 

nanoparticles. At this stage, the UV-vis-NIR spectra of the Ag NPs exhibited a peak at 
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419 nm indicating a small percentage of gold in the Ag-Au alloy. After 5 h of 

reaction, a much larger percentage of the Ag NPs shows porosity with the size of the 

pores also increasing with time of reaction (Figure 4.3, E). At higher magnification, 

one also observes that the number of pores per particle increases and a well defined 

gold shell has formed (Figure 4.4, C) and also that the position of the pores still bears 

a correlation with the multiply twinned structure of the starting sacrificial Ag np. The 

high magnification TEM images shown in Figure 4.4 indicate that etching of the  

Ag NPs during the transmetallation reaction is initiated at the twin boundaries. The 

twin boundaries may also provide defect sites for facile effusion of the oxidized silver 

ions produced as the sacrificial Ag NPs are consumed in the reaction. The porous 

structures formed after 5 h of reaction are of a composition at the critical limit 

between alloying and de-alloying (an alloy peak centered at 480 nm and a gold shell 

peak at 700 nm, UV-vis-NIR data in Figure 4.3, A, curve 3). Further addition of Au 

(III) therefore, drives the reaction to a de-alloying phase, resulting in the collapse of 

the porous structures into small irregular nanostructures that do not show any 

indication of porosity.  

 

Figure 4.4 High magnification TEM images representing the fabrication of the porous gold 
nanoparticles from the sacrificial silver nanoparticles. The as-prepared Ag NPs with the twin 
boundaries pointed with the arrows, A; the expansion of the twin boundaries to form voids 
after a 3 h transmetallation reaction, B; and the porous gold structures with the cavities 
entrapped under a gold shell after a 5 h reaction, C. Scale bars in the figure correspond to 20 
nm.  

Similarly, the UV-vis-NIR absorption spectra for the galvanic replacement 

reaction between the sacrificial Ag NPs and 10-4 M Pt (IV) ions is shown in the Figure 

4.5, A as a function of time. It is evident from the spectra that Pt (IV) ions too, diffuse 

through the dialysis tubing and lead to the oxidative loss of silver nanoparticles, 
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causing a gradual dampening of the silver plasmon band (Figure 4.5, A, curves 1-4). 

TEM analysis of the reaction as a function of time supports the UV-vis-NIR data. 

Thus, pure silver nanoparticles are seen as solid spheres (Figure 4.5, B and F-a) and 

have a characteristic surface plasmon absorption band centered at 408 nm (Figure 4.5, 

A, curve 1). As the reaction proceeds, at the end of 7 h of reaction a significant drop  

in the silver plasmon band intensity is achieved (Figure 4.5, A, curve 3), suggesting a 

considerable loss of metallic silver. It is evident from corresponding TEM images 

(Figure 4.5, C and F-b), that at this stage of the reaction a significant number of 

nanoparticles show formation of cavities. The complete disappearance of the silver  

 

Figure 4.5 UV-vis-NIR spectra and the TEM kinetics of the transmetallation reaction between 
10-4 M Ag NPs and 10-4 M Pt (IV) solution. Curves 1, 2, 3 and 4 in A are the spectrum 
recorded for the pure Ag NPs, after 2 h, 7 h and 24 h of reaction. Inset A-a and A-b 
correspond to curves 1 and 4, respectively. B, C, D and E are the representative TEM images 
obtained for pure Ag NPs, and after 7 h, 24 h and 30 h of reaction, respectively. F shows the 
high magnification TEM images of nanoparticles at the beginning of the reaction (a) and 
after 7 h (b), 24 h (c) and 30 h (d) of the reaction. Scale bars in TEM images correspond to 
50 nm. Inset in D is the SAED pattern recorded from the corresponding nanoparticles. 

plasmon band at the end of 24 h of the reaction (Figure 4.5, A, curve 4) corresponds 

to the formation of porous platinum nanoparticles, as depicted in the TEM analysis 

(Figure 4.5, D and F-c).The selected area electron diffraction (SAED) pattern 

recorded from the porous nanoparticles at the end of 24 h of transmetallation reaction 
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(Figure 4.5, D, inset) matched with that of platinum metal (PCPDF no. 040802) [45], 

hence confirming the presence of platinum in the nanoparticles. The resulting 

platinum nanoparticles, unlike the gold shell, do not manifest itself in the form of a 

distinct plasmon band. It is important to note here that due to the absence of any 

distinct optical signal, the reaction beyond the 24 h mark does not show any change as 

far as the UV-vis-NIR spectra is concerned. Although, after about 30 h of reaction, 

there is a significant morphology change of the particles, as observed in the TEM 

analysis (Figure 4.5, E and F-d), wherein the cavities created in the nanoparticles 

appear to have been filled to form solid nanostructures. Unlike the case of Au (III) 

ions, the porous platinum nanoparticles do not collapse to form smaller, pure platinum 

nanoparticles, as is evident from the TEM analysis. The porous platinum 

nanoparticles, rather, grow in size as a consequence of the deposition of atomic 

platinum. The progress of the reaction could be attributed to the differences in the  

 

Figure 4.6 UV-vis-NIR absorption and TEM kinetics of the transmetallation reaction between 
10-4 M Ag NPs and 10 -4 M Pd (II) ions. Curves 1, 2, 3 and 4 in A correspond to the 
absorption spectrum of pure Ag NPs and nanoparticles at 3 h, 6 h and 8 h of reaction. a and 
b in the inset of A correspond to curves 1 and 4, respectively. B shows the TEM images of 
pure Ag NPs, while C and D are the TEM images recorded at 6 h of reaction, inset of D being 
the SAED pattern recorded for the corresponding nanoparticles. E is the representative TEM 
image at the end of 8 h of reaction. F-a and F-b are the high magnification images of D and 
E. Scale bars in TEM images B, C and E correspond to 100 nm, D -50 nm, F -20 nm.   
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redox potentials of Pt (IV) ions and the Ag NPs (Pt+ 4/ Pt: 1.143 V v/s SHE;  

Ag + /Ag: 0.80 V v/s SHE). 

Likewise, upon dialyzing the Ag NPs against 10-4 M Pd (II) (Pd+ 2/ Pd: 0.83 V 

v/s SHE) ions across a 12.5 kDa cut-off dialysis tubing, the oxidative consumption of 

the Ag NPs by the reducing Pd (II) to form atomic palladium is evident by the sharp 

decline in the surface plasmon band arising from the silver nanoparticles (Figure 4.6, 

A, curve 1). The silver plasmon band disappears completely with in 6 h of reaction 

(Figure 4.6, A, curve 3). However, continuing the transmetallation reaction for 

another couple of hours results in very broad absorption band (Figure 4.6, A, curve 4) 

with intensity lower than that of the 6 h band. The reaction can be kinetically followed 

by TEM analysis. Thus, the pure Ag NPs (Figure 4.6, B) are etched out by the 

diffusing Pd (II) ions resulting in the formations of cavities surrounded by a thick 

palladium shell at the end of 6 h of reaction (Figure 4.6, C). The porous structures so 

fabricated can be seen in greater details in the magnified image of the same (Figure 

4.6, D and F-a). The selected area electron diffraction (SAED) pattern recorded from 

the nanoparticles at this stage matched well with that of metallic palladium (PCPDF 

no. 461043) [46], thus confirming the presence of metallic palladium in these 

nanostructures. It was observed that if the reaction is continued beyond this point, 

there is an apparent loss of the porosity of these nanoparticles, which, similar to 

platinum, is a consequence of the deposition of more and more metallic palladium 

over the porous structures (Figure 4.6, E and F-b). 

4.2.2 Effect of membrane permeability and ionic concentrations on the 

rate of transmetallation reactions 

It is obvious that the galvanic replacement reactions mentioned above are 

governed by the diffusion of the ionic forms of gold, platinum and palladium. 

Therefore the reactions and the composition of the resulting nanoparticles will be 

determined by the rate at which the ions can invade the dialysis tubing and get 

reduced at the cost of the sacrificial silver colloids. In an attempt to demonstrate the 

dependability of the reaction rate of a typical transmetallation process across the semi-

permeable dialysis membrane, a set of experiments was performed with varying 

concentrations of the ionic species and varying membrane permeability. It is 
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noteworthy however, that it is the existence of the visible region plasmon absorption 

spectra of the Ag-Au nanoparticle systems, including their phase pure compositions, 

alloys and core shell/ hollow shell nanostructures, that enables one to 

spectroscopically monitor the process as is progresses through the various 

intermediate stages. Thus, we have limited these rate-determining experiments to the 

Ag NPs – Au (III) galvanic replacement reaction as the other two processes involving 

Pt (IV) and Pd (II) fail to provide an insight into their respective reactions in terms of 

the intermediate stages and the final porous nanoparticle products, spectroscopically. 

The results of these UV-vis-NIR experiments have been shown in the Figure 4.7, and 

are discussed below. 

 

Figure 4.7 UV-vis-NIR absorption kinetics recorded for the galvanic replacement reaction 
between Ag NPs – Au (III) ions with varying reaction parameters; direct addition of 5 x 10 -5 
M HAuCl4 to the 10 -4 M Ag NPs (A); Addition of higher concentration (5 x 10 –4 M) of 
HAuCl4 (B); transmetallation reaction across a 2.5 kDa dialysis tubing (C) and a 30 kDa 
dialysis tubing (D). Inset of A is the representative TEM image of the nanoparticles formed 
within 5 min of the direct addition of 5 x 10 -5 M Au (III) ions to Ag NPs. Inset of B is the 
representative TEM image of the nanoparticles formed at the end of 15 min of reaction. Scale 
bars in both TEM images correspond to 50 nm.  

The significance of the semi-permeable dialysis tubing separating the 

sacrificial Ag NPs and the attacking ionic species of gold, platinum and palladium can 

be realized by carrying out the transmetallation process without the tubing. In a 

simple experiment, 5 x 10-5 M HAuCl4 was added directly to the Ag NPs and the 

reaction was immediately followed up with the UV-vis-NIR spectroscopy. Figure 4.7, 

A shows the spectra recorded for the reaction. As described previously, the 0 h 

absorption band correspond to the surface plasmon band of the Ag NPs and is 

centered at 412 nm. Within 5 min of addition of the Au (III) ions a rapid dampening 
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of this absorption band is observed along with the appearance of a 510 nm band. 

Thus, the silver nanoparticles undergo rapid transition to gold nanoparticles through 

the oxidation of metallic silver to ionic silver and a simultaneous reduction of ionic 

gold to metallic gold. The intensity and the position of the new 510 nm absorption 

band remains constant for 48 h after the addition suggesting that the transmetallation 

reaction was completed in the first few minutes of the addition of the Au (III) ions 

itself. Thus, the galvanic replacement reaction between Ag NPs and the Au (III) ions 

is extremely rapid in absence of a physical barrier and a rapid transition from a purely 

silver phase to a gold rich phase occurs without the formation of any observable 

intermediate states, including nanostructures with thin gold shells. The solid gold 

nanoparticles formed immediately after the addition of the Au (III) ions do not show 

any signs of porosity (Figure 4.7, A, inset), similar to that obtained by the slow 

diffusion through the dialysis tubing. This experiment clearly establishes the 

importance of the dialysis tubing employed in our experiments as the semi-permeable 

barrier between the reacting species that keeps a check on the rate of ionic diffusion 

across it and thereby controls the overall reaction rate. It is indeed the slow rate of 

reaction that facilitates the creation of pores in the sacrificial Ag NPs and the 

subsequent thin gold shell formation. 

The rate of diffusing ions also depends on its concentration outside the dialysis 

tubing. Thus, by increasing the concentration of the ionic solution the time required 

for the formation of hollow shell nanoparticles can be varied. This was demonstrated 

by dialyzing Ag NPs against an increased concentration of HAuCl4  (5 x 10-4 M rather 

than 5 x 10-5 M). The UV-vis-NIR spectra reveal the appearance of the typical 

absorption band of a gold nano-shell centered around 700 nm at the end of 15 min 

itself (Figure 4.7, B), clearly indicating the enhanced rate of the reaction. Continuing 

the reaction further results into a rapid development of the plasmon band centered at ~ 

520 nm that is characteristic of nanogold, as early as 45 min of reaction and the 

intensity keep increasing from that point onward up to 48 h of reaction. TEM analysis 

of the nanoparticles corresponding to the 15 min plasmon band shows the formation 

of porous gold nanoparticles (Figure 4.7, B, inset). However, a closer look reveals that 

the particles so formed are not as intact as that obtained with the lower concentrations 

of Au (III) in the previous experiments. We believe that the influx of high 
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concentration of ionic gold into the Ag NPs leads to a rapid de-alloying process and 

the consequential breakage of the porous gold nanoparticles. These results are 

indicative of the enhanced rate of the transmetallation reaction brought about by the 

increased Au (III) concentration. Similarly, with a five fold higher concentration of Pt 

(IV) ions (5 x 10-4 M over 1 x 10-4 M), the disappearance of the silver plasmon band 

was brought about in smaller time of reaction (1 h rather than 24 h).  

The diffusion of the ions across the dialysis membrane is also governed by the 

permeability of the dialysis membrane, which in turn is decided by the pore size of the 

dialysis tubing. The galvanic replacement reactions discussed in the earlier part of this 

section for the synthesis of porous Au, porous Pt and porous Pd nanoparticles have 

been carried out in 12.5 kDa cut-off dialysis tubing. However, we show that the 

reaction kinetics can be controlled by varying the membrane permeability. Figure 4.7, 

C shows the UV-vis-NIR absorption spectra of a galvanic replacement reaction 

between the sacrificial Ag NPs and 5 x 10-5 M Au (III) ions carried out across a 2.5 

kDa cut off membrane, which certainly has smaller pores.  Unlike the previous 

experiment with 12.5 kDa cut-off membrane, the 2.5 kDa cut-off membrane slows 

down the reaction considerably, as evident by the extended time taken for the 

dampening of the silver plasmon band. The extent of red shift observed as a result of 

the alloying process with the metallic gold is also remarkably low. It can be observed 

in the spectra that after even extended period of the reaction (35 h) there is apparent 

formation of the gold shell nanostructures. On the other hand, Figure 4.7, D shows the 

spectra recorded for a similar reaction carried out through a 30 kDa cut-off dialysis 

tubing. It is clear from the spectra that the reaction proceeds at a much faster rate than 

that of the 12.5 kDa cut-off reaction. An enhanced diffusion of the Au (III) ions 

across the larger pores of the membrane allows rapid consumption of the metallic 

silver, evident by the dampening of the corresponding plasmon band within the period 

of 3 h.  

In yet another experiment, the transmetallation reaction was carried out across 

two dialysis membranes instead of one. In this double dialysis experiment, one small 

dialysis membrane (12.5 kDa cut-off) containing 0.1 % of NaBH4 solution was 

enclosed in a larger dialysis membrane containing   10-4 M Ag2SO4 solution and 
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instantly put for dialysis against 5 x 10-5 M HAuCl4 solution (Figure 4.8, A-I). As 

soon as the dialysis is started, NaBH4 begins to diffuse out from the innermost 

membrane, and reduces Ag (I) ions to yield Ag NPs. Concurrently, Au (III) ions 

diffuse in through the larger dialysis membrane and the transmetallation reaction 

between the incoming Au (III) ions and the freshly generated Ag NPs takes place as 

described earlier, resulting in the formation of hollow gold shell nanostructures within 

2 h of reaction. At the end of this reaction time, the solution of the larger dialysis 

membrane turns blue (Figure 4.8, A-II) and has a broad UV-vis-NIR absorption band 

centered at ~ 700 nm (Figure 4.8, B, curve 2). Also, NaBH4 being a strong reducing 

agent, is able to diffuse across the two membranes and reduce 

 the Au (III) ions generating red colored gold nanoparticles in the outermost solution 

(Figure 4.8, A-II) with a sharp surface plasmon band centered at 520 nm (Figure 4.8, 

B, curve 3), while the innermost solution remains colorless with no signs of formation 

of either gold or silver nanoparticles in it (Figure 4.8, B, curve 1).   

