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1.1:Introduction - Overview of Research in Nanotechnology Relevant 
to the Thesis 
 
Nanotechnology can be called the technology of this century 1, 2. There has been an 

ever growing interest in this field for its potential, both in theory 3 and application 4. 

The field has generated rare excitement with the hope for generation of newer 

technology for human health 5-7, energy 8, environment 9,10 and for other areas such as 

information technology, computers with higher memory11-13 and better speed 14, 

electronics 15- 17 and photonics devices 18,19. There have been up and coming 

nanotechnology based solutions to some of the fundamental challenges which 

currently confront the human civilization. For example, in the energy sector, 

photovoltaics (PVs) are promising alternatives to the traditional modes of generation 

and storage of electricity. Because PVs take advantage of the abundant solar radiation 

reaching the earth surface, research on and development of efficient devices would 

provide better alternatives. It is important to mention here that currently the 

conversion efficiency of most of the PVs is not very high, although lead selenide 

nanocrystals (NCs) have been shown to increase the efficiency of PV cells to 65%8. 

However, there remains much to be developed not only in terms of conversion 

efficiency but also in the development of devices based on abundant and 

environmentally benign materials. Also, mechanical flexibility of the device provided 

primarily by polymers and fabrics bring in newer opportunity for further development 

in this regard20, 21.  Similarly for curing life threatening diseases like cancer, AIDS 

etc., extensive research is going on in nano-enabled techniques 22-25. Scientific 

community is looking back in to the already practiced nanomedicines in Indian, 

Chinese and many other traditional treatments where gold and silver nanoparticles 

(NPs) are very widely used 26,27. There are other wide spectrum of applications of 
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nanotechnology related materials and approaches that are under production28 or are 

advanced stages of research and development like nanobiotechnology29, electronics 30, 

optoelectronics 30,  polymer nanocomposites 31, nanofabrication for various uses 32, 

photonic devices 18, chemical sensors 33,34, biosensors 28,33, high strength materials 

35,36, high capacity data storage 11,13, catalysis 37, 38 and many more39. At present there 

are more than a thousand nanotechnology related products already available in the 

market 39.  

Before we go into further details it would be appropriate to define nanotechnology at 

this point.40 The National Nanotechnology Initiative of NSF (USA) defines 

nanotechnology as "the understanding and control of matter at dimensions of roughly 

1 to 100 nanometers (nm), where unique phenomena enable novel applications".  So, 

nanotechnology is a multidisciplinary area with diverse fields of research from 

nanometer size particles to large scale assemblies of NPs. Considering from the 

dimensional point of view the importance of the physical boundary defined for 

nanomaterials, i.e. 1-100 nm lies in the fact that in these size regime quantum 

mechanical effects and the surface effects are very much dominant and they are 

primarily responsible for the unusual properties of nanomaterials 3.  Apart from the 

various possible applications luring researchers from diverse background to pour into 

nanotechnology research, the fundamental properties of the nanomaterials and 

scientific theories behind them are equally interesting. Both physical and chemical 

properties of nanomaterials are very different from their atomic or bulk counterparts.  

For example, Au in bulk form is very inert but Au NPs are known to be good catalysts 

in different organic transformations or even catalytic conversion of CO to CO2 41,42.   

A thrust area in nanotechnology research is based on exploiting the size dependent 

properties of nanomaterials 43-45 to create new functional materials and advanced 
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devices. For example, the surface plasmon resonance (SPR) of the metal NPs is one of 

the most studied properties. SPR is the collective oscillation of the conduction 

electrons in an NP in resonance with the oscillating electric field due to the interaction 

of electromagnetic radiation with these particles 44.  The SPR frequencies of metal 

NPs vary as a function of  their size46, 47, shape,48 structure49,50, aggregate 

morphology51,  surface chemistry 52 and the dielectric constant of the surrounding 

medium53. Such optical properties of the NPs has led to the development of new types of 

biosensors54,55, bioprobes56,57, chemical sensors58,59, optical devices 60,61 filters62,63 , 

and substrates for surface-enhanced spectroscopies 64-67, etc.. Similarly the magnetic 

properties of NPs have application potential in new data storage media68 and 

biological probes69. Further understanding of the heterogeneous catalysis has being 

gained from the NP based model systems70.   

In order to explore novel physical and chemical properties and phenomena to realize 

potential applications of nanostructures and nanomaterials, the ability to synthesize, 

fabricate and process nanomaterials and nanostructures is the first corner stone in 

nanotechnology. At present with the vast development of synthetic methods almost all 

desirable size 71 and shapes 72-77  and types 78 of NPs can be synthesized with a good 

deal of monodispersity of the particles. Still one cannot deny the requirement for new 

synthetic method to meet special requirements. For example, for a particular NP to be 

tested for medical diagnostics or for some bioactivity tests it is always desirable that 

the particular NP should be free from any material that can cause harm to the 

biological system under test. Therefore, NPs synthesized in bio-friendly media offer 

better and more suitable options.  

At the same time surface immobilized NPs or nanostructured surfaces  are of great 

importance in catalysis, medical diagnostics, photonics, surface enhanced 
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spectroscopies, sensors etc. ‘Bottom up’ and ‘top down’ are the two complimentary 

approaches followed for the generation of nanostructured surfaces. 32,67 In the “bottom 

up” approach, nanostructures are constructed from their respective atomic, the ionic 

or molecular precursors to get into the nano-dimensional regime, examples being gas 

phase cluster beam studies, condensed phase colloid synthesis etc. giving 

understanding of the size evolution properties of nanomaterials from bare atomic 

clusters to nanocrystals (NCs). On the other hand, ‘top down’ approach utilizes 

advanced lithographic techniques to reduce the dimensions of the bulk materials from 

microns to nanometer regime. Both conventional and unconventional lithographic 

techniques are being explored to achieve these goals 32, 79.  Some of the routinely used 

lithographic techniques to create surface nanostructures with controlled size, shape 

and spacing are photolithography 32,80, electron beam lithography (EBL) 81, X-ray 

lithography (XRL) 82 and ion beam lithography (IBL) 83. Some other lithographic 

techniques explored recently are plasmonic lithography 8, nanosphere lithography 85, 

dip-pen nanolithography 86, lithography using reaction diffusion 87 etc. All these 

techniques come with their inherent advantages and disadvantages.  

As mentioned earlier one of the prime attractions of the scientific community towards 

nanomaterials is for their exciting optical properties and noble metal NPs are at the 

centre of these new optical properties 44, 88. For example gold and silver shows surface 

plasmon resonance based extinction of light at around 400 nm and 550 nm 

respectively i.e. in the visible region of light .89 This leaves ample scope to pursue 

surface plasmon coupled spectroscopic studies for different applications like metal 

enhanced fluorescence (MEF) 90, surface enhanced Raman spectroscopy (SERS) 91-

93etc. Moreover there is also scope for manipulation of these optical properties by 

change in size, shape, stabilizer, and dielectric medium around the NPs etc. 30, 44.  
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Similarly, nanostructured thin films of metal NPs are of special interests in the fields 

of photonics, sensing, membrane technologies etc. 94 

Silver as antimicrobial agent is known for long time, and with the development of 

nanotechnology there is a new surge in exploring the possibility of silver 

nanomaterials being used as efficient antimicrobial agent 95. Presently there are more 

than a thousand nanotechnology related products in the market and of them there are 

more than 200 products that are based on Ag NP in some way or other and are related 

to the antimicrobial activity of silver 39. Now with all these products in the market it 

makes eminent sense for the scientific community to find out the exact course of 

action of the Ag nanomaterials. Clothing, respirators, household water filters,  

antibacterial sprays, cosmetics, detergent, dietary supplements, cutting boards, sox, 

shoes, cell phones, laptop keyboards, and children’s toys are among the retail 

products that purportedly exploit the antimicrobial properties of Ag nanomaterials. 39,95 

On the other hand, Ag NPs may be released to the environment from discharges at the 

point of production, from erosion of engineered materials in household products 95 

(e.g., antibacterial coatings and silver-impregnated water filters), and from washing or 

disposal of silver-containing products 96. There is no doubt about the excellent 

antimicrobial activity of the Ag NPs, but at the same time there are certain negatives 

attached to the wide use of it, for this may also result in  unintended exposure to the 

higher organisms including humans. Though eukaryotic and prokaryotic cells are 

different in many ways, understanding the fundamental mechanisms governing Ag 

NP toxicity in bacterial cells may shed light on the potential effects of Ag NPs. 