 

Figure 4.8 Schematic depicting the experimental set up for the double dialysis experiment 
(A). The solutions in 1, 2 and 3 are NaBH4 (0.1 %), 10 -4 M Ag2SO4 and 5 x 10-5 M HAuCl4, 
respectively that turn to porous Au (blue) and solid Au (red) after transmetallation. B is the 
UV-vis-NIR absorption spectra of the solutions in A-II, while C and D are representative 
TEM images corresponding to curve 2 and 3 in B, respectively. Scale bars in C and D 
correspond to 50 nm. 
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The formation of hollow gold nanoparticles in the larger membrane and the 

solid gold nanoparticles outside of it can be confirmed by the TEM images from the 

respective solutions (Figure 4.8, C and D, respectively). 

The double dialysis protocol for transmetallation reactions is therefore, 

appropriate for those experiments involving sacrificial nanoparticles that are unstable 

in aqueous solutions without capping agents such as cobalt and nickel nanoparticles 

[47]. The presence of capping agents is not desirable on the surface of the sacrificial 

nanoparticles as it could interfere with the transmetallation reaction, which primarily 

is a surface-based phenomenon. Also, the process becomes much simpler as the step 

involving synthesis of the sacrificial nanoparticles and their purification is omitted.    

4.2.3 High-resolution transmission electron microscopy (HRTEM) and 

Energy dispersive X-ray (EDX) analysis 

While the TEM images discussed in the section 4.2.1 suggest the formation of 

porous structures, they can be conclusively analyzed by the HRTEM analysis. All the 

HRTEM measurements were carried out on a JEOL – TEM - 2010 UHR instrument 

operated at a lattice image resolution of 0.14 nm. 

 

Figure 4.9 Representative time-point HRTEM images of the nanoparticles from the reaction 
between 10– 4 M Ag NPs and 5 x 10 -5 M Au (III) using 12.5 kDa cut-off dialysis tubing; A, B-2 
h; C, D-3 h; E, F- 5 h; B, D and F are the high magnification images of the regions enclosed 
by white boxes in A, C and E, respectively. Scale bars in A, C and E correspond to 50 Å while 
that in B, D and F correspond to 10 Å. 
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HRTEM analysis of the porous gold nanoparticles synthesized from the 

transmetallation reaction between 10-4 M Ag NPs and 5 x 10-5 M Au (III) carried out 

through the 12.5 kDa dialysis tubing as a function of time is shown in Figure 4.9 (A, 

B: 2 h; C, D: 3 h and E, F: 5 h). 

The presence of well-defined lattice planes in the core after 2 and 3 h of 

reaction indicates that the silver core is not completely oxidized at this stage of 

reaction (Figure 4.9 A, B and C, D). After 5 h of reaction, however, there are regions 

(identified by an arrow in Figure 4.9 F) in the porous structure that are free of fringes 

corresponding to lattice planes indicating that these are indeed cavities. The d spacing 

in the HRTEM images shown in Figure 4.9 B, D were determined to be 2.3 Å and 

correspond to the (111) lattice planes of either gold or silver (PCPDF no. 021095 for 

Au and 040783 for Ag) [48]. However, the similar values of the d spacing for the 

respective planes of gold and silver make it difficult to topographically distinguish 

gold and silver rich regions within these nanostructures. 

Energy dispersive analysis of X-rays (EDX) measurements carried out on the 

sacrificial silver nanoparticles in the HRTEM instrument after 2, 3 and 5 h of 

transmetallation reaction yielded Au: Ag ratios of 1: 11.33, 1: 4.46 and 1: 0.9 

respectively. It is clear that even after 5 h of reaction, there is still a fair percentage of 

silver in the porous structures. The UV-vis spectrum of this solution (Figure 4.3, A, 

curve 3) indicates complete damping of the silver plasmon band at 408 nm at this 

stage and appearance of a peak at ca. 480 nm along with the 700 nm peak. It appears 

likely that the 480 nm peak is due to a silver-gold alloy phase, as inferred earlier. 

Thus, the nanoparticles at this stage of the reaction have regions rich in the alloy 

phase of Ag and Au that are enclosed within the gold shell. 

Similarly, HRTEM analysis of the sacrificial Ag NPs intermittently taken out 

from the dialysis against 1 x 10-4 M Pt (IV) ions across a 12.5 kDa cut-off dialysis 

tubing was carried out and is shown in Figure 4.10. The HRTEM images of the pure 

Ag NPs at the beginning of the transmetallation reaction reveal the twinned surface 

topography of the silver nanoparticles (Figure 4.10, A). The d spacing of the lattice 

planes matches well with the silver lattice planes (2.35 Å correspond to Ag (111) 

plane; 1.44 Å correspond to the Ag  (2 2 0) plane. As the ionic Pt is reduced on the 
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surface of the sacrificial silver nanoparticles, deposition of metallic platinum can be 

observed on the surface of the Ag NPs in the form of small dark patches (Figure 4.10, 

B, dotted lines). The ‘d’ spacing at this stage matches well with the Pt (111) plane 

(2.25 Å; Figure 4.10, C, dotted lines) [45] and Ag (111) plane (2.34 Å; Figure 4.10, C, 

bold lines) [47]. 

 

Figure 4.10 HRTEM images corresponding to transmetallation reaction between 10-4 M Ag 
NPs and 1 x 10-4 M solutions of Pt (IV) ions at various stages of the reaction. A, B and C 
correspond to pure Ag NPs, 7 h of reaction and 24 h of reaction, respectively. Solid lines 
represent the lattice planes of Ag while the dotted lines represent lattice planes of Pt. Scale 
bars in A, B and C correspond to 20 Å. 

Thus, until this stage, there is no evidence of the formation of a complete Pt 

shell surrounding the sacrificial Ag NPs; also the cavities within the nanostructures 

are not well defined. The alteration in the nanoparticle topology is much more 

pronounced at the end of 24 h of reaction. Figure 4.10, C shows a part of the shell of 

metallic platinum formed around the silver rich inner layers. The lattice spacing 

corresponds to Pt (111) (2.26 Å; Figure 4.9, C, dotted lines) on the outside and  

Ag (111) (2.34 Å; Figure 4.10, C, bold lines) to the inside which is in agreement with 

the TEM image where the dark shell is observed surrounding the low contrast inner 

regions with a central cavity (Figure 4.5, F-c). The presence of the cavities towards 

the center of the nanoparticles is also clearly seen. Energy dispersive analysis of X-

rays (EDX) measurements carried out on the sacrificial silver nanoparticles in the 

HRTEM instrument after 6, 12 and 24 h of transmetallation reaction yielded Ag: Pt 

ratios of 1: 0.10, 1: 0.4 and 1: 0.7 respectively, indicating a progressive increase in the 

Pt content of the nanoparticles with the advent of the reaction. 

Galvanic replacement reaction between sacrificial Ag NPs and 1x 10– 4 M Pd 

(II) across the 12.5 kDa dialysis tubing was also analyzed using time dependent 



Chapter IV                                                                                                                                       

Ph.D. Thesis Sourabh Shukla University of Pune 

124

HRTEM studies (Figure 4.11). The sacrificial Ag NPs at the end of approximately 3 h 

of reaction show the presence of lattice planes corresponding to Ag as well as Pd. 

Towards the core, the particles have silver rich regions as revealed by the d spacing of 

2.03 Å that matched with the Ag (200) plane (Figure 4.11, A, bold lines). On the other 

hand, one can make out the presence of the metallic Pd as discontinuous patches 

along the periphery of the particles as is evident by the d-spacing of 1.94 Å 

corresponding to the Pd (200) plane (Figure 4.11, A, dotted lines) [46]. With the 

advancement of the reaction, the cavities developed at the center of the nanoparticles 

are clearly visible, while the overall composition largely remains bimetallic, with the 

presence of both silver rich and palladium rich zones (Figure 4.11, B). 

 

Figure 4.11 Representative HRTEM images of the nanoparticles from the transmetallation 
reaction between 10-4 M Ag NPs and 1 x 10 -4 M Pd (II) ions at various times intervals; A: 3 
h; B: 6 h and C: 8 h. The d spacing shown with bold lines correspond to Ag while those in 
dotted lines represent Pd. Scale bars in A, B and C corresponds to 20 Å. 

However, with prolonged influx of the Pd (II) ions into the dialysis tubing, the 

nanoparticles gradually loose their porous nature as more and more metallic Pd is 

deposited. Eventually, the composition of these nanoparticles is dominated by 

palladium as is evident from the ‘d’ spacing of 2.24 Å that corresponds to the  

Pd (111) plane (Figure 4.11, C, dotted lines).  

4.2.4 XPS analysis of the porous nanospheres 

A comparative chemical analysis of the sacrificial Ag NPs and the porous Au 

nanoparticles synthesized using the transmetallation reaction was done by X-ray 

photoemission spectroscopy (XPS) to determine the oxidation states of silver and 

gold. Figure 4.12 shows the XPS analysis of the Ag NPs and porous Au coated on 

thin copper substrates. Figure 4.12, A and B are the XPS plots of the Ag 3d core level 

from Ag NPs and the porous Au respectively. The Ag 3d core level spectrum from the 
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sacrificial Ag NPs before the transmetallation process has begun shows the Ag 3d5/2 

peak at 367.9 eV, indicating the presence of metallic silver (Figure 4.12, A). 

 

Figure 4.12 Ag 3d core level spectrum recorded from the sacrificial Ag NPs (A) and porous 
Au after 5 h of the transmetallation process (B). Au 4f core level spectrum recorded from the 
porous Au nanoparticles (C).     

However, the Ag 3d core level spectrum from the porous Au nanoparticles 

could be resolved into three distinct spin orbit pairs with binding energies of 366.2 

eV, 368 eV and 370. 2 eV (Figure 4.12, B). Whereas the 368 eV peak corresponds to 

metallic silver similar to the Ag NPs metallic silver peak, the higher energy peak at 

370. 2 eV corresponds to the Ag (I) oxidation state of silver. Thus, it is clear that the 

transmetallation process leads to oxidation of metallic silver in the Ag NPs to Ag (I) 

state. This result thus is in agreement with the gradual loss of silver in the form of Ag 

(I) that is evident by the dampening of the SPR peak of Ag NPs with the reaction time 

(Figure 4.3 A). The low-intensity peak at 366.2 eV could be attributed to the silver 

present in the form of an alloy with gold as a result of the galvanic replacement 

reaction. This is in agreement with the XPS measurements performed on the Ag-Au 

alloy nanoparticles reported in the literature [49].  

Similarly, the Au 4f core level spectra recorded from the porous Au 

nanoparticles after 5 h of transmetallation reaction could be resolved into three spin 

orbit pairs with binding energies at 82.7 eV, 84 eV and 85.2 eV (Figure 4.12, C). The 

84 eV component corresponds to the metallic Au state, while the higher binding 

energy component (85.2 eV) correspond to the Au (I) oxidation state of the gold. The 
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Au (I) state represents the partially reduced gold precursors (Au (III)) present in the 

porous gold nanostructures. The absence of signals form the Au (III) oxidation state 

could be due to the very low concentrations of the Au (III) in the porous structures, as 

most of the precursor ions with in the dialysis membrane are already reduced at the 

end of 5 h of transmetallation reaction. On the other hand, the lower binding energy 

signal (82.7 eV) could be the contribution of Au present as an alloy with Ag in the 

porous nanostructures, which, at the end of 5 h of galvanic replacement reaction still 

have significant amount of silver as observed in the EDX measurements. The 

presence of the low binding energy signals of silver and gold indicates that the 

alloying process renders both the metals more susceptible to electron loss [49]. 

4.2.5 Scaled-up synthesis of porous nanospheres 

For the purpose of synthesizing larger amounts of porous Au, Pt and Pd 

structures, a series of experiments were carried out with modified concentrations of 

the sacrificial Ag NPs as well as the precursor ionic solutions of gold, platinum and 

palladium. In one such experiment, we took one magnitude higher concentrations of 

sacrificial Ag NPs. Thus, instead of the 1 x 10– 4 M Ag NPs, 1 x 10– 3 M Ag NPs were 

used. The high concentration solution was made using tyrosine as the reducing agent 

under alkaline conditions using the protocol described by Sastry and co –workers, 

described earlier (Chapter IV, section 4.2), but with slight modification. Thus, while 

the concentration of Ag2SO4 and tyrosine used was 10– 3 M, 10– 2 M of KOH was 

added. After boiling, the solution turned in to a yellowish brown colour. The  

Ag NPs solution was then dialyzed against Millipore water for 48 h with four water 

changes to remove uncoordinated tyrosine and KOH molecules.  

For the synthesis of high concentrations of porous Au, 10– 3 M Ag NPs were 

dialyzed against 1 x 10-4 M Au (III) across a 12.5 kDa cut-off dialysis tubing. Within 

an hour of reaction the solution inside the dialysis tubing starts to turn dark brown and 

results in the formation of aggregates of porous Au within the dialysis tubing in ~ 48 

h of reaction. The aggregates could be separated from the solution by low speed 

centrifugation (2000 rpm, 10 min). The aggregates after being air-dried could be 

collected in the form of a dry powder. The presence of the porous structures was 

confirmed by TEM analysis. From an experiment involving 100 ml of 10-3 M 
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sacrificial Ag NPs against 1000 ml of 10-4 M Au (III) ionic solution, approximately 

25 mg of dry powder of porous Au NPs could be obtained.  

However, many of the potential applications of the porous Au, like other 

nanoparticle systems, would necessitate the presence of these nanoparticles in 

solution form. Thus, we have attempted to synthesize the high concentration porous 

Au (of the order mentioned above) without triggering its aggregation in the dialysis 

tubing. In order to achieve this, 10-3 M sacrificial Ag NPs were dialyzed against  

7.5 x 10-5 M Au (III) ionic solution instead of 1 x 10-4 M Au (III) solution as in earlier 

case. After ~ 12 h of dialysis, the Ag NPs solution appears deep brown, without any 

signs of aggregation, while the UV-vis-NIR absorption spectrum shows two distinct 

bands, one centered at 490 nm, other at 620 nm (Figure 4.13, A, curve 2).  The 

intensity of the former band goes down after 30 h while that of the latter increases 

(Figure 4.13, A, curve 3). At this point the 7.5 x 10-5 M Au (III) solution is replaced 

with a fresh 5 x 10-5 M Au (III) solution. Within 4 h of this replacement, the colour of 

the solution starts turning blue and turns deep blue (characteristic of porous Au) after  

10 h of replacement (Figure 4.13, A, inset-a). The solution at this stage has a broad 

UV-vis-NIR absorption band centered at 820 nm (Figure 4.13, A, curve 4) and there 

is no visible aggregation. The formation of porous Au nanoparticles is confirmed 

through TEM analysis, where uniform porous particles are seen with an average size 

of 65.7 nm (Figure 4.13, B). Thus, unlike the previous experiment where a very high 

concentration of Au (III) (1 x 10-4 M) has been used at the beginning of reaction, the 

relatively lower concentration prevents the aggregation of the Ag NPs.  

Similar experiments involving platinum and palladium salts were also 

performed. Thus, whereas the transmetallation reaction of 10-3 M Ag NPs against 

5 x 10-4 M Pt (IV) ions lead to an aggregation of the Ag NPs that turned porous in 24 

h of reaction, a two stage transmetallation reaction against lower concentrations of Pt 

(IV) (2 x 10-4 M) resulted in stable solution of porous Pt in nearly 30 h of dialysis. In 

the case of both porous Pt and porous Pd too, a volume of 100 ml of Ag NPs dialyzed 

against 1000 ml of ionic Pt and Pd solutions yields ~ 20 mg of the respective porous 

nanostructures in the form of dry powder. Therefore, using higher concentrations of 

the sacrificial Ag NPs and the precursor ions, the yield of the porous structures can be 
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increased. Also, by varying the ionic concentrations and the reaction time, it is also 

possible to obtain highly concentrated porous structures in solution or in their powder 

forms. 