Simultaneously, detailed studies on the effect of Ag NPs on eukaryotic cells need to 

be undertaken to have a more complete understanding of the effect of Ag NPs on 

human health and the environment.  Apart from the products available in the market a 
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great deal of research is going on to develop nanomaterials to be used in medical 

biology applications like therapeutics, imaging, targeted drug delivery etc.7. 

Therefore, exploring the possibilities of minimizing the nanomaterials from diffusing 

into the biosystems is a vital area of the nanoparticle research. For this purpose, 

various approaches such are immobilizing the NPs onto a surface 97, 98 or 

encapsulating them in polymer matrix 99 are currently being explored. Immobilization 

of NPs onto a surface consists of two basic approaches, first immobilization of the pre 

synthesized NPs onto substrates like glass, zeolite, silica etc. by some kind of surface 

binder and secondly to directly synthesize the NP on the surface through selective 

etching, reduction of precursor ions, galvanic replacement etc. Broadly, these 

approaches are parts of “top down” and the “bottom up” methodologies.94 These 

techniques have wider range of application possibilities apart from the use we are 

concerned about, which is the bioactive nanomaterial. Also many applications of 

nanomaterials require that they are bound to a macro surface so that the benefits of 

both the worlds can be gained. 8 

 
 

1.2: Our Specific Goals 
 
Our aim exemplified in the thesis vis-à-vis nanotechnology is twofold. First is to 

synthesize Ag NPs in biological media for examining the activity of the NPs in 

eukaryotic and prokaryotic cells. Secondly, to synthesize AgAu bimetallic 

nanostructures directly onto a surface for different applications and generation of 

AgAu bimetallic thin films. 

It is important to know how metal as well as semiconductor NPs affect eukaryotic and 

prokaryotic cells for the application of nanotechnology to medical biology. Among 
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the metal NPs, the bactericidal and bacteriostatic properties of Ag NPs are well 

known for quite some time 100, however, the exact mechanism of interaction needs to 

be established. This is important for exploration of therapeutic promises of the NPs.  

Recently, we have demonstrated that Ag NPs, of less than 10 nm diameters, get 

attached to the cell walls of Escherichia coli bacteria, resulting in the perforation of 

the wall, which leads to cell death101 and without any discernible effect on the 

intracellular and extracellular proteins or nucleic acids of the bacteria.  Furthermore, 

currently efforts are being made to investigate the use of nanomaterials in various 

therapeutic applications, where the NPs could be the active component or could just 

be the physical support for the functional moieties.  The works embodied in this thesis 

try to delve into synthesis of Ag NPs in bacterial or cell culture media and also on two 

dimensional surfaces as composites the details of which are incorporated below and in 

subsequent chapters. 

Moreover, nanomaterials that are either redox active or transport across cell 

membrane are of major toxicological concern for human health and the environment. 

Recent studies have shown that NPs easily pass through the blood–brain and blood–

testis barriers in mouse models 95,102 and some NPs catalyze the production of reactive 

oxygen species (ROS) and thereby, induce cytotoxicity in vitro103. Interestingly, 

interactions of carbon nanoparticle with mammalian cells showed evidence of 

cytotoxicity with manifestation of lipid membrane peroxidation, gene down regulation 

of adhesive proteins and increased cell death104, whereas functionalized carbon 

nanotubes were reported to be non-cytotoxic to primary immune cells105.  

Immobilization of nanoparticles or nanostructures onto a substrate is another 

emerging area of research for it can serve up with the benefits of both the nano and 
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the macro world. Development of an easier synthetic method combining “top down” 

and “bottom up” approaches for getting surface immobilized nanoparticles using a 

commonly available precursor was our aim. Contrary to the conventional approaches 

of synthesizing NPs first and then immobilizing on to a substrate, we tried to etch out 

a precursor (Ag) bound to the surface by a galvanic replacement reaction with another 

reactant (HAuCl4). By immobilizing the nanocrystals of metals (Ag and Au) and 

semiconductors (AgCl) attached to a flexible surface we wanted to explore the 

possibilities of their use in water purification by exploiting the properties of the 

immobilized nanomaterial. The immobilized nanoparticles also hoist the scope of 

their use in metal enhanced spectroscopies as mentioned earlier. 

For nanoparticle thin films can have many potential uses in diverse areas from 

electronics, photonics to sensing, we were again tempted to develop a method for 

easily generating such films. As it is well known that high concentration of surfactants 

help in forming superstructures of nanoparticles 106 by a process of self assembly, we 

wanted to explore the possibilities with a well known surfactant CTAB. We have also 

tried with other surfactants without much success.  

 
1.3 Outline of This Thesis 
 
This thesis is divided into six chapters. Apart from the first Chapter I which gives a 

general introduction to the current status of nanotechnology research, our specific 

goals and a broad outline of this thesis, there are other five chapters which describe 

our findings and observations.  

Chapter II is devoted to our findings regarding the antimicrobial activity of Ag NPs 

and tries to establish green fluorescent protein (GFP) expressing Escherichia coli as a 

model system for investigating the antimicrobial activities of Ag NPs. This work was 
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carried out in collaboration with Dr. P. Gopinath of Department of Biotechnology, 

Indian Institute of Technology Guwahati. The salient features of this work include the 

synthesis of Ag NPs in Lauria-Bertani (LB) bacterial growth medium, use of GFP 

expressing E. coli bacteria as the model system and the findings on the molecular 

mechanism of the course of action of the Ag NPs. Synthesis of the Ag NPs in 

bacterial growth medium (LB medium) is important for it enables us to study the 

effects of bare NPs and avoids any effect of the stabilizers commonly used. Stability 

of these NPs throughout the course of action was monitored. Use of GFP expressing 

E. coli bacteria simplifies the monitoring of the morphological changes in the bacteria 

during the action of the Ag NPs at different time points and provides easy qualitative 

detection of the bactericidal activity of the NPs by simply observing the green 

fluorescence in the bacterial growth medium. We have used this property to a great 

benefit in our later studies also. Understanding the molecular mechanism of the mode 

of action of Ag NPs on the bacteria is essential from the scientific point of view for its 

use in commercial products. Our findings add to the state of knowledge till date 

available. 

Chapter III is dedicated to the research work carried out by us in collaboration with 

Dr. P Gopinath and Mr. Pallab Sanpui, Centre for Nanotechnology,  IIT Guwahati,  in 

the area of the cytotoxic effects of Ag NPs towards cancerous and non cancerous 

eukaryotic cell lines. Our findings suggest that with a higher dose of Ag NPs the cell 

death follows a necrotic pathway while with lower doses the pathway is apoptotic. 

Apoptosis, also called ‘the programmed cell death’ is crucial in curing diseases 

caused by excessive cell growth or death. We also tried to study the effect of Ag NPs 

as a therapeutic drug when used synergistically with the common chemotherapeutic 

agent 5-fluorouracil (5-FU) on non cancerous baby hamster kidney (BHK21) and 
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cancerous human colon adenocarcinoma (HT29) cell lines. The experimental results 

presented here indicate that the apoptosis induced by Ag NPs follows the same 

pathway as that by 5-FU and UPRT expressing cells in the presence of 5-FU. In other 

words, the apoptosis initiated by damage to mitochondrial membranes by Ag NPs is 

similar to the mechanism induced by other drugs or gene therapy treatments. Thus Ag 

NPs by themselves may also act as a therapeutic drug. The present findings suggest 

that Ag NPs may assume significance in the development of a suitable anticancer 

drug and the approach described here may lead to novel nanomedicines with strong 

potential in therapeutic use for treatment of cancers in conjunction with conventional 

gene therapy.  In brief, the primary aim has been to study the effect of Ag NPs alone 

and in combination with gene therapy on cells. 