 

Figure 4.13 UV-vis-NIR kinetics (A) and TEM images (B, C) from the transmetallation of 
reaction of 10 -3 M Ag NPs against 7.5 x 10 -5 M Au (III) followed by reaction against  
5 x 10 -5 M Au (III) solution. Curve 1 in A and TEM image B represent the as-prepared  
10 - 3 M Ag NPs. Curves 2 and 3 correspond to spectrum recorded after 12 h and 30 h of the 
first phase of reaction while curve 4 is the spectrum recorded after 10 h of the second phase 
reaction. a and b (inset in A) correspond to curve 1 and 4. B corresponds to curve 4 in A. 
Scale bars in A and B correspond to 100 nm. 

A comparative particle size distribution analysis of the sacrificial 

nanoparticles of varying concentrations and their transmetallation products is shown 

in Figure 4.14 and Figure 4.15. In the case of porous Au, one can clearly observe the 

dependence of the size of the final product on the size and distribution of the 

sacrificial templates. Thus, 10 -4 M Ag NPs have a broader size distribution, with the 

nanoparticle size varying from 20-75 nm (Figure 4.14, A1, A2 and A3) and the 

maximum percentage frequency occurring at 45 nm.  The porous Au nanoparticles 

synthesized using these Ag NPs as the sacrificial templates for a transmetallation 

reaction against 5 x 10 -5 M HAuCl4 have a similar size distribution profile (Figure - 

4.14, B1, B2 and B3) with the particles varying in the size range 20-70 nm and the 

maximum frequency at 40 nm. On the other hand, increasing the concentration of 

silver precursor results in much larger particle size of silver nanoparticles and a  
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Figure 4.14 Representative TEM images and particle size distribution of the varying 
concentration of Ag NPs and the porous Au nanoparticles thereof. A1, A2, A3 and B1, B2, B3 
represent TEM images and particle size distributions of 1 x 10-4 M Ag NPs and the 
transmetallation product with 5 x 10 -5 M HAuCl4, respectively; C1, C2, C3 and D1, D2, D3 
correspond to 10 -3 M Ag NPs and porous Au with 7.5 x 10 -5 M HAuCl4, respectively; E1, E2, 
E3 correspond to the porous Au formed by transmetallation of C with 10 -4 M HAuCl4. Scale 
bars in TEM images correspond to 100 nm.  
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Figure 4.15 A1, A2, A3 and B1, B2, B3 correspond to TEM images and particle size 
distributions of porous Pt synthesized by the transmetallation reactions involving 10 -4 M Ag 
NPs/ 10  -4 M H2PtCl6 and 10 - 3 M Ag NPs/ 2 x 10 - 4 M H2PtCl6, respectively. C1, C2, C3 and 
D1, D2, D3 correspond to porous Pd from the reactions involving 10 -4 M Ag NPs/ 10 -4 M 
PdNO3 and 10 - 3 M Ag NPs/ 2 x 10 - 4 M PdNO3, respectively. Scale bars in TEM images 
correspond to 100 nm.  

relatively narrow size distribution profile with an average size of 65.5 nm (Figure 

4.14, C1, C2 and C3). When this batch of Ag nanoparticles is used as the sacrificial 

template in a two-step dialysis process against 7.5 x 10 -5 M HAuCl4 solution followed 

by a 10 h reaction against 5 x 10 -5 M HAuCl4 solution, the porous Au NPs form a 

stable solution with comparable size distribution and an average particle size of 65.7 
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nm (Figure 4.14, D1, D2 and D3). The small increase in the size could be attributed to 

the formation of thin gold shell around the silver nanoparticle with the average shell 

thickness ~15 nm. However, if the 10 -3 M Ag NPs were subjected to dialysis against a 

much higher concentration of HAuCl4 (10-4 M), as described previously, the porous 

nanoparticles aggregate at the bottom of the dialysis tubing. The particle size 

distribution reveals that the particle diameter has gone up significantly, and the 

average particle size is ~ 84 nm (Figure 4.14, E1, E2 and E3).  

A similar trend in the particle size distribution is observed in the case of 

porous Pt and porous Pd nanoparticles also. Thus, while the porous Pt formed from 

the reaction between 10-4 M Ag NPs and 1 x 10-4 M Pt (IV) ions have a broad 

distribution profile, the average particle size remains at 35.8 nm (Figure 4.15, A1, A2 

and A3). The higher concentrations of sacrificial Ag NPs and Pt (IV) ions lead to an 

increased nanoparticle size of 65.4 nm (Figure 4.15, B1, B2 and B3). Likewise, the 

lower concentration of Ag NPs/ Pd results in smaller particle sizes of porous Pd (39.4 

nm, Figure 4.15, C1, C2 and C3) while the higher concentrations of the Ag NPs and 

the Pd precursors (2 x 10-4 M) generates the porous Pd nanoparticles with a relatively 

narrow size distribution profile and an average size of 62 nm (Figure 4.15, D1, D2 

and D3). 

Thus, it is clear from the discussion that the size of the porous nanoparticles 

synthesized by the galvanic replacement reaction depends upon that of the sacrificial 

nanoparticles that act as a template on which the porous nanoparticles are formed and 

by choosing the right sized template and precursor concentrations it is very much 

possible to obtain a desired size of the porous nanoparticles with tunable optical 

properties.   

4.3 Synthesis of anisotropic porous nanostructures  

This section of the chapter describes the processes developed for the synthesis 

of anisotropic porous structures using the galvanic replacement reaction across the 

semi-permeable dialysis membrane and employing anisotropic silver nanoparticles as 

the templates for the transmetallation process. 
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4.3.1 Synthesis of porous nanowires 

Porous Au nanowires were synthesized by the galvanic replacement reaction 

between the sacrificial silver nanowires (Ag nanorods) and Au (III) ions. The silver 

nanowires were synthesized by the method described by Murphy and co workers [50].   

Briefly, 40 μl of 0.1 M AgNO3 was added to 100 ml of Millipore water with 1.5 μl of 

1 M NaOH and the solution was boiled in an Erlenmeyer flask with rapid stirring for 

5 min. To this boiling solution 5 ml of 0.01 M tri-sodium citrate was added and 

boiling was continued for an additional 10 min. Simultaneously, a second solution 

was-prepared by mixing 20 μl of 0.1 M AgNO3 solution to 150 ml of Millipore water 

along with 1.5 μl of 1 M NaOH and the solution was brought to boiling. The second 

solution was then added to the first solution and the mixture was then boiled for 30-40 

min. The solution changed from colour-less to faint yellow after the boiling. The Ag 

nanowires were then characterized by UV-vis-NIR spectroscopy and TEM analysis. 

The citrate ions in the above reaction are performing multiple tasks. Besides 

reduction of the silver ions, citrate also caps the metallic silver. Even though, the 

silver/citrate ratio in the above reaction is similar to those reported earlier [51], the 

formation of anisotropic nanostructures is noteworthy. In the earlier reports with 

similar ratio of Ag/citrate (~1:10), the reactions were carried out at room temperature, 

which leads to uniform stabilization of the metallic silver and hence, a uniform 

growth pattern is observed. However, the elevated temperatures used in the 

abovementioned reaction results in alteration of the binding constants of the citrate 

with certain crystal faces of the silver, thereby leading to the loss of the capping 

citrate molecules from specific faces. This, in turn, would imply that the growth of the 

nanostructures would be oriented along one axis only.  

The Ag nanowires thus formed were dialyzed in a 12.5 kDa cut-off against  

de-ionized water to get rid of all the un-coordinated citrate and unreduced silver ions 

prior to further use. For the fabrication of porous Au nanowires, galvanic replacement 

reaction was carried out between the sacrificial Ag nanowires and  

5 x 10-5 M HAuCl4 across a 12.5 kDa cut off dialysis membrane that was processed as 

described in the previous sections. The progress of reaction was observed by taking 
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aliquots from the dialysis membrane intermittently and analyzing them with UV-vis-

NIR spectroscopy and TEM. 

4.3.1.1 UV-vis-NIR and TEM analysis of the silver nanowires and the 

transmetallation products 

The silver nanorods solution synthesized as described above appears faint 

yellow in colour. The UV-vis-NIR spectrum recorded from the solution is shown in 

Figure 4.16, A. The absorption maximum is centered at 430 nm with a pronounced 

tailing effect, suggesting a wide distribution of shape and size of the silver 

nanoparticles.  

 

Figure 4.16 UV-vis-NIR spectrum and TEM images of the as-prepared Ag nanorods. Scale 
bars in TEM images correspond to 200 nm. 

However, the presence of weak shoulders at 390 nm and 350 nm is indicative 

of the presence of silver nanowires in the solution [52] along with spherical 

nanoparticles, which generates the 430 nm peaks. The absence of a second SPR peak 

at ~ 570 nm which is characteristic of the sliver nanowires [52], suggests the 

formation of silver nanowires with aspect ratios greater than 5 [53]. The observation 

that there is a mixed phase of spherical silver nanoparticles and nanorods in the final 

solution, as indicated by the UV-vis-NIR absorption spectra, is consistent with the 

TEM analysis that shows the presence of large number of nanowires of silver along 

with irregular spherical silver nanoparticles (Figure 4.16, B-E). It is also evident that 
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the silver nanowires so formed have a very high aspect ratio, the length extending 

beyond 500 nm and the diameter ranging from 20-30 nm.  

Unlike the spherical silver nanoparticles, the twin boundaries in silver 

nanowires are present along the length of the nanowires [52] and provide the suitable 

sites for the transmetallation to occur. Transmetallation reaction between the above 

mentioned nanowires acting as the sacrificial template and the Au (III) ions was 

carried across a 12.5 kDa cut-off dialysis membrane. The reaction was monitored 

using UV-vis-NIR spectroscopy and TEM kinetics as shown in Figure 4.17.  

 

Figure 4.17 UV-vis-NIR absorption and high magnification TEM kinetics of the 
transmetallation reaction between the as-prepared Ag nanorods and 5 x 10 -5 M Au (III) ions 
across a 12.5 kDa cut-off dialysis membrane. Curves 1, 2 and 3 in A correspond to the 
plasmon absorption band recorded for as-prepared Ag nanorods, and after 3 h of reaction 
and 8 h of reaction. a and b in the inset of A correspond to curves 1 and 2, respectively. B, C, 
D and E are representative TEM images of as-prepared Ag nanorods and the reaction 
products at the end of 3 h, 5 h and 8 h of reaction.  Scale bars in the TEM images correspond 
to 50 nm. 

Figure 4.17, A, curve 1 represents the transverse mode SPR absorption band arising 

from the as-prepared silver nanowires as has been described earlier. As the diffusion 

of Au (III) ions proceeds through the dialysis membrane, atomic gold gets deposited 

on the surface of the silver nanowire templates (Figure 4.17, B) resulting in the 

formation of nanotubes with uniform and smooth sheaths (Figure 4.17, C and D) as a 

result of which the transverse SPR component of the Ag nanowires disappears, and a 

new band appears at 850 –900 nm (Figure 4.17, A, curve 2). This could be attributed 

to the transverse mode of the tubular nano-stripes. However, as the concentration of 
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atomic gold builds up within the dialysis membrane, the plasmon band blue shifts to ~ 

550 nm (Figure 4.17, A, curve 3), indicating the thickening of the gold layer on the 

nanowires as observed in the TEM also (Figure 4.17, E). 

Thus, it is possible to tune the absorption of the silver nanowires from 550 nm 

to 900 nm depending on the composition and wall thickness of the nanowires by 

varying the extent of the transmetallation reaction.  

4.3.2 Synthesis of triangular nanoframes 

The fabrication of porous nanotriangles was achieved by the galvanic 

replacement reactions between the silver nanotriangles and Au (III) ions as well as Pd 

(II) ions. The synthesis of silver nanotriangles was done using higher concentrations 

of Ag ions in the reaction used for the synthesis of silver nanowires. Thus, in a typical 

reaction, 160 μl of 0.1 M AgNO3 was added to 100 ml of de-ionized water along with 

2 μl of.1 M NaOH, and the solution was boiled for 5 min in an Erlenmeyer flask with 

rapid stirring.  5 ml of 0.01 M tri-sodium citrate solution was added to this mixture 

and the solution was boiled further for another 10 min. At the same time a second 

solution was-prepared by mixing 80 μl of 0.1 M AgNO3 to 150 ml of de ionized water 

in presence of 2 μl of 1 M NaOH. The solution was brought to boiling and added to 

the first solution. The final mixture was then boiled for another 30 min and allowed to 

cool down. The solution was kept at room temperature thereafter for 5 days. The Ag 

nanotriangles formed at the end of this period were analysed by UV-vis-NIR 

spectroscopy, TEM, high resolution TEM (HRTEM) and atomic force microscopy 

(AFM). 

The triangular nanoframes were fabricated by the galvanic replacement 

reaction between the sacrificial silver nanotriangles and Au (III) ions and Pd (II) ions 

in separate experiments. The silver nanotriangles solution was dialyzed against de-

ionized water across a 12.5 kDa cut-off dialysis membrane for 24 h to remove the 

residual silver ions as well as the un-coordinated citrate ions. In the first experiment, 

20 ml of Ag nanotriangles solution was dialyzed against 200 ml of 5 x 10 -5 M 

HAuCl4 solution across a 12.5 kDa cut-off membrane, and the reaction was monitored 

kinetically using the UV-vis-NIR spectroscopy and TEM analysis. Similarly, dialysis 
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against 200 ml of 1 x 10 -4 M PdNO3 solution was used to fabricate Ag-Pd porous 

nanotriangles. 

4.3.2.1 UV-vis-NIR spectroscopy and TEM analysis of silver nanotriangles and 

triangular nanoframes 

The synthesis of triangular Ag nanoparticles was kinetically followed using 

UV-vis-NIR spectroscopy. The solution, immediately after boiling, was colorless but 

acquired a faint yellow color in nearly 12 h and showed a weak plasmon band with 

absorption maximum at 400 nm (Figure 4.18, A, curve 1; figure 4.19, A). This band 

could be attributed to the transverse surface plasmon resonance (SPR) mode of 

absorption of the small spherical Ag NPs formed at the early stage of reaction.  

 

Figure 4.18 UV-vis-NIR absorption spectra recorded for the synthesis of Ag nanotriangles as 
a function of time (A). Curves 1-4 are the spectra recorded after 12 h, 24 h, 48 h and 5 days 
of reaction, respectively. B-E is representative TEM images of Ag nanotriangles formed at the 
end 5 days of reaction. Inset of A shows the edge length distribution of the triangles. Scale 
bars in TEM images correspond to 50 nm. 

As the solution was aged, a gradual but consistent increase in the 400 nm band 

intensity is observed (Figure 4.18, A, curve 2) up to 24 h of reaction suggesting 

increased population of spherical nanoparticles in the reaction mixture.   

However, at the end of 48 h a second plasmon band starts forming with the 

absorption maximum at 650 nm (Figure 4.18, A, curve 3) and the solution turns 

greenish yellow (Figure 4.19, B) indicating formation of plate like silver structures 
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[54].  This band grows in the intensity up to 5 days of reaction and the solution turn 

pale green (Figure 4.19, C). The TEM analysis of the solution at this stage reveals the 

presence of a large population of flat nanotriangles along with some spherical 

nanoparticles (Figure 4.18, B-E). The presence of the spherical nanoparticles results 

in the appearance of high intensity plasmon band at 410 nm (Figure 4.18, A, curve 4) 

even at this stage. The average edge length of the silver nanotriangles is 76 nm 

(Figure 4.18, A, inset), while the thickness was found to be 7-10 nm using AFM 

analysis (Figure 4.23, B). 