Chapter IV presents a novel method for generating bimetallic (Au-Ag) NPs 

containing micro structures bound to a flexible plastic substrate and their 

characterization. Here we have used economic and commonly available Ag foils from 

compact discs (CDs) and digital versatile discs (DVDs) as one of the chemical 

precursors reacting with aqueous solution of HAuCl4 to generate first AgCl 

microcrystals bound to the CD/DVD lacquer surface. The AgCl microcrystals were 

the product of galvanic reaction at the solid liquid interface between Ag (0) from the 

Ag foil (solid) and the Au (III) from HAuCl4 solution (liquid). AgCl microcrystals 

were bound to the surface in a definite pattern which may be governed by the 

distribution of the photoactive dye on the silver foil from CDs and reaction diffusion 

waves. The 1 µm parallel line patterned template of the CD silver foils may also have 

a role to play. These AgCl microcrystals could then be reduced electrochemically to 

AgAu bimetallic NPs (may be core-shell type!) with higher percentage of Ag than Au. 

Interestingly, the initial patterns of the AgCl microcrystals were retained following 
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reduction of AgCl to Ag. Further, the AgCl formed could be removed by washing 

either with a saturated solution of NaCl or a dilute ammonia solution. Here again 

AgAu bimetallic (may be AgAu alloy type!) NPs were present following the removal 

of AgCl, but this time with a higher percentage of Au than Ag. These AgAu 

bimetallic NPs also retained the initial pattern of the AgCl microcrystals. This 

suggests that the Au (0) deposition upon reduction of Au (III) by Ag(0) followed the 

same pattern as the AgCl deposition. The topography and the composition of these 

nanostructured surfaces were characterized primarily by scanning electron 

microscopy (SEM), energy dispersive X-ray (EDX) spectroscopy, X-ray diffraction 

(XRD) analysis and UV-vis spectroscopy. 

Chapter V describes the potential application of the nanostructured surfaces reported 

in Chapter IV (AgClAgAu) for water purification. In this chapter we demonstrate as a 

proof of principle the use of AgClAgAu patterned surface in photocatalytic 

degradation of a representative azo-dye methyl orange (MO), where AgCl is known to 

be the photocatalytically active material, as well as its antimicrobial activity. We have 

studied the photodegradation activity of the AgClAgAu patterned surfaces directly 

under the sun light, contrary to the most studies reported on literature using high 

power xenon arc lamps. We got encouraging results in this study, though the time 

taken for complete degradation of the dye was a little longer than the literature 

reports. None the less in this case the photocatalytic AgCl was surface immobilized 

which helped in easy catalyst recovery and along with AgCl,  AgAu bimetallic NPs 

were also present on the surface, which provided ample scope for further tuning of the 

photocatalytic activity of AgCl by coupling the surface plasmon resonance of the 

AgAu NPs. Interestingly, the AgClAgAu patterned surfaces also showed anti 

microbial activity. In order to test the antimicrobial activity we have utilized one of 

TH-982_04612208



Chapter I 
 

                                                                                                                              Page 12 
 

our earlier reported methods 101, described in detail in Chapter II. Also, we have used 

GFP expressing E. coli as the model system for rapid and easy detection of 

antimicrobial activity of the AgClAgAu patterned surfaces. Cell viability tests were 

carried out with these AgClAgAu patterned surfaces following appropriate controls. 

The results showed that the films have the potential of being used as antimicrobial 

agents. The combined photocatalytic activity and the antimicrobial activity make the 

AgClAgAu patterned surfaces potential candidates for water purification. 

  In Chapter VI we report the synthesis and the characterization of AgAu bimetallic 

NP thin films using the Ag foils from CDs and DVDs. Here also we took the Ag foils 

from CDs and DVDs and reacted with an aqueous solution of HAuCl4 in the presence 

of the cationic surfactant cetyltrimethylammoniumbromide (CTAB). This led to 

formation of an electronically translucent thin film of AgAu bimetallic NPs of 

approximately 80-100 nm in size. Typically, the thickness of the films generated with 

Ag foils from CDs was approximately 30 nm and those generated from the Ag foils of 

DVDs were 60 nm. Interestingly, the films retained the corrugated patterns of the 

CD/DVD tracks. As the DVD tracks are ~400 nm in dimension so the patterns on the 

films generated from silver foils from DVDs were smaller in dimension than the 1 µm 

patterns in the films from CDs. Thus we have been able to generate thin films 

retaining the initial template patterns at different scales. These three-dimensional, 

AgAu bimetallic and patterned thin films generated consisted of CTAB adsorbed onto 

it. The films appear golden colored when viewed in reflected light and blue colored in 

the transmitted light. The films could be easily transferred to any surface by using a 

floatation technique, without any damage to the patterns thus supporting the 

robustness of the films. For the characterization purpose techniques like SEM, 
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transmission electron microscopy (TEM), EDX, atomic force microscopy (AFM), 

FTIR-spectroscopy and UV-visible spectroscopy were extensively used.    
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2.1: Introduction 

The investigations related to interactions between metal or semiconductor 

nanoparticles (NPs) with eukaryotic and prokaryotic cells are of primary concern for 

further development in medical biology, especially using the tools of nanoscale 

science and technology.1-4 Although the bacteriostatic and bactericidal properties of 

Ag+ (silver) ions have been known for centuries,5-7 those of Ag NPs have been studied 

only recently owing to the demands of the development of nanotechnology.7-16 The 

primary development with respect to the properties of Ag NPs has been the generation 

of size-selected NPs, their incorporation into polymer or other devices for delivery, 

and the study of their effect on prokaryotic biological systems.12,13,14 The general 

understanding is that Ag NPs of typically less than 20 nm diameters get attached to 

sulfur-containing proteins of bacterial cell membranes leading to greater permeability 

of the membrane, which causes the death of the bacteria. In addition, it has been 

reported that NPs enter the cell and therefore presumably get attached to DNA.11 

However, these conclusions are based on indirect evidences, and further 

investigations are needed to understand the detailed mechanism of the processes of 

NP attachment to the cell wall and other parts of the cell so that other more stable, 

cheaper, and specific materials could be developed against various pathogens. One of 

the hindrances of in vivo study of the interaction of NPs with bacteria is the lack of a 

suitable probe either for the organism or for the NP. Although NPs have very high 

oscillator strength, it is still difficult to make a routine probe involving the interaction 

between an individual NP and cell using ordinary microscopic or spectroscopic 

techniques, especially using metal NPs. On the other hand, green fluorescent proteins 

(GFPs) have been used extensively as spectroscopic and microscopic probes in 
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various physiological systems, leading to greater understanding of the systems.17,18 In 

addition, GFPs have been used to study protein mobility and pattern formation in 

various chemical and biological systems using its intrinsic fluorescence as the 

probe.19,20 

Herein, we report the results of the investigation of the bactericidal effect of Ag NPs 

on GFP-expressing recombinant Escherichia coli (E. coli). Although the antagonistic 

property of Ag NPs is known, 3 the application of fluorescent bacteria facilitates rapid 

monitoring of cause-effect phenomena by spectroscopic and microscopic techniques. 

An easy and convenient in vitro synthesis of Ag NPs in bacterial growth medium has 

been adopted in the present study. In addition to conventional viability tests, 

transmission electron microscopic (TEM), X-ray diffraction (XRD), UV-visible (UV-

vis) spectroscopic analysis, the morphological changes of the fluorescent bacteria and 

electrophoretic analysis of cellular DNA and protein migration profile have been 

performed to establish the effect of Ag NPs on GFP bacteria. Our essential 

observation is that Ag NPs of less than 10 nm diameters get attached to the bacterial 

cell wall, resulting in the perforation of the wall, which leads to the cell death. On the 

other hand, our evidences suggest that the Ag NPs did not affect the plasmid DNA or 

the proteins of the bacteria, which is contrary to the conventional view. This work has 

been carried out in collaboration with Dr P. Gopinath, Department of Biotechnology, 

IIT Guwahati and his contributions are duly acknowledged. 

 

2.2: Experimental Section 

2.2.1: Growth Media and Chemicals: GFP-expressing recombinant E. coli was 

grown in Luria-Bertani (LB) medium (HiMedia, Mumbai, India). Silver nitrate 
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(AgNO3) and sodium borohydride (NaBH4) used for silver NP preparation were 

procured from Merck India, Ltd. High-purity molecular biology grade chemicals and 

reagents used for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) and agarose gel electrophoresis were obtained from Sigma-Aldrich chemicals.  

2.2.2: Ag NP Preparation. Ag NPs were prepared by slight modification of the 

standard NaBH4 reduction of AgNO3 21,22. In a typical Ag NPs synthesis, different 

concentrations of Ag NPs were prepared in LB media and Tris-EDTA buffer (TE 

buffer, pH=8) where, the final concentration of AgNO3 was in the range of 10-4-10-5 

M and NaBH4 on the order of 10-4. In order to represent the concentrations of Ag NPs 

we will use the respective concentrations of AgNO3 used for the syntheses.  

2.2.3: GFP Construct.* The recombinant GFP-expressing E. coli (DH5α) was 

generated by cloning of the GFP gene into an ampicillin-resistant pUC-derived 

plasmid vector driven by bacterial promoter. 

 

2.2.4: Determination of Minimum Inhibitory Concentration (MIC) and 

Minimum Killing Concentration (MKC). Minimum inhibitory concentration is 

defined as the minimum concentration of the antimicrobial agent that is required to 

inhibit the visible growth of the microorganism in question after overnight incubation. 

23 While minimum killing concentration (MKC) is the concentration of the test 

compound that prevents growth of the bacterial cells following reinoculation, as 

observed by the lack of visual turbidity. MIC and MKC for the  Ag NPs were  

determined by growing 2.0 x 108 CFU of GFP expressing E.coli (DH5α) cells with 

5.66 µg mL-1 , 11.32 µg mL-1, 16.98 µg mL-1, 22.64 µg mL-1, 28.3 µg mL-1 of 

preformed NP in LB medium(Ampicillin). MIC was found to be 22.64 µg mL-1 and 

MKC 28.3 µg mL-1 of Ag NPs. 
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2.2.5: Bactericidal Activity of Silver NPs. GFP expressing E.coli (DH5α) cells were 

grown overnight (12 hrs) in a 300 mL LB medium. The overnight grown culture was 

centrifuged at 8000 rpm (Sigma 4K15C, Rotor No.12256) for 10 min and the pellet 

was resuspended in 3 mL of LB medium. 1.0 mL each of resuspended cells was added 

to 100 mL fresh LB medium (control) and LB medium with preformed NP of two 

different concentrations i.e. 56.5 µg mL-1 and 84.83 µg mL-1 of Ag NPs. Samples 

were incubated at 37°C and 180 rpm and at every 1 hour optical density (O.D.) at 595 

nm was measured using a Analytikjena SPEKOL1200 UV-vis spectrophotometer. 

The viability of the bacterial cells was determined by several batches of viability 

count experiment. In a typical experiment a pre-grown culture was diluted and plated 

on a solid medium (LB agar ampicilin plate). The viable cell number was determined 

by colony count on the plate and multiplied by the dilution factor expressing in 

CFU/mL units.   

It may be mentioned here that an excess of NaBH4 was used as a reducing agent in the 

preparation of Ag NPs in the LB medium. Thus, the number of Ag+ ions that would 

be present in the medium in addition to the Ag NPs would be significantly small. 

Even then, we have performed experiments to assess the effect of Ag+ ions at various 

concentrations on the growth of recombinant GFP-expressing bacterial cells. We 

observed that when the concentration of Ag+ ions was on the order of 10-4 M (in the 

absence of NaBH4), the bacterial growth was significantly reduced. However, when 

the Ag+ concentrations were kept at 10-6 and 10-8 M, there was no observable effect 

on the growth of the bacterial colony. Since the excess concentration of Ag+ ions in 

the present experimental conditions would be less than 10-6 M, one can assume that 

the additional Ag+ ions present in the medium, if any, would have no significant effect 

on the growth of the colony. 
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2.2.6: Fluorescence Microscopy: Fluorescence from the GFP -expressing E. coli 

cells was advantageously utilized to monitor the population growth and the overall 

shape of the bacteria by observing the Ag NP treated samples under an 

epifluorescence microscope (Axioskop2MAT, Carl Zeiss) at different time points. 

Samples for fluorescence microscopic studies were prepared by taking out 5 µL 

aliquots from the GFP-expressing E. coli incubated with and without Ag NPs in LB 

medium and then spreading the aliquots on microscopic slides. The excitation 

wavelength used was controlled by a band pass filter of 445-495 nm, and the 

observation filter had a long-pass filter wavelength above 515 nm.  

2.2.7: Fluorescence Spectroscopy: To complement the fluorescence microscopic 

observations fluorescence spectroscopic studies were also carried out using a Cary 

Eclipse Fluorescence spectrophotometer. Fluorescence spectra of the GFP expressing 

E. coli were recorded for the samples treated with 55.6 mg mL -1, 84.83 µg mL-1 of 

Ag NPs and the control without the Ag NPs, at different time points starting from 0 hr 

to 12 hrs. Samples for fluorescence spectroscopic investigations were prepared by 

following a similar procedure as mentioned before for the O. D. measurements.  The 

excitation wavelength for fluorescence studies was set at 400 nm17. Also the 

fluorescence spectra of the supernatant, obtained upon centrifugation, were recorded 

in order to monitor the leakage of GFP on to the bacterial growth medium due to the 

action of Ag NPs. 

2.2.8: TEM Analysis: Ag NPs and the bacteria were observed by a Hitachi H-600 

TEM instrument operating at a maximum accelerating voltage of 200 kV. In order to 

confirm the formation of the NPs and their presence in the cells during the course of 

the experiments TEM images were recorded at different time points. 10 µL each of 
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Ag NPs as synthesized in LB media and at time point 0 hr, 1 hr and 10 hr of the 

bacterial growth in presence of Ag NPs was deposited on the carbon coated copper 

TEM grids and allowed to air - dry . 

2.2.9: XRD and UV-Visible Spectroscopic Measurements: In order to confirm the 

presence of Ag NPs on the cell walls we have centrifuged at 1000 rpm, the bacterial 

solution treated with Ag NPs for 12 hrs. The bacterial cell pellet obtained was spread 

on a glass slide after washing twice with sterile deionised water and XRD was 

recorded with a Bruker Advance D8 XRD machine (Cu Kα source with 1.5406 Å 

wavelength). Also, UV-vis spectrum of the washing was recorded using a Cary 100 

spectrophotometer to observe residual Ag NPs.  

2.2.10: Agarose Electrophoresis:* Plasmid DNA was isolated by alkaline lyses 

method 24 from control and NP treated E.coli cells of every 1 hour sample and 

electrophoresed in 0.8% agarose gel.  