As described in the previous section, citrate ions play an important role in the 

fabrication of the silver nanotriangles. Unlike in the case of Ag nanowires, the 

Ag/citrate ratio in the reaction mixture is lower is higher (~1:2). Thus, the number of 

capping molecules per silver atom is significantly lower than the previous case. The 

accompanying elevated temperatures also lead to the preferential binding of the citrate 

molecules to certain crystal faces only. Therefore, the growth of the nanostructures is 

highly oriented along certain axes only. The high concentration of silver ions ensures 

a prolonged growth at room temperature, allowing the kinetically controlled triangular 

morphology to form. 

 

Figure 4.19 Changing colour of the silver nanoparticles synthesized by modified seedless 
surfactant less protocol of Murphy [50] as a function of time (12 h, A; 48 h, B; 5 days, C) 
indicating the evolution of the triangular morphology. 

The transmetallation reaction of the triangular Ag nanoparticles was followed 

by the UV-vis-NIR spectroscopy and TEM analysis of the samples collected 

intermittently from the reaction mixture. The as-prepared silver nanotriangles show 

two SPR bands at 410 nm and 650 nm, respectively (Figure 4.20, A, curve 1). As the 

Au (III) ions diffuse in through the membrane and get reduced to metallic gold, the 
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silver nanoparticles are oxidized, resulting in the dampening of both the silver 

plasmon - bands up to 3 h of reaction (Figure 4.20, A, curves 2 and 3). The TEM 

analysis at this point reveals the formation of pinholes and cavities within the Ag 

nanotriangles as well as the spherical nanoparticles (Figure 4.20, C). These cavities 

are formed as a result of the etching of the elemental silver from the triangular 

nanoparticles. However, continuation of the dialysis for 5 h generates a new broad 

absorption band with a maximum at 850 nm (Figure 4.20, A, curve 4). The solution 

also changes from pale green to gray. 

 

Figure 4.20 UV-vis-NIR kinetics of the transmetallation reaction between silver 
nanotriangles and 5 x 10 -5 M HAuCl4 across a 12-5 kDa dialysis membrane (A). Curve 1 
corresponds to the as-prepared Ag nanotriangles. Curves 2, 3 and 4 correspond to the 
spectrum recorded at the end of 2 h, 3 h and 5 h of reaction. Inset a and b correspond to 
curves1 and 4, respectively.  B and C are representative TEM images corresponding to 
curves 1 and 3, respectively; while D and E correspond to curve 4 in A. Scale bars in TEM 
images represent 100 nm. 

The TEM analysis of the 5 h sample showed significant loss of metallic silver 

from the silver nanotriangles, which is evident by the huge cavities formed in these 

structures. The kinetics of the reaction in form of the gradual etching out of metallic 

silver can be observed much more clearly in the high magnification images of 

individual triangles as shown in the Figure 4.21. It is clearly observed that the 

oxidative loss of metallic silver begins at the atomically flat faces of the silver 

nanotriangles (Figure 4.21, B) and with the advent of the reaction only the 

nanoframes are retained (Figure 4.21, F). The Ag triangles have (111) faces on the top 
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and bottom surfaces. Since these planes are atomically flat, they are lower in energy 

than the faceted edges [39]. Therefore, a much larger energy increase in the system is 

observed when the Au (III) is reduced on the (111) faces rather than depositing on the 

edges. Thus, the triangular frame is retained while the center is etched away. The 

formation of these nanoframes is also a consequence of the relative thinness of the Ag 

nanotriangles as triangles thicker than 20 nm have been shown to form hollow 

nanoprisms by Xia and co-workers [40]. Lower reaction temperatures could also be 

contributing to the selective etching of the (111) faces and retention of the frame [39].   

 

Figure 4.21 High magnification TEM images of the Ag nanotriangles as they are etched away 
by the transmetallation reaction against 5 x 10 -5 M HAuCl4. Scale bars correspond to  
50 nm. 

In a similar transmetallation experiment of Ag triangles against 1 x 10 -4 M  

Pd (II) ions, the plasmon bands at 410 nm and 650 nm corresponding to the Ag 

nanotriangles are dampened within a period of 30 min of the reaction (Figure 4.22, A, 

curve 2) resulting in a broad absorption band after 120 min of reaction centered at 560 

nm (Figure 4.22, A, curve 3). No further changes are observed in the absorption band 

with time suggesting the completion of the transmetallation process. It is noteworthy 

here, that unlike the galvanic replacement involving Au (III) ions, face selective 

etching is not observed under comparable conditions with Pd (II) ions as is evident 
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from the TEM images (Figure 4.22, B and C). The TEM images reveal that the 

resulting nanotriangles have smaller pinholes on the surfaces suggesting that the 

etching process has not resulted in complete loss of silver from the (111) faces of 

silver nanotriangles. Our observation is in agreement with that of Mirkin and co-

workers where they could not fabricate nanoframes out of sacrificial nanotriangles 

using platinum ions and have attributed this to the relatively larger lattice mismatch 

between Pt and Ag (Pt = 3.9231 Å, Ag  = 4.0862 Å) [38]. Also, the presence of Cl-  

 

Figure 4.22 A is UV-vis-NIR spectra recorded for the transmetallation reaction between Ag 
nanotriangles and 1 x 10 -4 M Pd (II) ions. Curve 1 corresponds to the plasmon absorption of 
as-prepared Ag nanotriangles, while curves 2 and 3 are spectra at the end of 30 min and 120 
min of the reaction. B and C are representative TEM images of the nanotriangles 
corresponding to curve 3 in A. Scale bars in TEM images represent 50 nm. 

ions in the gold precursor could lead to an enhanced oxidative loss of silver resulting 

in the formation of the nanoframes [39].   

4.3.2.2 Atomic force microscopy (AFM) analysis of porous nanotriangles 

The AFM analysis of Ag nanotriangles before and after subjecting to 

transmetallation reaction against Pd (II) solution has been shown in Figure 4.23. The 

AFM sample was made by drop casting 50 μl of the solution on freshly cleaved mica 

substrate. The 3d profile of the height image of a single nanotriangles after a 5 h 

reaction clearly shows the presence of well defined cavities surrounded by the 

triangular frame (Figure 4.23, A). The thickness of the triangle was determined by the 
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line profile of the height image (Figure 4.23, C). The blue lines in C correspond to the 

blue pointers in B, which depicts the height difference between the substrate (mica) 

and the Ag nanotriangle. The thickness was measured to be 8.92 nm.  

 

Figure 4.23 AFM analysis of Ag nanotriangles subjected to 5 h of transmetallation against 
Au (III) ions. A is the 3 d profile of the height image of a single triangle with cavities. The 
surface profile is shown in the height image (B) and C is the relative thickness.  

The red lines in C, on the other hand, correspond to the line with red pointers 

in B, which compares the height of substrate and the depth of cavities formed as a 

result of the transmetallation process. The value so obtained is 0.9 nm, which suggests 

that the cavity formed in the nanotriangles runs across the whole thickness of the Ag -

nanotriangle and is not merely a surface defect created by the galvanic replacement 

process. 

4.3.2.3 High Resolution Transmission Electron Microscopy (HRTEM) analysis of 

silver nanotriangles and triangular nanoframes 

It is the lattice mismatch between the Ag and Pd however, that allows one to 

perform the HRTEM analysis of the Ag nanotriangles and its transmetallation product 

with Pd (II) ions. The HRTEM images of a single Ag nanotriangles that has been 
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subjected to 120 min of transmetallation reaction against 1 x 10 -4 M Pd (II) ionic 

solution has been shown in Figure 4.24, A. The areas of the nanotriangle marked as B, 

C and D have been magnified and are shown as Figure 4.24 B, C and D respectively.  

A closer look at a single Ag nanotriangle reveals the non-uniform etching process that 

results in loss of silver from the triangles from many different regions  

(Figure 4.24, A).  

 

Figure 4.24 (A) HRTEM image of an Ag nanotriangle subjected to 120 min of 
transmetallation reaction against 1 x 10 -4 M ionic solution of Pd (II). Regions marked as B, C 
and D in A have been magnified as separate images with same labels. The scale bar in A 
corresponds to 20 nm. Lattice planes in images have been marked with solid lines and the 
respective d spacing has been written adjacent to it.  

The formation of an incomplete frame like structure can also be observed, and 

the edges of the triangle itself appear rough. The area marked as B in A has been 

magnified in Figure 4.24, B. Area B in A is the central region of the triangles, which 

is devoid of any cavities, suggesting that it has not been affected by the 

transmetallation reaction. The lattice planes are clearly seen in this area (Figure 4.24, 

B) and the d spacing matched that of Ag [111] plane (d = 2.3 Å) and Ag [200] plane 
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(d = 2.0 Å). The HRTEM image of the edge of the triangle (Figure 4.24, A, area C; C) 

also highlighted the presence of silver with the d spacing corresponding to Ag [111] 

and [200] lattice planes. However, from the regions in the triangle where cavities are 

seen, presence of Pd can be detected. 

The presence of such cavities, seen as clear zones in Figure 4.24, A and D, is 

indicative of the oxidative loss of silver from these regions driven by the reduction of 

Pd (II) ions, which in-turn are deposited as metallic Pd in the vicinity. Thus, the lattice 

planes observed in Figure 4.24, D correspond to the Pd [111] as confirmed by the  

d spacing of 2.25 Å. Hence, it is clear from the above discussion that unlike the 

transmetallation reaction involving Au (III) ions, other elements such as palladium do 

not result into fabrication of seamless triangular nanoframes. This can be attributed to 

the differences in the lattice parameters of Ag and Pd / Pt. 

Energy dispersive analysis of X-rays (EDX) measurements carried out on the 

sacrificial silver nanotriangles in the HRTEM instrument before and after the 

transmetallation reaction reveals the presence of palladium along with silver in the 

triangles. However, while the EDX recorded from the central regions devoid of 

cavities (Figure 4.24, B) showed insignificant amount of palladium (Ag: Pd = 1: 0.1), 

that from the regions surrounding the cavities (Figure 4.24, D) does show significant 

amount of palladium (Ag: Pd = 1: 0.35). The EDX measurements therefore, are in 

agreement with the HRTEM analysis, which clearly reveals the presence of palladium 

lattices within the Ag triangles.  

 4.4 Discussion 

As described in the sections 4.2.1. and 4.2.2 of the chapter, the galvanic 

replacement reaction using silver nanoparticles as the sacrificial template could be 

carried out with any metal with higher reducing potential. Thus, the metal ions having 

a higher tendency to oxidize metallic silver would reduce by accepting the electrons 

released in such a process. Thus, in this study, we have used gold, platinum and 

palladium ions to oxidize metallic silver and generate nanostructures with porous 

interiors resulting from the oxidative etching of the silver from the sacrificial template 

and deposition of a thin shell of the oxidizing metal. The electron exchange event in 

the galvanic replacement reaction is a very rapid process and could lead to various 
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possibilities in terms of the composition and structures of the resulting products. 

However, the introduction of a semi-permeable dialysis membrane as a barrier 

between the sacrificial Ag nanoparticles and the ionic solutions of gold, platinum and 

palladium leads to a drastic lowering of the reaction rate, thereby facilitating an 

extensive control over the elemental composition of the resulting bimetallic 

nanostructures, and the optical properties that are a strong function of the former. 

Thus, one can observe and regulate the initial alloying phase and the de-alloying 

phase towards the later stages of the reaction. The slow transmetallation process also 

makes it possible to study the developing cavities and the shell, which thereby 

provides a means to tune the topology of the porous nanostructures and the  

cavity size.  

The high magnification TEM analysis also points out that the defect sites in 

the Ag NPs, the twin boundaries, are the preferential sites for the oxidative etching of 

the silver and mark the sites where the cavities develop (Figure 4.4). In case of the Pt 

and Pd porous structures, the presence of these metals is confirmed by the HRTEM 

analysis that shows the lattice planes corresponding to Pt and Pd in the nanostructures 

and the EDX measurements as a function of time for these structures highlights the 

increasing Pt, Pd composition in the respective structures. 

The tunability of the reaction rate and the product profile has also been 

demonstrated by varying the membrane permeability. These results, along with the 

dependability of the porous nanoparticle size (section 4.2.5) on the concentrations of 

the sacrificial template and the ionic precursors clearly emphasize the importance of 

the reaction kinetics on the fate of the products. Thus, whereas a very fast reaction 

does not allow the optimum morphological changes accompanying the synthesis of 

porous structures, a slow prolonged reaction too, is not capable of generating the 

desired morphologies.  

The higher concentrations of the Ag nanoparticles have a narrow size 

distribution and therefore the resulting porous structures are quite uniform in their size 

distribution (section 4.2.5.), although the reactions are prolonged, as the time required 

for the reduction of excess of the silver is much longer.    
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Another interesting aspect described in the chapter is the synthesis of 

anisotropic sliver nanostructures and its transmetallation thereafter, resulting in some 

exquisite structures with porous interiors. The silver nanowires synthesized by the 

seedless and surfactant less protocol are known to have twin planes along the long 

axis of the wires [50]. The cavities are developed along the lengths of the nanowires. 

Prolong transmetallation reactions with Au (III) ions results in the refilling of the 

pores and formation of solid gold nanorods. On the other hand, slower reduction of 

the  

Ag (I) ions by the citrate in the protocol described for nanowires synthesis leads to 

formation of Ag nanotriangles. Upon transmetallation against Au (III) ions, the whole 

of the central region of the triangle composed of the low energy [111] planes is etched 

away by the incoming Au (III) ions, leaving behind the triangular nanoframes. 

However, similar reactions with Pd (II) and Pt (IV) ions do not result in the complete 

etching away of the nanotriangles [111] surface, but generates voids unevenly 

distributed on the surface. The relatively profound mismatch between the lattice 

parameters of Ag and Pd/Pt is the prime cause of such sporadic transmetallation 

events on the surface of the triangles.  

 4.5 Conclusions 

The chapter has illustrated a novel process developed for a highly controlled 

synthesis of porous nanostructures using simple galvanic replacement reactions across 

semi-permeable dialysis membranes. We showed that the membrane acts as a 

selective barrier between the sacrificial Ag nanoparticles and the ionic solutions of 

gold, platinum and palladium. The higher redox potential of these ions results in 

oxidative loss of silver and a gradual deposition of their metallic forms on the 

sacrificial templates, thus acquiring the shape and size of the template with well 

defined cavities in them. Therefore, any desired morphology and size of the bimetallic 

porous structures can be achieved by selecting the appropriate template, and this was 

proved by the fabrication of porous nanowires and nanotriangles.  

The excellent control over the reaction facilitated by the dialysis membrane 

enabled us to study the structural changes that accompany the galvanic replacement 

reaction and tune the reaction conditions to suit our needs in terms of optical 
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properties and chemical composition of the products. The inherent ability of the 

dialysis membranes with variable pore sizes to segregate the ions and nanoparticles 

not just lead to recovery of phase pure products from within it but also overcame the 

drawbacks, such as formation of insoluble precipitates of ionic by-products associated 

with other such processes. Thus, the process described in the chapter negates the use 

of elevated temperatures and makes it economically more feasible than other similar 

methods. 