2.2.11: SDS-PAGE: * For protein analysis GFP expressing E. coli (DH5α)  sample 

collected from control and NP treated cells of every 1 hour sample were centrifuged at 

8000 rpm for 2 min (using a Biofuge pico, Heraeus with Rotor No. 3328). 1 mL of 

PBS buffer was then added to the pellet and centrifuged at 8000 rpm for 2 minutes 

and the pellet was store at -20 °C until use.  Then, the pellet was resuspended in 200 

µL of 1X sample buffer (containing 60 mM Tris-HCl (pH 6.8), 25% glycerol, 2% 

SDS, 14.4 mM 2-mercaptoetanol and 0.1% bromophenol blue) 25 and the cell was 

lysed by boiling for 5 min to get the crude extract of protein. 10 µL of each sample 

was loaded in 10% SDS-PAGE and electrophoresed (using a Biorad machine). Gel 

was stained using coomasie blue stain for 2-3 hours and destained for 2-3 hours to 

visualize the bands. 
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2.2.12: DNA-Ag NPs Interaction: DNA-Ag NPs interaction was studied by 

incubating GFP plasmid (4 µg) with preformed Ag NPs at 37 °C. Samples were 

withdrawn periodically after 1, 2, and 3 h, and spectral changes were observed by 

UV-vis spectroscopy. NP treated plasmid DNA samples were also subjected to 

agarose gel electrophoresis. Untreated plasmid DNA was used as the control for both 

of the experiments.  

 

2.3: Results and Discussion 
 
 
It is known that smaller Ag NPs are more effective in killing E. coli bacteria than 

large ones, and typical diameters of less than 10 nm are the best in this regard.11 In the 

present studies, Ag NPs were synthesized in the LB medium using NaBH4 with a 

slight modification of the standard method21, 22 of preparation. AgNO3 concentrations 

of 56.5 and 84.83 µg mL-l produced stable Ag NPs in the LB medium.  

In general, when Ag NPs are synthesized in ordinary aqueous solution (in the 

presence of a stabilizer such as SDS), the UV-vis spectrum consists of a peak at 

around 400 nm that is characteristic of Ag NP formation. However, because the 

synthesis was carried out in the LB medium (to avoid effects such as dilution) and the 

medium absorbs strongly in the region of 400-500 nm, it was not possible to obtain a 

UV-vis absorption spectrum of Ag NPs thus synthesized. This was, however, pursued 

by TEM studies. A TEM micrograph obtained after 1 h of Ag NP synthesis and the 

corresponding particle size distribution is shown in Figure 2.1 (A, B). The NPs were 

well-dispersed, and showed no aggregation. The sizes typically ranged from 2 to 5 nm 

and were smaller than the typical 10nmdiameter reported previously.21 The NPs 

retained their sizes even after 10 h of synthesis, and there was no significant 
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 Figure 2.1. (A,B) TEM micrograph of the Ag NPs and the particle size distribution, respectively, at 

1h. (C) TEM micrograph at 10 h. (D) Lattice planes of Ag NPs. 

 

aggregation of particles, as is evident from Figure 2.1(C). It may be mentioned here 

that, in Figure 2.1(C), there seems to be particles that are apparently larger than 5 nm. 

However, if one looks carefully into the figure, one can see dark spots, which are less 

than 10 nm, surrounded by gray spots, which makes the overall sizes larger than 10 

nm. It is possible that the gray background does not represent particles, whereas the 

dark spots do. The gray spots may be due to evaporated medium, bacterial debris, and 

so forth. However, another point that must be added here is that the measurement of 
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this particular sample was made at 10 h, when most of the bacteria were dead in the 

presence of the Ag NPs. Hence, some of the particles that were agglomerated because 

of the absence of any stabilizing agent in the medium were not effective in killing the 

bacteria (because of their large sizes) and were present in the medium. The high-

resolution image of a single Ag NP shown in Figure 2.1(D) exhibits a lattice plane, 

indicating that Ag NPs remained intact and did not get oxidized in the medium. Also, 

the XRD of the Ag NP-treated bacteria (after 12 h) showed a peak characteristic of 

Ag NPs (discussed later). Thus Ag NPs produced in the LB medium under the present 

conditions provide a good system for studying their effect on bacteria. Figure 2.2 

depicts the effect of Ag NPs on the growth of recombinant GFP E. coli. The time-

dependent changes in bacterial growth were monitored by measuring OD595. The 

measurement of the OD was pursued at 595 nm to avoid strong absorption due to the 

Ag NPs in the region of 380-450 nm and from bacterial cellular components such as 

nucleic acids (A260), proteins (A280), and macromolecules present in the LB media 

such as sugar and carbohydrates that might absorb at A400-500. The OD value at 595 

nm is due to the scattering of light by the bacterial cells and is a function of bacterial 

cell density and thus correlates with the growth of the colony. As is clear from the 

figure, at Ag NPs concentrations of 22.64 and 28.3 µg mL-l there was no bacterial 

growth, whereas a discernible growth was observed at a concentration of 5.66 µg mL-

l. The control sample (grown in the absence of Ag NPs and NaBH4) and the sample 

treated with 6.66 X 10-4 M NaBH4 used to synthesize Ag NPs showed no growth 

inhibition. Thus the present method involving the use of NaBH4 for the synthesis of 

Ag NPs did not affect the bacterial growth in any way and provided a convenient tool 
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Figure 2.2:  Effect of varying concentrations of Ag NPs on the growth of GFP recombinant E. coli.* 

 
for the study of the antibacterial effect of preformed NPs. The MIC and MKC values 

were found to be 22.64 and 28.3 µg mL-l in our studies and are less than those 

reported previously.10 In the present investigation, Ag NPs were also smaller in size, 

with an average diameter of 4 nm. Reduced particle size could lead to efficient NP-

bacteria surface interaction and augment bactericidal activity.11 Previous 

investigations have reported chemical syntheses of silver NPs under stringent 

conditions and the subsequent study of their antimicrobial properties. In the present 

study, we achieved the synthesis of stable Ag NPs in a bacterial growth medium and 

monitored its bactericidal effect.  

The results of fluorescence spectroscopic studies of the recombinant bacterial culture 

treated with different concentrations of Ag NPs are shown in Figure 2.3. The control 

(untreated) sample showed detectable fluorescence, which consistently increased with 

time (Figure 2.3(A)), whereas the samples treated with Ag NPs initially showed low 
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fluorescence that increased only marginally with time (Figure 2.3(B,C)). The final 

magnitude of fluorescence of the control sample was much higher than that of the 

samples treated with Ag NPs. Moreover, the magnitudes of fluorescence of the treated 

samples at 12 h are either close to or less than the value of the control samples at 0 h. 

These observations can be understood in the following way. Initially, the OD595 of the 

untreated samples (control) was low in comparison to the values of the Ag NP treated 

samples (Figure 2.2). Hence, the fluorescence for the control sample was 

conspicuous. On the other hand, the initial fluorescence of the treated samples could 

not be observed because of high background absorption in the presence of Ag NPs. 

The concentration of Ag NPs in the medium got depleted progressively with time as 

the NPs got attached to bacterial cells. Consequently, the background absorbance was 

reduced, resulting in increased fluorescence. In other words, it is expected that the 

emission intensities of all the samples should ideally be identical at time 0 h, since all 

the samples had equal concentrations of bacteria to begin with. However, we could 

observe fluorescence at 0 h only from the sample that was devoid of the Ag NP 

synthesizing medium. This is due to intense absorption of the media (where Ag NPs 

were present) in the region of the excitation wavelength (400 nm), which possibly 

prevented significant excitation of the bacterial GFP protein, and thus no clear 

fluorescence was observed. On the other hand, when Ag NPs were attached to the 

bacteria, the OD of the media at the fluorescence excitation wavelength gradually 

decreased. This is possibly due to the attachment of free Ag NPs to the bacterial cell 

wall, which reduced its oscillator strength26. It is known that the oscillator strength of 

the plasmon resonance absorption of metal NPs strongly depends on the stabilizing 

TH-982_04612208



Chapter II 

                                                                                                                              Page 31 
 

  
 
Figure2. 3: Time-dependent fluorescence spectra of GFP recombinant E. coli. Excitation wavelength 

was set at 400 nm. (A) In the absence of the NPs; (B) in the presence of 56.5 µg mL-1 of Ag NPs; (C) 

in the presence of 84.83 µg mL-1 of Ag NPs. (D) Rate of change of fluorescence (1) for the control, (2) 

in the presence of 56.5 µg mL-1of Ag NPs, and (3) in the presence of 84.83 µg mL-1 of Ag NPs as 

marked in the graph. 

 

agent, the dielectric constant of the medium, and the surfaces to which they get 

attached. In the present case, the attachment of the NPs to the cell wall may have 

reduced the oscillator strength considerably, thereby making the media optically less 

dense. Hence, the excitation of GFP (in bacteria) could be progressively achieved and 

consequent fluorescence. The time-dependent progressive decrease in the ODs of the 

media containing a higher amount of Ag NPs (Figure 2.2) is consistent with the 

progressive increase in fluorescence. One can also see that, while the OD values of 
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the untreated samples go up with time, the same goes down for treated samples at the 

MIC and MKC concentrations of the Ag NPs. Furthermore, the final fluorescence 

intensity of the bacteria treated with higher Ag NP concentrations was lower than that 

of samples treated with lower concentrations. This possibly indicates that, at higher 

Ag NP concentrations, the bacteria are killed at a higher rate, leading to a net 

reduction in fluorescence (Figure 2.3(D)) due to degradation of the dead bacteria with 

time. 

Figure 2.4 reveals the time-dependent fluorescence microscopic studies of the control 

(untreated) and Ag NP-treated bacteria. As is clear from the Figure 2.4 (A1), (B1), 

and (C1), there was comparable population of bacteria at 0 h in all three samples. The 

bacterial number increased with time for the control sample, as can be seen from 

Figure 2.4 (A1), (A2), (A3), and (A4). On the other hand, the samples treated with 

56.5 and 84.83 µg mL-l of Ag NPs showed continuous decrease in fluorescence 

intensity with a simultaneous reduction in bacterial population (Figure 2.4, panels in 

the B and C series). Furthermore, Ag NP treatment of recombinant bacteria resulted 

in morphological deformation (Figure 2.5). In comparison to those of the control, the 

treated bacteria were slender and truncated with reduced fluorescence, possibly due to 

death and subsequent cell lysis. The fluorescence observed is mainly from residual 

GFP in lysed bacteria. TEM studies on a single bacterial cell showed perforation on 

the cell wall upon treatment with Ag NPs (Figure 2.6(A)). A large number of discrete 

Ag NPs in the range of 4-5 nm in size remained attached to the cell wall (Figure 

2.6(B)). The NP sizes correspond to that of the Ag NPs prepared in the LB medium. It 

is also important to note here that there was no significant agglomeration of NPs once 

they were attached to the cell wall. This is evident from the typical particle sizes that 
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are less than 10 nm, as shown in Figure 2.6(B). Furthermore, XRD measurement of 

 

Figure 2.4: Time-dependent fluorescence micrograph of GFP recombinant E. coli. Series A, B, and C 

refer to the control, 56.5 µg mL-1 Ag NP-treated, and 84.83 µg mL-1Ag NP-treated samples, 

respectively, while series 1, 2, 3, 4 and 5 refer to the samples at 0, 3, 6, 9 and 12 h time points, 

respectively. 
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Figure 2.5: Fluorescence micrographs of GFP E. coli: (A) control, (B) 84.83 µg mL-1 Ag NP-treated 

up to 12 h. 

 

the centrifuged bacterial medium at 12 h indicates the presence of a peak 

characteristic of AgNPs (Figure 2.6(C)). Using the Debye-Scherrer7 formula, the 

average particle size was calculated to be 9 nm, which is close to the sizes observed 

using TEM. In addition, the UV-vis spectrum of the washed pellet supernatant of the 

above bacteria showed a broad peak at 393 nm, which is characteristic of Ag NPs. 

Thus TEM, XRD, and UV-vis studies showed that, indeed, Ag NPs were formed in 

the medium and are present in the bacterial cell wall, which is responsible for the 

bactericidal activity of the NPs. Accumulation of NPs in the vicinity of the bacterial 

cell wall and the formation of pits has also been reported previously.8 However, in the 

present study, the perforation of the cell wall is clear, which was not reported 

previously. The high affinity of Ag NPs for attachment to the bacterial cell wall could 

be due to the presence of thiol groups in the cell wall proteins. The loss of viability of 

bacterial cells upon treatment with Ag NPs (56.5 and 84.8 µg mL-1) was observed by 

the viable cell count method (Figure 2.7). After 6 h of treatment, bacterial growth 

A B 
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was totally obliterated in comparison to that of the control sample, clearly reflecting 

the lethal effect of Ag NP treatment. Furthermore, the effect of Ag NPs on 

recombinant bacteria was studied by measuring the fluorescence of the cell-free  

 

 

Figure 2. 6:  TEM micrograph of (A) a single bacterial cell and (B) an expanded view indicating the 

presence of Ag NPs on the cell membrane. (C) XRD of the Ag NPs containing bacterial pellet at 12 h. 

(D) UV-vis spectrum of the supernatant. 
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supernatant and the bacterial cell pellet for the treated and control samples (Figure 

2.8). The relative fluorescence intensity of the supernatant in comparison to the 

bacterial pellet was higher for the Ag NP-treated samples compared to that of the 

 

 

 

Figure 2.7: Effect of Ag NPs on the viability of GFP-expressing E. coli at 0, 3, 6, and 12 h. 

control. Moreover, the fluorescence intensity of the supernatant increased 

proportionately with higher concentrations of Ag NPs. This indicates efficient 

bacterial cell lysis and leakage of copious amounts of GFP protein into the medium. 

The SDS-PAGE* analysis showed greater protein turnover for the control sample 

compared to the treated samples where the protein profile remained same but with a 

lower protein turnover (as a result of fewer bacteria). This signifes that the Ag NPs 

had no qualitative impact on the protein expression. At the same time the agarose gel 

electrophoresis* of the plasmid DNA isolated from the control and treated samples at 

different time points indicated a relative decrease in  plasmid DNA in the treated 

samples while the DNA migration pattern remained the same.  

E. coli E. coli 
E. coli
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UV-vis spectroscopic studies of Ag NP-pure plasmid DNA suggested a minimal 

absorbance spectral shift due to the possible binding of Ag NPs on DNA (Figure 

2.9(A)), whereas the corresponding agarose gel migration pattern did not  

 

 

 

Figure 2. 8: Fluorescence spectra of GFP E. coli: (A) control, (B) 56.5 µg L-1 Ag NPs-treated, (C) 

84.83 µg L-1 Ag NPs-treated, where 1 and 2 in each spectra are the GFP E. coli in the media and 

supernatant, respectively. 

show any variation (Figure 2.9B). Interaction of Ag NPs and pure plasmid DNA was 

indicated by spectrophotometric studies, but Ag NPs had no effect on DNA isolated 

from treated bacteria. Previously, Feng et al.5 observed a low electron density region 

rich in agglomerated DNA based on TEM analysis of bacteria treated with Ag+ ions. 

A 
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Figure 2.9: Ag NP plasmid DNA interaction. (A) UV-vis spectroscopic measurements. The solid line 

is the control plasmid DNA, and the dashed line is DNA treated with 84.83 µg.mL-1 of Ag NPs. (B) 

Agarose gel electrophoresis of plasmid DNA treated with 84.83 µg.mL-1 of Ag NPs in Vitro. Lane 1: 

control; lane 2: 1 h; lane 3: 2 h; and lane 4: 3 h. 