The method developed by us gains much more importance in the light of the 

fact that there are ever-increasing reports on the synthesis of metal nanoparticles such 

as gold, platinum, palladium, nickel, cobalt, copper and silver with tunable size, shape 

and composition. To be able to manipulate materials at such small scale structurally, 

with great control would mean that we acquire the ability to generate novel electronic, 

optical and magnetic properties from these nanomaterials. Therefore, besides 

fabricating new materials, improving the existing nanomaterials throws open new 

possibilities in terms of potential applications.   
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Biological Applications of Porous 
Nanoparticles 

 
 

 
 

 

 

 

 

Porous metallic nanoparticles possess unique optoelectronic properties due to their 
structure and composition. Most remarkable of these are the enhanced surface area 
and the cavities within the nanostructures. These properties have been exploited in 
this chapter to develop new cell imaging methodologies and delivery protocols for 
ligands confined within the nanoporous cavities of gold. Porous gold nanoparticles 
therefore are interesting in improving the efficiency and sensitivity of the existing 
sensing and diagnostic techniques in comparison with their solid metal counterparts.   
 

Part of the work described in this chapter has been published: Shukla, S.; Priscilla, A.; 

Banerjee, M.; Bhonde, R. R.; Ghatak, J.; Satyam, P. V.; Sastry, M.  Chem. Mater. 2005, 17, 

5000. 
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5.1 Introduction 

Michael Faraday ‘s work is believed to be the first documented effort towards 

understanding nanoparticles, which came much later than the first known applications 

of nanotechnology in colored glasses and ancient therapeutic medicines. Thus, the 

simplest of the applications developed without much insight into nanotechnology per 

se, lead to the development of an altogether new field of research with extensive 

inclusion of diverse areas such as physics, chemistry, mathematics, engineering, 

biology and medicine. What followed was a plethora of new concepts, understanding 

and applications, that encircled all the above-mentioned disciplines of science and 

technology. As the understanding of the ‘nano-world’ grew, it fueled extensive 

research towards development of novel materials, with tunable properties and that, in 

turn, lead to development of novel application of nanomaterials. Thus, starting from 

the straightforward applications of nanoparticles such as aggregation mediated optical 

changes [1] to highly intricate plasmonics [2] and magnetic data storage devices [3] 

have come up in the last decade or so. 

The new technologies based on nanoparticles have often provided significant 

advantages over those involving conventional materials and have imparted higher 

efficiency, sensitivity, selectivity and portability over conventional technologies. 

Hence, there is an ever-growing literature on the newer applications involving metal 

nanoparticles [4], metal oxides [5], non-metallic oxides [6], composites [7], 

semiconductor nanoparticles [8] and magnetic nano materials [9] of different shapes, 

sizes, compositions and structures.  

All these classes of nano materials have specific properties and hence, specific 

applications. Thus, while gold, silver and copper nanoparticles have found 

applications due to their visible region absorption spectrum and field enhancement 

effects in various optical chemical and biological sensors [10], quantum dots have 

emerged as highly sensitive fluorescent markers for in vivo biological applications 

[11]. Similarly, platinum, palladium, nickel, cobalt, gold and their nano-composites 

have been proved to be highly efficient catalysts [12]. Non-metallic oxides such as 

TiO2, SiO2, ZrO2, BaTiO3 etc have found applications in paints and coatings [13], 

cosmetics [14], and sensors [15] as well as more sophisticated applications such as 
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read write memory devices [16], sensitive electronics [17] and mechanical 

applications [18]. Similarly, magnetic nanoparticles such as Fe3O4, Fe2O3, Co and Ni, 

CrO2 have been used in bio-diagnostics [19] and drug delivery applications [20], as 

MRI contrast agents  [21], catalysts [22], in bio-separation [23] and pollutant filtration 

protocols [24]. Besides, in a carrier fluid, magnetic nanoparticles constitute magnetic 

fluids, which have many interesting applications such as high vacuum seals [25], 

dampers [26] etc. Likewise, inorganic nano-crystals like CaPO4 etc have been used 

for biomedical implants [27]. 

As mentioned earlier, nanoparticle properties can be tuned based on their size, 

shape, structure and composition. Thus, an entirely different set of properties could be 

achieved by altering any of these parameters. Therefore, based on the differences in 

the shape, size, composition and structure of nanoparticles, high degree of specificity 

in the applications could be obtained. For example, while spherical gold nanoparticles 

have been used as optical sensors in the visible region [28], anisotropic gold 

nanoparticles such as nano rods and nano triangles have been used for such purposes 

in the Near-IR (NIR) region of the electromagnetic spectrum [29]. Similar 

applications of silver colloids have also been studied by El-Sayed and co-workers 

[30]. Sastry and co-workers have shown that gold nanotriangles could be used for 

optical coatings on thermal shields due to their property of NIR absorption [31]. Also, 

these anisotropic nanoparticles can be used in cancer hyperthermia and as substrates 

for SERS at higher wavelengths. Similarly, platinum nanoparticles show catalytic 

specificity based on their crystal structures [32, 12c]. Besides, uptake of nanoparticles 

by living cells is also influenced by the shape and size of the nanoparticles as 

demonstrated by Chan and co-workers [33]. 

Apart from morphology, compositional variations too provide unusual 

properties to the nanomaterials. Bimetallic nanoparticles are an important class of 

nanomaterials that often have improved properties than their constituent metals and 

hence, have improved functionality. These include, core-shell and alloy nanoparticles 

and have been used for various applications including bio-diagnostics and catalysis. 

Hollow shell nanoparticles are a subclass of the bimetallic nanoparticles, which have 

added advantage of enhanced surface area, low density and cost effectiveness. 
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Therefore, these materials have been used for improved catalysis [34], cell imaging 

[35] and drug delivery applications [36]. 

Life sciences research has benefited tremendously from the development of 

new methods for diagnosis, sensors, therapeutics and imaging technologies. Amongst 

the inorganic nanoparticles, gold nanoparticles are arguably the most widely used 

nanoparticle system in biological applications and have been used for immobilization 

of enzymes [37], antibodies [38], chemotherapeutic agents [39], and fluorescent 

probes [40] for both in vitro and in vivo applications [41]. The strongly enhanced 

surface plasmon resonance of gold nanoparticles at optical frequencies makes them 

excellent scatterers and absorbers of visible light [42]. In addition, the choice of gold 

nanoparticles in biological applications stems from the known and well-documented 

biocompatibility of gold nanoparticles [43]. The use of gold sols in ancient medicines 

suggests that the compatibility of the gold nanoparticles was recognized in those days 

too. The ability of the nanogold surface to bind a wide range of biomolecules, 

including proteins, antibodies and nucleic acids through thiol or amine groups, 

presents another advantage of using gold nanoparticles for biochemical sensing and 

detection [44], medical diagnostics, and therapeutic applications [45]. Besides, the 

facile synthesis protocols also makes gold highly attractive for the above mentioned 

purposes.  

Another technologically important application of gold nanoparticles has been 

its use as a contrast agent in cellular and biological imaging protocols where it 

improves the sensitivity and diagnostic ability of imaging by site specific labeling of 

tissues or cells of interest [46]. Cell imaging utilizing immunotargeted contrast agents 

provides anatomical details of cell and tissues that can be used for diagnosis of 

cellular disorders. Traditionally, synthetic dyes and fluorophore such as malachite 

green and rhodamine 6G have been used as the contrast agents [47]. More recently, 

quantum dots have gained importance for cell imaging protocols due to their size 

dependent fluorescent properties [48]. However, cytotoxicity of the semiconductor 

materials remains a major issue with their use [49]. Therefore, colloidal gold becomes 

much more important as a nontoxic contrast agent with non-susceptibility to 

photobleaching or thermal and chemical denaturation which has been the major 
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drawback associated with chemical flourophores [50]. Gold nanospheres in the size 

range commonly employed (40 nm) show an absorption cross-section 5 orders higher 

than conventional absorbing dyes, while the magnitude of light scattering by 80-nm 

gold nanospheres is 5 orders higher than the light emission from strongly fluorescing 

dyes [51]. 

Gold nanoparticles have already shown promising application as contrast 

agents based on techniques such as multiphoton plasmon resonance microscopy [46, 

a], photoacoustic tomography [46, b], optical coherent tomography (OCT) [52], 

photothermal interference contrast microscopy [53] and confocal reflectance 

microscopy [46, c]. However, the plasmon absorption of gold nanoparticles (500- 550 

nm) is too narrow for in vivo applications. As has been discussed in the previous 

chapter, introduction of anisotropy shifts the plasmon absorption of gold nanoparticles 

to NIR regions. Thus, gold nanorods and nanoshells that absorb in the NIR region of 

electromagnetic spectra are more useful for in vivo applications as the tissue 

transmissivity is the highest in this region of the spectrum [54] and therefore it does 

not interfere with the absorption by nanoparticles. Hence, gold nanoshells have been 

increasingly used not just for cancer imaging and diagnostic applications but their 

ability to convert absorbed light into localized heat that can be readily employed for 

therapy based on photothermal destruction of cancerous cells. Hirsch et al. have 

shown the application of silica core-gold shells for photothermal destruction of breast 

carcinoma cells in vitro as well as solid tumors in vivo [55]. Similarly, Loo et al. have 

shown simultaneous imaging and therapy of the breast cancers using anti Her 2 

antibody labeled gold shells [56]. El-Sayed and co-workers have demonstrated 

photothermal destruction of cancer cells using localized heating of gold nanoparticles 

by Argon laser [57].  

In this chapter, we have shown that porous gold nanoparticles (porous Au 

NPs) synthesized by a controlled transmetalation reaction in a dialysis bag, described 

in the previous chapter, have the ability to conjugate with higher quantities of ligands 

due to it enhanced surface area. We also illustrate that besides the known applications 

of such gold shell structures as contrast agents in cell imaging, porous gold 

nanoparticles can be used as carriers of chemical fluorophore and lead to more stable 
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fluorescent signals. Besides, the cavities present within these porous structures can be 

used to conceal ligand molecules and its delivery. Thus, the porous gold 

nanostructures can act as ‘Trojan horse’ and therefore could have many interesting 

implications. The chapter also explores the possibilities of using porous nanoparticles 

for sustained release of chemotherapeutic agents such as antibiotics and drug 

molecules, which in itself has emerged as a highly challenging field. We have also 

demonstrated that the transmetalation products are biocompatible by showing 

tolerance of mammalian cells towards these nanoparticle systems. 

Clearly, the chapter explores the four aspects of the porous nanoparticles viz., 

enhanced surface area, cavities for concealment, sustained release of molecules 

trapped in it and biocompatibility issues. By showing various applications of the 

porous nanoparticles, we have discussed each of these advantages associated with the 

porous metal nanoparticles.  

5.2 Porous gold nanoparticles for cell imaging applications 

 Presence of a rough surface and cavities within is expected to result in 

increased surface area of the porous gold nanoparticles. This, in turn, would mean that 

the porous gold nanoparticles have the ability to bind higher quantities of ligand 

molecules than the solid counterparts. We have used a fluorophore, Propidium Iodide 

(PI) to show that the surface area of the porous old nanoparticles is indeed higher than 

that of the solid gold nanoparticles. The PI conjugated porous gold nanoparticles have 

also been used for cell labeling as discussed below.  

5.2.1 Demonstration of increased surface area with Propidium Iodide 

 

Scheme 5.1 Chemical structure of Propidium Iodide (PI). 
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Propidium Iodide (PI) or Phenanthridinium, 3,8-diamino-5- [3-

(diethylmethylammonio) propyl]-6-phenyl-, diiodide is a conventional fluorophore 

used for cell staining protocols and yields a strong fluorescence emission at 590 nm 

when excited at 485 nm [58]. The structure of PI is given as Scheme 5.1. A PI only 

stain fixed cells and is generally used to distinguish live cells from dead cells in a cell 

culture population. In a typical experiment, 25 mg/ml stock solution of propidium 

iodide (Sigma, St. Louis, MO, USA) was prepared in phosphate buffer saline (PBS). 

500 µl of the PI stock solution was added to 2 ml of porous gold and solid gold 

nanoparticle solutions. The porous gold NPs were prepared by the reaction of Ag NPs 

in a 12.5 kDa cutoff dialysis bag with 5 x 10-4 M HAuCl4 solution (Figure 5.1, A) as 

described earlier (Chapter IV) while solid gold NPs were prepared by the sodium 

borohydride reduction of aqueous chloroauric acid solution as described elsewhere 

[59], resulting in nanoparticles of size 6.5 ± 0.7 nm (Figure 5.1, B).  Similarly 500 µl 

of PI was added to 2 ml of PBS as a control. These solutions were incubated for 3 h at 

room temperature under continuous stirring and then centrifuged at 14,000 rpm for 30 

min. While the supernatants were collected for fluorimetric analysis, the pellets thus 

obtained in each case were washed thrice with PBS to remove unbound PI molecules 

(if any). The washed pellets were then re-suspended in 100 µl of PBS and used for 

cell staining. 

 

Figure 5.1 Representative TEM images of NaBH4 reduced solid Au NPs (A) and Porous Au 
NPs (B). The scale bars correspond to 50 nm. 

Fluorescence measurements of the supernatants collected from the porous and 

solid gold nanoparticle solutions were performed on a Fluoroskan Ascent fluorimeter 

by recording the emission at 590 nm after exciting the solutions at 485 nm and are 

shown in Figure 5.2. The difference in fluorescence intensities of the as-prepared PI 



Chapter V                                                                                                                                      

Ph.D. Thesis Sourabh Shukla University of Pune 

159

solution and the supernatant after removal of the Au NPs after centrifugation was 

used to quantify the binding of PI to the porous and solid gold NPs.  

 

Figure 5.2 PI concentration in the bound and unbound fractions as calculated from the 
fluorescence intensities of the respective solutions. C is the uncoordinated PI in the solution; 
A1 and A2 correspond to the PI concentrations in the supernatants and in the fraction bound 
on solid Au NPs. B1 and B2 correspond to the concentrations of free and bound fractions of 
PI on porous Au NPs, respectively.  

The concentrations of PI in the unbound fractions were calculated using a 

standard fluorescence curve of PI whereas the concentrations of the bound fractions 

were determined by re-dispersing the pellets in equivalent volume of PBS and 

subsequently measuring the fluorescence intensity.  

The concentration of PI from the supernatants collected from the PI-porous Au 

NPs (2.5 ± 0.13 μg/μl) and PI-solid Au NPs conjugates (2.7 ± 0.11 μg/μl) are found to 

be less than that of the control (3.02 ± 0.14 μg/μl), suggesting that a certain fraction of 

the PI is bound to the nanoparticles in solution and has settled down during 

centrifugation. The lower fluorescence intensity from the supernatant of the porous 

structures (Figure 5.2, C) than that of solid gold nanoparticles (Figure 5.2, B) 

indicates further that the binding of PI to the porous gold nanoparticles is much higher 

than that to the solid gold nanoparticles as depicted by the concentrations of the bound 

fractions of PI (0.34 ± 0.28 μg/μl for solid Au NPs and 0.62 ± 0.22 μg/μl for porous 

Au NPs).  

5.2.2 Porous gold-PI conjugate for fixed cells staining 

 Measuring the fluorescence of the residual PI in the supernatants of porous 

and solid gold NPs is an indirect approach of determining enhanced binding of PI to 
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the porous Au NPs. A more direct way of ascertaining the same is the measurement of 

the fluorescence from the PI associated with the respective nanoparticles. This was 

achieved by using pellets obtained after the centrifugation to stain mammalian cells 

and recording the fluorescence intensity from the stained cells. Flow cytometry was 

then employed to quantitatively analyze the differences in the fluorescence intensities 

associated with porous Au NPs and solid Au NPs. 

5.2.2.1 Cell culture  

Chinese Hamster Ovary (CHO) cells were cultured and maintained in tissue in 

culture grade Nunclon flasks containing Dulbecco`s Modified Eagle Medium 

(DMEM; Gibco, Grand Island, NY, USA) supplemented with 10% Fetal calf serum 

(FCS; Trace Biosciences PTY Ltd., New South Wales, Australia) and antibiotics 

(penicillin 200 U/ml and streptomycin 0.2 mg/ml) at 37 °C in 5% CO2-incubator. 