 

They also suggested the loss of DNA replication ability and inactivation of cellular 

proteins due to Ag+ ion interaction with those macromolecules. On the other hand, 

Morones et al.11 reported a large accumulation of Ag NPs in bacteria without finding 

any low-density region rich in agglomerated DNA, but no direct analysis of DNA or 

proteins had been done in previous studies. In our study, the electrophoretic mobility 

of DNA and protein isolated from Ag NP treated bacteria did not reveal any gross 

anomaly in structure or migration pattern, which indicates that Ag NPs possibly had 

no direct effect on either cellular DNA or protein. 

 

2.4: Conclusion 

The present study, for the first time, shows the feasibility of using fluorescent bacteria 

as a prototype to investigate the antibacterial properties of Ag NPs. The synthesis of 

NPs achieved in the bacterial growth medium circumvented additional stringent 
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conditions for chemical methods of NP synthesis and minimized the artifact effects. 

Earlier studies using wild-type bacterial strains relied essentially on viability tests, 

which are time-consuming and error prone. Moreover, the direct effect of Ag NPs on 

cellular DNA/protein migration profiles, which has been included in the current 

studies, had not been shown previously. Our work embraces nanotechnology and 

rDNA technology and demonstrates a reliable model system to study the antibacterial 

efficacy of NPs. The choice of a GFP-expressing E. coli to test the antibacterial effect 

of Ag NPs is superior because of the intrinsic stable property of fluorescence, minimal 

photobleaching effect, easy morphological identification by fluorescence microscopy, 

and the possibility of a noninvasive detection method. 
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3.1: Introduction 

Understanding the behavior of eukaryotic and prokaryotic cells when exposed to 

metal as well as semiconductor nanoparticles (NPs) is crucial for application of 

nanotechnology to medical biology. Moreover, nanomaterials that are either redox 

active or transport across cell membrane are of major toxicological concern for human 

health and environment 1. Recent studies have shown that NPs easily pass through the 

blood–brain and blood–testis barriers in mouse models2. Interestingly, interactions of 

carbon nanoparticle with biological cells showed evidence of cell cytotoxicity with 

manifestation of lipid membrane peroxidation, gene down regulation of adhesive 

proteins and increased cell death3. Among the metal NPs, the bactericidal and 

bacteriostatic properties of Ag NPs are well known for sometime 4,5, however, the 

exact mechanism of interaction is yet to be established. This is important for 

exploration of the therapeutic potentials of these NPs. 

Genetically programmed cell death, known as apoptosis (Schematic 3.1), and which 

eliminates the unwanted/damaged cells in the process of development or in response 

to infection or DNA damage 6, holds the key to the development of viable 

therapeutics against killer diseases like cancer and autoimmune diseases 7. Apoptosis 

is induced by extracellular or intracellular signals, which trigger onset of signaling 

cascade with characteristic biochemical and cytological signatures, including nuclear 

condensation, membrane blebbing and DNA fragmentation 8, leading ultimately to 

cell death 9. On the other hand necrosis is the premature death of the cells and tissue 

caused by factors external to the cell or tissue, such as infection, toxins, or trauma. In 

contrast to the apoptosis, necrosis is accompanied by loss of membrane integrity, 

swelling and disrupture of the cells as shown in Schematic 3.1. In necrosis the 
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cellular materials are released uncontrollably to the cells environment resulting in 

damage of the surrounding cells and a strong inflammatory response in the 

corresponding tissue.10   While apoptosis is often beneficial to the organisms necrosis 

is almost always damaging.  

Schematic 3.1: Schematic diagram showing the hallmarks of apoptotic and necrotic pathways of cell 

death. (Source: Andreas Gewies (2003), ApoReview - Introduction to Apoptosis, 1-26.) 

 

In this regard, understanding the molecular mechanism of apoptosis is essential to 

develop newer drugs and therapeutic strategies 11. Conventional anti-cancer therapies 

although abound, suffers from lack of generality, effectiveness in case of advanced 

stages of the disease and not to mention numerous toxic side effects left by radiation 

or chemicals used in the process. In addition, the importance of augmenting the 

performance of conventional drugs by incorporating the NPs cannot be overstated as 

the synergistic effect may offer valuable alternatives with minimization of harmful 

consequences.  For example, the chemotherapeutic agent 5-fluorouracil (5-FU), which 

is widely used as anticancer drug, has little effect in the treatment of human solid 
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tumors due to their resistance to the cytotoxic effects of 5-FU12,13. Therefore, 

expression of Escherichia coli uracil phosphoribosyltransferase (UPRT) using gene 

therapy techniques is required to convert 5-FU to more toxic 5-

flurouracilmonophosphate (5-FUMP), hence sensitizes colon, gastric, liver, and 

pancreas cancer cell lines at low concentrations of 5-FU in vitro14,15. On the other 

hand, the advent of synthetic inorganic, organic and biological nanomaterials has 

injected new enthusiasm in the development of newer therapies against cancer and 

also understanding their impact on cellular gene expressions. 16, 17 A potential 

candidate in this regard is Ag nanoparticle (NP), which has known antimicrobial 

activities either as it is or in composites with polymer.5,18 We have been exploring the 

possibility of using Ag NPs by themselves or in combination with gene therapy to 

induce apoptosis in mammalian cells. 19 The combination therapy is especially 

attractive as the use of the component materials could possibly be made below their 

toxic doses and thus the best of both worlds could be achieved with minimum damage 

to the healthy cells. Moreover, most of the conventional anti-cancer drugs available 

commercially are known to be toxic to the cells. In that respect, the level of toxicity 

posed by the use of Ag NPs in the treatment may not necessarily be graver and thus 

could be considered for alternative therapy. However, fundamental to this is a clear 

understanding of mechanism of apoptosis induced by Ag NPs and thus their 

subsequent use would depend on their mode of function. Our observations indicated 

that the NPs disrupted normal cellular function through cytotoxic stress and were 

responsible for the membrane damage. Also, in the Ag NP induced apoptosis of 

mammalian cells, various signaling genes were involved in the process leading to 

programmed cell death. Essentially, interactions of Ag NPs with the mammalian cells 
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involve p53 dependent and mitochondria mediated DNA fragmentation leading to 

programmed cell death. 

Herein we report that besides known cytotoxicity to mammalian cells, Ag NPs have 

apoptotic function and show that this can have important and new therapeutic values. 

We also observe that the augmentation of concentration dependent apoptotic effect 

makes Ag NPs a suitable candidate for gene therapy application. Synergistic effect on 

apoptosis is shown on UPRT expressing cells as well as on non UPRT expression 

cells upon 5-FU drug treatment. The important feature of the Ag NPs mediated 

apoptosis induction not only incur the benefits of cytotoxic effect, but also sensitizes 

cancer cells towards drug treatment even in absence of gene therapy. This switching 

behavior of Ag NPs can possibly have high impact therapeutic potential in 

conventional gene therapy. This work has been carried out in collaboration with Dr P. 

Gopinath, Department of biotechnology, IIT Guwahati and his contributions are duly 

acknowledged.  

3.2: Experimental Methods  

3.2.1: Materials and Growth media: High purity molecular biology grade 

chemicals, reagents and kits used for DNA isolation and agarose gel electrophoresis 

were obtained from Sigma-Aldrich, USA and Roche Applied science, Germany. 

Restriction enzymes were purchased from Promega Life science, USA and PCR 

reagents from Bio-line, USA. Luria-Bertani (LB) was purchased from HiMedia, India 

for bacterial growth. Cell culture media like Dulbecco's Modified Eagle's medium 

(DME), fetal bovine serum (FBS), penicillin, streptomycin were purchased from 

Sigma-Aldrich, USA. The baby hamster kidney (BHK21) and human colon 
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adenocarcinoma (HT29) cell lines were obtained from National Centre for Cell 

Science, India. 