5.2.2.2 Cell fixation 

The CHO cells were dislodged with trypsin, washed with PBS, pelleted down 

at 2000 rpm and then fixed with 4% paraformaldehyde (w/v) in PBS (pH 7.2) for 10 

min at 4 oC.  This results in the death of the CHO cells. The fixed cells were then 

washed twice with PBS.   

5.2.2.3 Cell staining with PI-labeled nanoparticles and microscopic studies  

The fixed CHO cells were subjected to RNase (5 mg/ml, USB, Amersham 

Life technologies, Cleveland, Ohio) treatment for 20 min at room temperature to 

avoid RNA contamination. The PI-labeled porous and solid gold nanoparticle 

solutions were then added to the cell suspensions and incubated at room temperature 

for 90 min in the dark. After incubation, the cells were washed with PBS to remove 

uncoordinated nanoparticle-PI conjugates. Stained as well as unstained cell 

preparations were cytospined (Shandon, cytospin 3) on glass slides and mounted with 

fluorescent mounting medium. The slides were stored in the dark at 4 oC until 

analysis. Similarly, CHO cells were also incubated with PI conjugated with porous 

platinum nanoparticles (porous Pt NPs) synthesized by the galvanic replacement 

process involving sacrificial silver nanoparticles and Pt (IV) ions, as described in 

Chapter IV. 
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5.2.2.4 Microscopic analysis of the fixed CHO cells incubated with PI-

nanoparticles conjugates 

 Fluorescence microscopic analyses of the fixed CHO cells incubated with PI 

conjugated porous Au NPs, solid Au NPs and porous platinum nanoparticles (porous 

Pt NPs) carried out at different magnifications is shown in Figure 5.2. It is evident 

from the fluorescence microscopy that the amount of PI loaded on the nanoparticles 

varies significantly. The cells incubated with the solid Au NPs-PI pellet shows much 

lower fluorescence intensity than those incubated with porous Au NPs-PI conjugates. 

This is in good agreement with the fluorescence intensity recorded for the 

supernatants of these nanoparticle-PI pellets. 

   

Figure 5.3 Fluorescence microscopic images of fixed CHO cells incubated with PI 
conjugated solid Au NPs (A1, A2, A3), PI-porous Au NPs (B1, B2, B3) and PI-porous Pt nps 
(C1, C2, C3). The magnifications are 20x (A1, B1, C1), 60x (A2, B2, C2) and 100x (A3, B3, 
C3). 
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Thus, supernatants collected from the solid Au NPs-PI conjugate (Figure 5.2, 

B) showed higher fluorescence intensity suggesting that smaller amount of PI was 

bound to the nanoparticles, which results in the lower fluorescence observed from the 

cells under the fluorescence microscope (Figure 5.2, A1, A2 and A3). On the other 

hand, the supernatant collected from the porous Au NPs-PI conjugate showed lower 

fluorescent intensity (Figure 5.2, C) as more PI is bound to the pellet in this case than 

that in solid Au NPs. The higher amount of PI associated with the porous Au NPs 

pellet results in an increased fluorescence recorded in the fixed CHO cells incubated 

with it (Figure 5.3, B1, B2, B3). 

Interestingly, CHO cells incubated with porous Pt NPs-PI conjugate shows the 

maximum fluorescence in the microscopic analysis (Figure 5.3, C1, C2, C3). 

However, cytotoxicity issues associated with the use of heavy elements such as 

platinum prevents the use of these nanoparticles in biological applications. 

 

Figure 5.4 Confocal microscopic images of fixed CHO cells stained by porous Au NPs-PI 
conjugates (A-1, 2, 3) and solid Au NPs-PI conjugates (B-1, 2, 3). Images A-1 and B-1 are the 
phase contrast images of the CHO cells; A-2 and B-2 are the fluorescent images; A-3 and B-3 
are the superimposition of respective phase contrast and fluorescent images. 

Similarly, confocal-laser-scanning-microscopic (CFLSM) analysis was 

performed to compare the fluorescence emission from the fixed CHO cells incubated 

with porous Au NPs-PI conjugate and solid Au NPs-PI conjugates. The confocal 

images of the stained cells are shown in the Figure 5.4. The cell morphology can be 

seen more clearly in the respective phase contrast images (Figure 5.4, A-1 and B-1). 
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Fluorescent images highlight the differences in the fluorescence emission from the 

fixed cells. Thus, while cells incubated with the conjugation of porous Au NPs and PI 

are seen bright red in the fluorescent image (Figure 5.4, A-2), those incubated with 

solid Au NPs-PI complex show only faint red fluorescence (Figure 5.4, B-2). The 

superimposed images of the CHO cells reveal that the fluorescence is emitted from 

the cells only, and that the nanoparticles act as the carriers of the fluorescent probes 

into the mammalian cells (Figure 5.4, A-3 and B-3). 

5.2.2.5 Flow cytometry analysis of the nanoparticles-PI stained cells 

  The increase in the fluorescence due to enhanced binding of PI with porous 

Au NPs was also quantified using Fluorescence-Activated Cell Sorting (FACS) 

analysis (FACS Vantage instrument, Becton–Dickinson, Canada).  

 

Figure 5.5 FACS analyses of unstained cells (A), solid Au NPs-PI conjugate stained cells (B), 
porous Au NPs-PI conjugate stained cells (C) and porous Pt-PI conjugate stained CHO cells 
(D). x- axis is the mean fluorescence intensity in Log scale, y- axis correspond to the cells 
count.  
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 For the FACS analysis, equal number of cells labeled with solid Au NPs-PI 

conjugates and porous Au NPs-PI conjugates were analyzed and the mean 

fluorescence intensity measured for equal number of cells counted. Similar number of 

porous Pt NPs-PI labeled CHO cells were also analyzed using FACS for comparison. 

The plots obtained from the FACS analysis are shown in Figure 5.5. The x-axis in the 

FACS data plots represents the fluorescence intensity plotted in log scale recorded for 

10,000 CHO cells analyzed in each case, while the y-axis represents the number cells 

counts. Figure 5.5, A represents the plot obtained for unstained CHO cells, showing 

residual intrinsic fluorescence of cells while B, C and D represents the FACS data 

obtained from the cells stained by solid Au NPs-PI, porous Au NPs-PI and porous Pt 

NPs-PI conjugates. The marker M1 is always set such that the intrinsic fluorescence is 

lower than 5 % of the fluorescence intensity from the dye. Here, the intrinsic 

fluorescence was observed to be 1.3 %. The FACS analysis reveals that cells stained 

with solid Au NPs-PI conjugate, porous Au NPs-PI conjugate and porous Pt NPs-PI 

conjugate have the mean fluorescence intensities of 24.61, 128.69 and 188.41 

respectively.  

Thus, it is clear that CHO cells stained with porous Au NPs-PI conjugates 

show much higher fluorescence than those stained with the solid Au NPs-PI 

conjugates, suggesting higher binding of PI on the porous Au surface. These results 

are in good agreement with the fluorescent imaging data discussed previously and are 

therefore symptomatic of the enhanced surface area of the porous gold nanoparticles 

over that of the solid gold nanoparticles. As is observed in the fluorescence 

microscopy images, cells stained with porous Pt NPs- PI conjugates show even higher 

values of mean fluorescence intensities. 

5.2.3 Porous gold-PI conjugate for live cells staining 

In the previous section it was showed that PI could be conjugated with gold 

nanoparticles (both solid and porous) and be used for cell staining procedures. 

However, PI is known as a fixed cell stain and is used to demarcate fixed cells from 

the live cells. The cell membrane excludes PI from entering into a live cell and 

therefore, only when the membrane integrity is lost, as in the case of fixed cells, the 
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dye is able to enter the cells [60]. However, nanoparticles based non-specific uptake 

of the dye PI was studied in the following experiment. 

5.2.3.1 Live cell staining with PI and nanoparticle-PI conjugates 

For live cell staining, PI- labeled porous gold nanoparticles and PI-labeled 

solid gold nanoparticles were incubated with live CHO cells at 37 oC for 30 min and 

the excess unbound PI-nanoparticles conjugates were washed away with PBS. These 

cells were then stained separately with Hoechst stain-33342 (12.5 μg / ml) and 

Mitotracker stain; these stains are conventionally used for live cell staining [58] and 

the experiments were done to establish the viability of the cells after PI-nanoparticles 

conjugate treatment. After washing with PBS, the cells were fixed and mounted as 

described previously. Similarly, live CHO cells were incubated with unconjugated 

pure PI to check the uptake of PI. 

5.2.3.2 Confocal Laser Scanning Microscopy (CFLSM) 

 Live CHO cells incubated with porous Au NPs-PI conjugate, solid Au NPs-PI 

conjugate and pure PI were viewed under confocal microscope to determine the 

uptake of PI in the live cells. 

 Figure 5.6 shows the confocal images of the live CHO cells stained by PI 

under varying conditions. PI is known to stain only fixed (dead) cells. Live cells, 

when incubated with pure PI, therefore, exclude the dye and are not stained at all, as 

evident by the absence of any red fluorescence (Figure 5.6, A). PI conjugated with 

solid Au NPs also, does not lead to staining of live CHO cells (Figure 5.6, B). On the 

contrary, live CHO cells, when incubated with PI complexed to porous Au NPs, show 

excellent staining by PI (Figure 5.6, C-2).  To rule out the possibility of cell death 

during the incubation with nanoparticles resulting into uptake of PI, cell viability was 

demonstrated using secondary staining with Hoechst stain-33342 and Mitotracker 

dyes. As shown in the Figure 5.6, C-2, live CHO cells incubated with porous Au NPs-

PI complex are stained with PI and therefore appear red. These cells when observed 

under confocal microscope with red filter show excellent blue staining by Hoechst 

stain-33342, suggesting that the cells are indeed alive (Figure 5.6, C-3). A 

superimposition of the two fluorescent images reveals that same cells have been 



Chapter V                                                                                                                                      

Ph.D. Thesis Sourabh Shukla University of Pune 

166 

stained by PI as well as Hoechst stain-33342 and therefore appear pink. Similarly, 

viability assay carried out with Mitotracker as the secondary stain results in the live 

cells appearing green (Figure 5.6, C-3). Upon superimposition, live CHO cells stained 

with PI show dual fluorescence (Figure 5.6, C-4). The cell viability was also 

supported by the Trypan blue exclusion assay, where live cells did not allow the blue 

stain to enter, which otherwise resulted in the blue stain of the dead cell population. 

 

Figure 5.6 Confocal images of live CHO cells stained with pure PI (A) and PI conjugated 
with solid Au NPs (B). Images 1, 2 and 3 correspond to the phase contrast image, 
fluorescence and superimposed image of the two, respectively. C and D show the secondary 
staining of live CHO cells stained with porous Au-PI conjugate by Hoechst stain – 33342 and 
Mitotracker dyes, respectively. Images 1, 2, 3 and 4 in C and D correspond to phase contrast 
image, primary staining, secondary staining and superimposition of the three images, 
respectively. 
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The observation that entry of PI into live cells was facilitated by only porous 

nanoparticles and not the solid nanoparticles is exciting. The cell membrane has the 

ability to exclude PI from entering into the live cells and it is only when the 

membrane integrity has been lost that PI is able to enter a cell, thus, PI staining is 

used to distinguish between the dead and live cells in a culture medium.  

 

Scheme 5.2 Live CHO cell staining using PI-nanoparticles conjugates. Pure PI as well as 
solid gold-PI conjugates are restricted by the cell membrane whereas PI loaded within the 
cavities of porous gold nanoparticles is able to enter the cell as revealed by the fluorescence 
image on the right. 

However, nonspecific uptake of nanoparticles into the cells, in principle, is 

expected to facilitate the entry of any ligand molecule associated with the nanoparticle 
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into the cell. Under such conditions, PI loaded on the solid gold nanoparticles would 

have entered the live CHO cells. However, absence of any fluorescence signal from 

the cell under CFLSM suggests that the PI bound on the solid gold nanoparticles does 

not stain cells and the plasma membrane is still able to exclude the PI molecules 

present on the nanogold surface from entering the cells. 

On the other hand, the ability of PI loaded on the porous Au NPs to stain the 

live CHO cells indicates that porous Au NPs are able to penetrate the cells resulting in 

red fluorescence emission from these cells. This suggests that the cell membrane is 

not able to detect the presence of PI molecules on the nanoparticles and thus is not 

able to exclude it. The fact that the porous nanoparticles have numerous small cavities 

in its structure points towards confinement of the residual PI molecules within the 

cavities after thorough washing had removed the surface bound and loosely held PI 

molecules. The confinement of PI in the cavities prevent detection of its presence by 

the intact cell membrane of the live CHO cells, resulting the uptake of the PI laden 

porous Au NPs. Thus, porous nanoparticles acts as ‘Trojan Horse’ capable of 

concealing ligands within its cavities and releasing them as and when required. The 

staining of live cells by porous Au NPs-PI conjugate has been depicted in  

scheme 5.2. 

Thus, while the fixed-cell-staining is an evidence of enhanced surface area of 

the porous Au NPs over their solid counterparts, live-cells-staining using PI loaded on 

porous nanoparticles underlines the importance of the cavities present with in the Au 

porous nanoparticles. This phenomenon is of technological significance as metal 

nanoparticles have been increasingly sought for applications in drug delivery 

protocols. The ability of porous nanoparticles to confine the ligands within the 

cavities could be used to protect it from chemical/ physical denaturation during the 

delivery process.  

5.3 Porous gold nanoparticles for enzyme immobilization  

 Nanoparticle mediated enzyme immobilization has been demonstrated 

previously. For example, pepsin and trypsin, fungal protease [37], horseradish 

peroxidase [61] etc. have been immobilized on gold and other inorganic nanoparticles 

surface. Immobilization of enzymes leads to better thermal and chemical stability as 
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well as makes the recovery of the biocatalyst easier, which reduces the loss of 

precious biocatalyst after completion of the reactions [37]. Gold nanoparticle have 

gained considerable interest in such immobilization procedures as in other biological 

applications chiefly due to the ease with which the nanogold surface can be decorated 

with biomolecules and its biocompatibility. Like other surface associated 

phenomenon, binding of the biomolecules also would increase with increasing surface 

area. Thus, we carried out enzyme immobilization experiments to determine if the 

porous structures could be a better substrate in terms of loading and activity of the 

biocatalysts. 

5.3.1 Immobilization of Amylase on porous gold nanoparticles 

   Amylases are the hydrolytic enzyme derived from animal, fungal and plant 

sources that catalyze the hydrolysis of (α 1-4) glycosidic linkages of polysaccharides 

to yield dextrins, oligosaccharides, maltose and D-glucose [62]. These enzymes are 

classified according to the manner in which the glysosidic bond is attacked. α-

Amylases are used to hydrolyze glycogen, the reserve carbohydrates in animals, when 

the blood glucose levels are low. Salivary amylase, a major component of human 

salivary secretions, possesses multiple functions in the oral cavity. It is the only 

enzyme in the saliva capable of degrading oligosaccharides, which are used by the 

oral microflora for nutritional purposes. The structural neighbor, β-amylase, breaks 

down starch during the germination of seeds (rich in starch) into sugars. These sugars 

constitute the chief energy source in the early development of the plant. β-Amylase is 

able to break down the α-1, 4 linkages of starch polymers in plants and seeds. 

Amylase is also used in industry. It is used in brewing and fermentation industries for 

the conversion of starch to fermentable sugars, in the textile industry for designing 

textiles, in the laundry industry in a mixture with protease and lipase to launder 

clothes, in the paper industry for sizing, and in the food industry for preparation of 

sweet syrups, to increase diastase content of flour, for modification of food for 

infants, and for the removal of starch in jelly production. 

 For loading Amylase on the gold nanoparticles, stock solution of Amylase was 

prepared in the phosphate buffer solution (0.1 M, pH 7.0). The pH of solid Au NPs 

and porous Au NPs was adjusted to 7 prior to addition of enzyme solution in it. 
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Amylase solution was mixed with equal volumes of solid Au NPs and porous Au NPs 

to obtain a final concentration of 5 IU/ml of enzyme in the mixture. The mixture of 

nanoparticles and enzyme was incubated for 12 h at 4 0C. After the incubation period, 

the nanoparticles – enzyme solution was centrifuged at 15000 rpm for 20 min. The 

supernatant was collected separately, while the pellets were resuspended in phosphate 

buffer of pH 7. The enzyme activity was determined in the supernatants and pellet 

obtained from both solid gold nps as well as porous Au NPs. For control experiments, 

enzymatic activity for similar concentration of enzyme in phosphate buffer of pH 7 

was determined. 

5.3.2 Enzymatic activity determination 

 Amylase activity was determined by using a standard Amylase Reagent Kit 

(Teco Diagnostics, Anaheim, CA, US). The kit is based on a modified version of 

Wallenfels’s protocol [ref] where p-Nitrophenyl-D-Maltohepatoside (PNPG7), is used 

as a substrate. The test is performed in a kinetic mode with a very short lag time. 

 The enzymatic reaction sequence employed in the assay of amylase is as 

follows: 

                                PNPG7   amylase         PNPG3 + Maltotetraose 

                                PNPG3 glucoamylase    PNPG1 + Glucose 

                                PNPG1 glucosidase      p-Nitrophenol + Glucose  

Amylase hydrolyzed p-Nitrophenyl D-maltohepatoside (PNPG7) to p-

Nitrophenylmaltotriose (PNPG3) and maltotetraose. Glucoamylase hydrolyzes 

PNPG3 to p-Nitrophenylglycoside (PNPG1) and glucose. Then PNPG1 is hydrolyzed 

by glucosidase to glucose and p-Nitrophenol, which produces a yellow colour. The 

rate of increase in absorbance is measured at 405 nm and is proportional to the 

amylase activity in the sample. 

 25 μl of the samples (supernatants and re-dispersed pellets) were added to 1 ml 

of the reconstituted reagent provided with the kit taken in pre-warmed (37 0C) 96-well 

plates and plates were read under spectrophotometer at 405 nm immediately after 

addition and then after every 60 seconds up to 3 min. The mean absorbance difference 
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per minute was determined and the enzyme activity in terms of IU/ml was calculated 

as:  

                                  IU/ml amylase in sample =   Δ Abs./min x TV 

                                                                             M.M.A. x S.V. x L.P.  

Where: 

Δ Abs./min = Absorbance difference per minute 

TV               = Total reaction volume  

M.M.A.       = Millimolar absorptivity of p-Nitrophenol (8.5) 

SV               = Sample volume  

LP                = Light path in cm 

Appropriate controls were taken to negate the absorbance, if any, by the 

nanoparticles solution at 405 nm. The values obtained in the amylase assay performed 

as described above are plotted as Figure 5.7. The activity of free amylase in solution 

was determined to be 3.84 ± 0.05 IU/ml (Figure 5.7, a). Centrifugation of the free 

enzyme lead to slight precipitation, which after redispersal gave only negligible 

enzymatic activity and could be considered as particulate impurities (Figure 5.7, b). 

 

Figure 5.7 Amylase activity in IU/ml measured after immobilization of the enzyme on solid 
Au NPs and porous Au NPs. Activity recorded from free amylase in solution a, b; solid Au 
NPs c, d; porous Au NPs e, f. a, c and d are the activity recorded from the respective 
supernatants, while b, d and f correspond to the enzyme activity from the pellets after 
centrifugation. 
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 Conjugating amylase with solid gold nanoparticles, on the other hand results 

in the loss of free enzyme from the solution. The residual amylase activity in the 

supernatant after the centrifugation was estimated to be 3.5 ± 0.08 IU/ml (Figure 5.7, 

c). The fraction of amylase, which was bound to the nanoparticles surface, gave an 

enzymatic activity of 0.93 ± 0.03 IU/ml (Figure 5.7, d). These values suggest that 

only a small fraction of the total enzyme added to the gold nanoparticle solution was 

bound to the nanoparticle surface. There was a larger decrease in the free enzyme 

activity in the supernatant when amylase was added to the porous gold nanoparticles 

solution (Figure 5.7, e). Thus, the activity was estimated to have fallen to 2.98 ± 0.01, 

suggesting that a larger fraction of enzyme was bound to the porous gold 

nanoparticles in comparison with the solid gold nanoparticles. This was supported by 

the enzyme activity measured from the redispersed pellet of porous nanoparticles 

following the centrifugation, where the enzyme activity was measured to be 1.19 ± 

0.03 IU/ml (Figure 5.7, f), which is higher than that obtained from the solid gold 

nanoparticles.  

 Although, porous gold nanostructures show an enhanced loading of the 

enzyme than their solid counterparts, the values are not significantly apart as in the 

case of the fluorescence intensity observed in the case of propidium iodide loading 

discussed earlier. These results could be attributed to the composition of the porous 

gold nanoparticles synthesized by the transmetalation reaction between the sacrificial 

silver nanoparticles and the Au (III) ions. As has been illustrated previously using 

EDX, XPS data and the UV-vis-NIR absorption spectra, there is still a fair amount of 

silver in the porous nanoparticles. The presence of silver in the nanoparticles could 

well be the reason behind the lower conjugation of the biomolecules such as enzymes, 

which have a very high binding affinity with the gold surfaces. However, it could be 

turn into an advantage as binding of ligands to the gold or silver rich regions with in 

the porous structures could facilitate selectivity in functionalization of nanoparticles. 

 The lower activities could also result due to the steric hindrance experienced 

by the substrate molecules when complexing with the surface bound enzymes as 

against the free enzyme molecules in the solution [63]. However, immobilization of 

the enzymes on the solid substrates including metal nanoparticles has been shown to 
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enhance the thermal and ionic stability of the enzyme and is therefore interesting [37, 

64]. Such immobilization of enzymes and other biological molecules are important in 

developing miniaturized sensors and diagnostic tools with high specificity and 

accuracy [65]. Hence, enhanced binding ability of the porous nanoparticles along with 

their unique opto-electronic properties could have sweeping implications in the 

development of more efficient nanoparticle based sensors. 

5.4 Cytotoxicity studies of porous gold nanoparticles 

 Porous gold nanoparticles are promising materials for various biological 

applications including cell imaging protocols and carriers for biomolecules such as 

enzymes as illustrated above. The enhanced surface area and nano-cavities offered by 

these nanoparticles have potential applications in drug delivery applications. 

However, the applicability of nanoparticle system in clinical and diagnostic 

applications depends upon the biocompatibility of the nanoparticles and therefore 

there is an increasing literature available on the biocompatibility studies of various 

nanomaterials including metallic [43], semiconductor [49] and oxides nanoparticles 

[66] as well as carbon nanotubes [67]. Gold nanoparticles [68] and its ionic 

precursors, both Au (I) [69] and Au (III) [69b, c; 70], have been studied extensively 

by many groups for their biocompatibility and cytotoxicity effect. 

 Recently, Sastry and co-workers have done a detailed evaluation of the 

immunological response of cells on exposure to the gold nanoparticles and elucidated 

the mode of internalization [43, a]. It has been demonstrated that the gold 

nanoparticles synthesized by sodium borohydride reduction do not show any visible 

cytotoxicity upto 100 μM concentration in macrophages, which are actively 

phagocytotic cells. Furthermore, it has been shown that they do not elicit any stress-

induced production of proinflammatory cytokines TNFα or IL-1β in the 

macrophages. At higher concentrations, the gold nanoparticles inhibit the secretion of 

reactive oxygen species (ROS) and reactive nitrite species (RNS). Murphy and co-

workers, on the other hand, have elucidated that citrate reduced gold nanoparticles of 

an average size of 18 nm are non-toxic up to a concentration of 200 μM while gold 

salts (HAuCl4) are up to 90% toxic at this concentration [43, b].  
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There is a lot of interest in exploring the antimicrobial activity of various 

nanoparticles systems, particularly in application such as antimicrobial surface 

coatings, food additives, filters and packaging materials [71]. Metal nanoparticles 

have been also used as the carriers of antibiotics and other chemotherapeutic agents, 

as they result in the slow release of these molecules in the medium or inside body, 

which often is an advantage [72]. However, such applications should also mean that 

the nanoparticles itself are not toxic to the normal microbial flora of the body and 

only the targeted cells are killed. Here, we have explored the biocompatibility of 

porous gold nanoparticles with mammalian cell lines as well as microbial cell 

cultures.  

5.4.1 Biocompatibility of porous gold nanoparticles with mammalian cell lines 

 The cytotoxicity studies of porous gold nanoparticles were performed in the 

CHO epithelial cell line as well as NIH 3T3 mouse embryonic fibroblast cell line. 

Cells of both the cell lines were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% fetal calf serum (FCS), 100 units/mL penicillin, 

100 μg/mL streptomycin, and 2 mM glutamine. The cells were incubated in a 

humidified atmosphere of 5% CO2 and 95% air at 37 °C. Actively growing cells were 

seeded with density around 1 x 105 cells/well in a 96-well tissue culture plate. The 

cells were treated with different concentrations of porous gold nanoparticles (10, 25 

and 50 μM) for 48 h.  

 

Figure 5.8 MTT assay for determination of the cytotoxicity of the porous gold nanoparticles 
on CHO epithelial cell line (A) and NIH 3T3 mouse fibroblast cell line (B) after 48 h of 
exposure. Bars a, b, c and d correspond to the porous gold concentration of 0, 20, 50 and 100 
μM, respectively.  
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 The control cells were not treated with porous gold nanoparticles and were 

kept in the same volume of phosphate buffer saline (PBS, pH-7.4) for the same period 

of time. After the end of the exposure time, the cell viability was checked using the 3-

(4,5-dimethylazol-2-yl)-2,5- diphenyl-tetrazolium bromide (MTT) assay [44]. The 

MTT assay is based on the optical detection of the purple colored formazan at 570 

nm, which is formed by the enzymatic reduction of yellow tetrazolium MTT. All 

experiments were performed 3 times in quadruplets, and their average has been shown 

as cell-viability percentage in comparison with the control experiment. The porous 

gold untreated controls were considered to be 100% viable. The MTT assay carried 

out on CHO and NIH 3T3 cell lines has been shown in the Figure 5.8. 

As evident in Figure 5.8, A, CHO epithelial cells exhibit slightly enhanced 

cytotoxicity with increasing concentrations of porous gold nanoparticles in the culture 

media after an exposure of 48 h. The control cell population unexposed to porous gold 

nanoparticles was considered as 100 % cell viability (Figure 5.8, A, a). With respect 

to the control cell population, CHO cells show more than 80 % cell viability up to the 

porous gold concentration of 50 μM for 48 h (Figure 5.8, A, b & c). However, at 

higher concentration of 100 μM, the cell viability reduces to 66 % with respect to the 

control cell population. The cell viability is lower in comparison to that obtained with 

borohydride reduced gold nanoparticles [43, a] or citrate reduced gold nanoparticles 

[43, c] and could be attributed to the presence of considerable quantities of metallic 

silver in the porous structures and absence of a capping agent. It has been 

demonstrated earlier that the presence of capping molecules such as polyethylene 

glycol [73] and amino acids [74; 43, a] renders the nanoparticles more biocompatible. 

Porous Au NPs, on the other hand, do not retain the tyrosine capping of the sacrificial 

silver nanoparticles once the gold shell has formed. This is supported by the weak 

nitrogen signal obtained from the XPS spectra of the porous Au NPs.  

Lower concentrations of porous gold nanoparticles added into the culture 

media containing NIH 3T3 cells leads to a slightly elevated cell viability (Figure 5.8, 

B, b & c). This could result from an enhanced enzymatic activity in the cells due to 

the stress like conditions within the cells due to the exposure to the metal 
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nanoparticles. At higher concentrations (100 μM), though, cell viability reduces to  

76  % (Figure 5.8, B, d). 

In another experiment it was demonstrated that CHO cells not exposed to the 

nanoparticles retain the monolayer growth pattern even after 24 h (Figure 5.9, A). On 

the contrary, exposure of CHO cells with 50 μM of porous Au NPs leads to breaking 

of the monolayer and formation of small aggregates of cells within 24 h as shown in 

Figure 5.9, B. The aggregating cells start forming discrete cell masses within 48 h of 

growth. Although, the exact mechanism leading to the cell aggregation is not clear at 

this point, it reflects the alteration in the cell-cell and cell-substrate interactions, which 

could be a manifestation of the altered protein profile of the mammalian cells and 

need further studies. 

 

Figure 5.9 Phase contrast microscopy images of CHO epithelial cell cultures; A corresponds 
to 24 h old culture; B and C correspond to cells exposed to 50 μM porous Au NPs for 24 h 
and 48 h, respectively. 

  Although, the MTT assay elucidates that the porous nanoparticles leads to cell 

death in both the cultures, it does so only on prolonged exposure of 48 h at reasonably 

high concentrations. Thus, prolonged exposures of high concentrations of porous gold 

nanoparticles for in vitro and in vivo applications could lead to cytotoxicity. However, 

it has been demonstrated that the porous nature of the particles provides them with 

enhanced surface area over the solid gold nanoparticles, which obviously mean that 

they can carry higher amounts of ligands on the surface than the solid gold 

nanoparticles. Thus, the high surface area offered by the porous nanoparticles over the 

solid counterparts obliviates the use of high concentrations of porous gold 
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nanoparticles for applications such as cell imaging and drug delivery that require 

nanoparticle interaction with live cells. 

5.4.2 Non toxic nature of porous gold nanoparticles on microbial cultures 

 The microbial cytotoxicity of the porous gold nanoparticles was tested against 

E.coli HB101 culture, a susceptible strain devoid of plasmids. The seed culture of 

bacterium was grown in 100 ml of Luria broth medium at 37 oC for 12 h. Three flasks 

containing 100 ml of fresh Luria broth were prepared with 100 μM each of silver 

nanoparticles, porous gold nanoparticles and silver sulphate, respectively. Similarly, a 

fourth flask with equivalent volume of sterile water was prepared as a control. All the 

solutions, including silver nanoparticles, porous gold nanoparticles and silver sulphate 

were autoclaved prior to addition in the Luria Broth. All the flasks were inoculated 

with 1 ml of the 12 h old seed culture and incubated at 37 oC. Samples were 

withdrawn from the cultures periodically and their optical density was recorded at 660 

nm to measure the bacterial growth, which is shown in Figure 5.10.  

 

Figure 5.10 Optical density of bacterial cell cultured in presence of only medium (□), in 
presence of porous gold nanoparticles (∆), silver nanoparticles (▲) and silver ions (●) over 
a period of 24 h. 

 Bacterial cells grown only in medium shows a typical sigmoid growth curve 

over a period of 24 h (Figure 5.10, -□-). Silver ions (Ag (I)) and silver nanoparticles 

have been shown to have antimicrobial properties and therefore have found 
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application as antimicrobial agents [75]. Thus, E.coli cells, cultured in Luria broth 

supplemented with the silver ions, showed drastic reduction in the microbial cell 

populations as reflected by the lower optical density recorded at 660 nm (Figure 5.10, 

-●-). Similarly, silver nanoparticles illustrate a more restricted growth in the 

microbial growth as compared to the control (Figure 5.10, -▲-). In presence of porous 

Au NPs however, there is no significant inhibition of the bacterial growth as reflected 

by the optical density at 660 nm (Figure 5.10, -∆-). These results elucidate that the 

porous gold nanoparticles are not toxic to the microbial cells. The significance of this 

observation lies in the fact that the porous nanoparticles can therefore be used for 

applications such as plasmid DNA transfer in the bacterial cells without inhibiting the 

growth. Also, application of porous gold nanoparticles as a carrier of antibiotics and 

other chemotherapeutic agents appears more promising as there is no apparent toxic 

effect of the metal nanoparticles itself on the normal gut flora and only the targeted 

pathogenic microbes targeted with the chemotherapeutic ligand molecules will be 

affected. 

The increased surface area and the cavities within the structure renders the 

porous gold nanoparticles advantageous over other nanoparticles of choice despite the 

slight toxicity showed against mammalian and microbial cells. Increased loading of 

the ligands and the ability to conceal molecules within the cavities makes the porous 

nanoparticles much more promising for a wide range of applications including drug 

delivery applications, biomolecules immobilization and catalysis.  

5.5 Discussion 

 Porous metal nanoparticles are a special class of nanoscale metals that offer 

increased surface area, low density and cost effectiveness over their solid 

counterparts. Their unique structure and composition impart the porous nanoparticles 

with interesting optoelectronic properties that are very different from the solid 

nanoparticles.  Therefore, one immediately recognizes that such porous nanoparticles 

can present improved potential for the existing protocols involving conventional 

nanoparticles besides developing novel applications. This chapter attempts to 

elaborate the improved functionality that can be achieved using porous metal 

nanoparticles.  
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 Nanotechnology has had tremendous impact on life sciences research in terms 

of emergence of new sensing, diagnostic and therapeutics protocols involving 

nanoparticles. Gold nanoparticles are arguably the most studied and applied 

nanoparticles system in biological research due to the ease of synthesis, known 

biocompatibility and their ability to bind strongly through the amine or thiol 

functional groups to a wide variety of biomolecules and other ligands. In this chapter, 

porous gold nanoparticles synthesized using controlled transmetallation reaction have 

been shown to possess improved surface area and functionality over solid gold 

nanoparticles. The higher surface area is reflected in the enhanced concentrations of 

ligands bound on the surface of the porous nanoparticles.  

 Conjugation of fluorophore, Propidium Iodide (PI), to the nanoparticles was 

carried out to establish the enhanced surface area of porous nanoparticles. Cells 

incubated with porous gold nanoparticles appeared to emit increased red fluorescence 

than those incubated with borohydride reduced solid gold nanoparticles. This could be 

attributed to the higher quantities of PI associated with the porous gold nanoparticles 

as compared to the borohydride reduced gold nanoparticles. Similar experiments with 

porous platinum nanoparticles showed even higher binding of PI. These observations 

were supported by the fluorescence-assisted cell sorting (FACS) analysis that 

indicated five-fold increase in the fluorescence intensity from the cells stained with 

porous gold NPs-PI complex.  

 The application of nanoparticles conjugated fluorophore has so far been 

restricted to Fluorescence Resonance Energy Transfer (FRET) mediated fluorescence 

quenching for detection of specific molecular recognition events [76]. Florescent 

molecules have been shown to undergo radiative and non-radiative decay processes 

on the gold nanoparticles and its vicinity [77]. Both radiative and non-radiative decay 

rates are expected to depend critically on the nanoparticles size, distance between the 

fluorescent molecules to the nanoparticle surface etc [78]. It is known that dye 

molecules that have absorption bands in the same frequency range as the plasma 

frequency of the metal particle can strongly affect the absorption spectra of the 

particles [79]. At the same time quenching of the excited state by the conductive 

metal surface that results in energy transfer to the metal surface has been reported 
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earlier [80]. The probability of this Forster energy transfer depends on the overlap of 

the fluorescence band of dye molecule with the absorption band of the acceptor. In the 

present case, PI fluorescence band at 580 nm is near the nanogold surface plasmon 

band at 520 nm and one expects effective energy transfer from the excited molecule to 

the gold surface. Thus, the low fluorescence intensities observed from the CHO cells 

under the confocal microscope could also be due to the partial quenching of the 

fluorescence of the PI molecules conjugated on the solid gold nanoparticles surface. 

Porous gold nanoparticles, on the other hand, show surface plasmon absorption band 

at ~700 nm, which therefore, does not lead to efficient quenching of PI fluorescence 

and hence cells incubated with PI complexed to porous gold nanoparticles appear 

bright red under CFLSM. 

 Sensitivity of the fluorescence-based assays has also been enhanced by 

numerous methods including surface-enhanced fluorescence on metal nanostructures 

(SFE) [81] where fluorescence enhancement occurs when a fluorophore is localized 

near the surface of metallic nanoparticles [82]. SEF is believed to take place through 

the coupling of the fluorophore with radiating plasmon from the metallic particles 

[83]. Silver nanoparticles have been reported to enhance fluorescence of the dyes 

associated to its surface through SFE [81]. Presence of considerable amounts of silver 

in the porous nanoparticles was shown by the EDX and XPS analysis in the previous 

chapter. The high fluorescence intensity from PI conjugated porous nanoparticles, 

could be, in part, attributed to the enhancement due to the metallic silver present in 

the porous structures. Although, the points discussed above need to proved with more 

experimentation, together with the enhanced surface area, they make the porous gold 

nanoparticles highly potential contrast agents for cell imaging applications.  

 Another interesting aspect of the porous gold nanoparticles was their ability to 

stain live CHO cells with PI, a stain that is known to stain only the fixed cells. The 

inability of the cell membrane to exclude the PI conjugated porous nanoparticles from 

entering the live cells, while at the same time, inhibiting PI bound to solid gold 

nanoparticles is highly intriguing. It is evident from these results that solid gold 

nanoparticles present the conjugated PI molecules on the surface, and the cell 

membrane is able to sense and exclude the PI from the cell similar to the exclusion of 
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pure uncoordinated PI in a separate experiment. However, repeated washing with 

buffer after conjugating the porous nanoparticles with PI gets rid of most of the 

surface bound PI molecules. Uptake of porous nanoparticles into cells and the 

subsequent observation of fluorescence from the cells suggest that porous 

nanoparticles were able to carry concealed PI molecules into the cells. The cavities 

present in the porous nanoparticles can be therefore used for concealing such 

molecules and deliver them into cells. Previously, it has been demonstrated that gold 

nanoparticles decorated with specific signaling peptides were capable of entering the 

cell nucleus [84]. It was demonstrated that presence of certain specific peptides only 

could guide the nanoparticles to the nucleus, whereas in their absence the 

nanoparticles were delivered to the endosomes. In this case, gold nanoparticles were 

actively taken up by the cells irrespective of the peptides bound on the surface, 

although the fate of the nanoparticles within the cells was decided by the specific 

peptides. However, in case of solid and porous gold nanoparticles, it was the presence 

of PI on the surface that governed the uptake of nanoparticles. It is clear that porous 

nanoparticles could act as excellent carriers of wide range of ligands for both in vitro 

and in vivo applications. Such nano-container could be used to control the 

microenvironment of the fluorophore and other confined ligands and to protect them 

from unwanted chemical interactions with substrates in the external medium. The 

presence of plasmon absorption band in the near infrared regions of the 

electromagnetic spectrum would mean that these nanoparticles could absorb heat and 

therefore have applications in therapies like cancer hyperthermia.  Together with 

capability to bind drug molecules within, NIR absorption could facilitate temperature 

dependent release of anticancer drugs like doxorubicine and thus provide dual effect 

against cancerous cells. 

5.6 Conclusions 

 This chapter illustrates applications of porous gold nanoparticles based on 

their unique structure based properties. The improved surface area and cavities within 

the metal nanoparticles facilitates applications of these nanoparticles as contrast 

agents in cell imaging protocols and carriers that could act as ‘Trojan Horse’ in drug 

delivery applications. These very characteristics of the porous nanoparticles promises 
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to improve the efficiency of existing devices and techniques based on the 

conventional solid gold nanoparticles. The chapter also addresses the issues relating to 

the cytotoxicity of the porous gold nanoparticles and shows that they are reasonably 

biocompatible with mammalian cell lines as well as bacterial cultures. It has been 

shown that the porous gold nanoparticles have huge potential for a wide range of 

applications. 
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Conclusions 
 
 
 
 
 
 
 
 
 
 

This chapter describes the salient features of the thesis and briefly discusses the 
future scope of the work presented in the thesis. 
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6.1 Summary of the work 

Nanotechnology research has come a long way in terms of developing 

applications for the improvement of the existing technologies. There is an ever-

increasing need to develop new materials to cope with the growing challenges and 

opportunities presented by the availability of more sophisticated techniques. This 

thesis emphasizes upon developing novel strategies for the assembly of nanoparticles 

as well as developing new materials with enhanced functionalities. The thesis also 

explores the potential of these nanoparticles for novel biological applications. 

The first part of the thesis investigates the role of nucleobases, which are the 

building blocks of deoxy ribose nucleic acid (DNA) in the assembly of nanoparticles. 

DNA based nanoparticle assemblies have gained tremendous importance over the last 

decade. The programmability, specificity, reproducibility and flexibility provided by 

DNA molecule have been prime reasons for its choice as a nano-scale template. Most 

of the existing strategies pertaining to such nanoparticle assemblies are based on 

electrostatic interactions of pre-formed nanoparticles or their precursors with the 

uniformly charged sugar phosphate backbone of DNA molecules, which leads to 

uniform, nonspecific metallization of DNA. However, for the fabrication of molecular 

interconnects for the futuristic nano-devices it is often desirable to achieve more 

complex patterns of metallization. Such complexity can be acquired by bringing in the 

sequence specificity into play. 

Despite the extensive literature on differential interactions of nucleobases, 

nucleosides and nucleotides with metal precursors and nanoparticles alike, there have 

been only a few attempts towards achieving sequence specific metallization of DNA. 

The work discussed in the thesis therefore, focuses on the study of nucleobases-metal 

ion interactions. Using an extremely sensitive isothermal titration calorimetry (ITC) 

analysis it has been showed that the heat of interaction of silver ions with nucleobases 

differ significantly, the overall order of strength being C > G > A ≥ T. These studies 

are then extended to short single strand oligonucleotides, C24 and T24 having similar 

length and charge density of sugar phosphate backbone but dissimilar base 

composition. The ITC analysis reveals that the former has significantly higher 

exothermicity than the latter, in accordance with the results obtained for the 
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nucleobases and suggests that silver ions indeed prefer binding to the nucleobases 

over the sugar-phosphate backbone as indicated by the differences in the heat of 

interaction values. This is in agreement with the previous studies that have 

categorized silver ions amongst the cations with higher affinity towards nucleobases 

over the sugar phosphate backbones. 

These results suggest a new approach to generate patterned metallic nanowires 

based on the sequence of DNA molecule. To realize this, synthetic DNA sequences 

C30-T40-C30 and C20-T20-C20-T20-C20 were metallized with silver using tyrosine-

mediated reduction of silver ions in alkaline conditions. The position of cytosine and 

thymine determines the sites along the length of the DNA where metallization takes 

place as cytosine binds silver ions strongly whereas thymine rich zones do not. Thus, 

in the first case, TEM analysis reveals formation of silver nanoparticle ‘doublets’ at 

the C30 regions separated by a distance consistent with the length of T30 regions. With 

the second oligonucleotide, ‘triplets’ of silver nanoparticles are observed at positions 

corresponding to three C20 regions separated with two intermittent regions 

corresponding to T20 segments.  

The thesis also illustrates a new process for the fabrication of porous metallic 

nanostructures, which have added advantages of low density and higher specific 

surface area besides the properties exhibited by the bimetallic nanoparticles. The 

method employs a galvanic replacement process between sacrificial silver 

nanoparticles and metallic ions with higher redox potential, across a semi-permeable 

dialysis membrane. The controlled rate of ionic diffusion across the membrane leads 

to control over the reaction kinetics thereby facilitating observation of the various 

phases of the transmetalation process leading to the porous nanostructures. The slow 

process also gives a control over the bimetal composition as well as the size of 

cavities within the porous nanoparticles. Using this method porous gold, porous 

platinum and porous palladium nanoparticles have been synthesized and it has been 

illustrated that the formation of cavities takes place preferentially at the twin 

boundaries on the surface of silver nanoparticles. We have also demonstrated that the 

rate of reaction and the particle size can be tuned by varying concentrations of 

precursors and permeability of the dialysis membrane. 
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Similarly, anisotropic porous metal nanoparticles viz. porous nanowires and 

porous nanotriangles of gold and palladium have been fabricated by employing the 

respective anisotropic templates of silver. 

The thesis also illustrates biological applications of the porous gold 

nanoparticles synthesized using the transmetalation process. The enhanced surface 

area of the porous gold nanoparticles over conventional solid gold nanoparticles has 

been demonstrated by the increased fluorescence associated with the porous gold- 

propidium iodide (PI) conjugate over that of solid gold-PI conjugate using 

fluorescence spectroscopy, fluorescent microscopy and fluorescence activated cell 

sorting analysis. Moreover, it has also been demonstrated that the PI conjugated with 

porous gold nanoparticles is able to stain live mammalian cells (CHO cells), which 

otherwise exclude pure PI and solid gold nanoparticles bound PI. This ability of 

porous gold nanoparticles to facilitate PI uptake in live cells has been attributed to the 

cavities within the metallic nanostructures, which avert the detection of PI molecules 

by the cell membrane. 

The enhanced surface area of the porous gold nanoparticles is also evident 

from the increased loading of amylase over the conventional gold nanoparticles. The 

cytotoxicity issues pertaining to the biological applications of the porous gold 

nanoparticles have also been addressed and it has been shown that these nanoparticles 

are reasonably biocompatible to mammalian cell lines upto a concentration of 50 μM 

for 48 h incubation periods. It was also found that the porous nanoparticles do not 

exhibit any significant bactericidal effects on normal microbial flora of body such as 

E. coli.   

6.2 Scope for future work 

 The work presented in the thesis has huge potential for future applications. 

The study of the interactions of the nucleobases with various metal nanoparticles and 

ions could pave the way for sequence dependent metallization of the DNA molecule. 

There is extensive literature on the ability of metallic ions to interact differentially 

with the sugar phosphate backbone and the bases, which could be exploited to acquire 

site specific metallization of the DNA molecules resulting in molecular wires with 

more complex composition and properties. 
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 Porous gold nanoparticles have huge potential in biological research as a 

carrier of ligands, drugs and fluorophores. The ability of the porous structures to 

conceal these ligands within could be used for targeted therapies against intracellular 

parasites like Plasmodium spp. and pathogens such as Mycobacterium spp. The near 

infra red (NIR) absorption along with enhanced surface area and pores make them 

attractive candidates for a combined chemo-hypothermal cancer therapy, where 

anticancer chemotherapeutic agents such as doxorubicine could be loaded on the 

porous gold nanostructures and released using laser mediated heat treatment. Porous 

nanoparticles are also promising in the improvement of current sensing and diagnostic 

techniques based on solid gold nanoparticles due to the enhanced surface area and 

unique optical properties. At a more basic level, optical properties of fluorophore 

confined within the cavities could be studied to understand the enhancement and 

dampening effects of the metal surfaces. 

 Biocompatibility of the nanoparticles is an important issue that needs to be 

addressed prior to their application in biological research. Although, the thesis has 

demonstrated preliminary results regarding the same, a more detailed analysis needs 

to be performed, including the mechanism of nanoparticles uptake in the animal cells, 

and the long term effects of their accumulation inside the living systems.  

 Porous platinum and porous palladium nanoparticles are promising candidates 

for improved catalysis and applications such as hydrogen storage in the fuel cell 

technology as well as sensing applications for hydrogen and other gases. They not just 

offer enhanced specific surface area for such applications but also promise 

economical feasibility to processes involving costly metal catalysts such as platinum 

and palladium due to their lower density. Their catalytic ability could also be used to 

improve the current nanoparticle-based pollution control filters and membranes. 
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