3.2.2: Ag NPs synthesized in DME media: Ag NPs were synthesized in DME 

medium by reduction of AgNO3, at various concentrations, using NaBH4 as the 

reducing agent following slight modification of a method developed earlier by our 

group to synthesize Ag NPs in bio-friendly media 5. The concentration of Ag 

precursor AgNO3 used at 10-6-10-4 M, while the reducing agent concentration kept at 

10-4 M. The advantage of synthesizing Ag NPs in cell growth media lies in the fact 

that it avoids any external stabilizer and the effect of dilution. 

3.2.3: Transmission Electron Microscopy (TEM): For TEM investigation, 20 µL of 

as prepared Ag NPs in DME was drop-cast on a carbon-coated copper grid and 

subsequently dried in air. The cells treated with Ag NPs for 0 h and 16 h were washed 

gently with phosphate buffer saline (PBS) and removed from culture dish by rubber 

policeman. Cells were then resuspended in sterile water and immediately 20 µL of the 

suspension was deposited on carbon-coated copper TEM grid followed by air-drying. 

TEM images of Ag NPs were recorded by the Jeol 2100 HR-TEM operating at a 

maximum accelerating voltage of 200 keV. Selected area electron diffraction (SAED) 

was observed using the same TEM instrument. 

3.2.4: Scanning Electron Microscopy (SEM). For scanning electron microscopy 

(SEM), cells were grown in 6 well tissue culture plates and washed with PBS. A 

heated metal cutter was used to cut out discs on which the cells had been grown. The 

cells attached on discs were dried, coated with gold film in the sputter coater and 

examined in LEO 1430VP SEM. The images were recorded at different time points to 

observe changes in cell morphology.  
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3.2.5: X-Ray diffraction (XRD) measurement. We performed X-ray diffraction 

measurements to confirm the presence of Ag NPs throughout the cytotoxicity 

experiments. Firstly, the Ag NPs synthesized in DME medium were spread on glass 

microslides and XRD was recorded using a Bruker Advance D8 XRD machine (Cu α 

source with 1.5406 Ǻ wavelength). Again cells treated with Ag NPs for 12 h was 

centrifuged at 2000 rpm for 10 min. The cell pellet was washed twice with phosphate 

buffer saline and spread on a glass slide and XRD of the cell pellet was then recorded.  

 

3.2.6: Construction of E. coli uracil phosphoribosyltransferase (UPRT) 

plasmid:19,* The UPRT gene was polymerase chain reaction (PCR) amplified from 

CD-UPRT plasmid with UPRT1 (5’GCCCATGGATGGCTAAGATCGTGGAAG3’, 

with NcoI linker) and UPRT2 (5’GAGCTAGCGAATTTCGACAAGC 3’, with NheI 

linker) linker primers. The amplicon was cloned into the NcoI and NheI sites of the 

pORF expression vector (Invivogen) and the recombinant pORF-UPRT clone was 

selected in LB ampicillin agar plate.  

3.2.7: Cell Culture and Electroporation: 19,* BHK21 and HT29 cell lines were 

propagated in complete DME medium supplemented with 10% FBS 50U mL-1 

penicillin and 50mg mL-1 streptomycin in a humidified atmosphere containing 5% 

CO2 at 370C. For the MTS (3-(4, 5-dimethylthiazol-2yl)-5-(3-

carboxymethoxyphenyl)-2-(4 sulfophenyl)-2H-tetrazolium) and lactate 

dehydrogenase (LDH) assays, the cells were seeded in 96-well microplates at a 

density of 1x104 cells per well. For apoptosis assay, the cells were seeded into 6-well 

plates at a density of 1x105 cells per well and propagated for 2 days up to 80% 

confluency before the assay. Electroporation was performed on 60-70% confluent 
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cells with 2µg DNA/ 35mm plate in a BIO-RAD Gene Pulser Xcell. A square wave of 

25 milliseconds at 140V for BHK-21 and an exponential wave of 500 µF at 160V for 

HT-29 cell lines were used.  

3.2.8: PCR and RT –PCR analysis : 19,* PCR was performed using UPRT1 and 

UPRT2 primers at the following cycle conditions denaturation at 94ºC for 30s, 

annealing at 55ºC for 1min and extension at  72ºC for 1min to amplify 651bp UPRT 

DNA. RNA was extracted with Tri reagent (Sigma, USA), and the RT PCR was 

performed with the same primers according to the manufacturer’s instructions using 

Enhanced Avian HS RT-PCR kit (Sigma, USA) in Gene Amp PCR system 9700, 

Applied Biosystems. 

3.2.9: Semi-quantitative RT-PCR  : 19,* Apoptotic signaling genes were detected by 

semi-quantitative RT-PCR. cDNA was generated from total RNA by reverse 

transcription of 3µg denatured RNA. The reaction was performed at 37 ◦C for 50 min 

using M-MLV Reverse Transcriptase (Sigma, USA) in a total mixture of 20µL. 2µL 

from the product was used for PCR using gene specific upstream and downstream 

primers 20 in Gene Amp PCR system 9700, Applied Biosystems. Initial denaturation 

at 94 ◦C for 2min was followed by a PCR cycle of denaturation at 94 ◦C for 15 s, 

annealing at 55 oC for 30 s, extension at 68 oC for 1min with a final extension at 68 oC 

for 5min. Finally, the products were analyzed on a 1.2% agarose gel. Gene expression 

was quantified based on the band intensity measured by imageJ software and the 

housekeeping gene β-actin was used as an internal control and its expression was 

considered 100% for the reference.  

3.2.10: Confocal Microscopy : Dual staining of nuclei by using AO/EB was 

observed by confocal microscopy (LSM 510 Meta, Carl Zeiss, Germany). Green 
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fluorescence was detected at 488nm excitation with a band pass filter ranging between 

505-530nm. Simultaneously, red fluorescence was detected using the long pass filter 

at 585nm, and superimposition of both green and red fluorescence generated the final 

images.   

3.2.10: Cytotoxicity assay  :19,* Cytotoxicity due to Ag NPs, 5-FU or in 

combinations was assayed by measuring the activity of lactate dehydrogenase (LDH) 

enzyme in culture media using CytoTox 96 Non-Radioactive Cytotoxicity Assay Kit 

(Roche Applied Science). LDH leakage (%) related to control wells containing cell 

culture medium without Ag NPs was calculated by [A]test/[A]control X 100, where 

[A]test is the absorbance of the test sample and [A]control is the absorbance of the 

untreated  control sample at 490 nm. For this 50.0 µL aliquots of culture media were 

collected at different time points, diluted at 1: 1 ratio with fresh medium and 

incubated with 50.0 µL of tetrazolium salt (INT) solution (substrate) for 30 min at 

room temperature. LDH converted INT to the red formazon product which absorbs at 

490 nm and detected with a microplate reader BIO-RAD, USA (Model 680).   

3.2.11: DNA laddering:  19,*  The confluent cells were treated with Ag NPs or 5-FU 

or in combination for 12 h and then lysed with buffer containing 5mM Tris-Cl, pH 

8.0, 20mM EDTA, and 0.5% Triton X-100 on ice for 20 min. Chromosomal DNA 

was recovered by gentle   phenol/chloroform/isoamyl alcohol (25:24:1, v/v) extraction 

and alcohol precipitation. DNA was resuspended in TE (20mMTris-Cl, 1mMEDTA 

pH 8.0) buffer containing RNAs (100 µg mL-1) and incubated at 37 °C for 1 h to 

remove cellular RNAs. Finally, the DNA fragments were resolved by 1.2% agarose 

gel electrophoresis. 
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3.2.12: Cellular DNA fragmentation ELISA : 19,*  Cellular DNA fragmentation 

ELISA kit (Roche Diagnostics GmbH, Germany) was used to determine release of 

fragmented DNA into cytoplasm due to apoptosis after Ag NPs (11.0 µg.mL-1), 5-FU 

or the combine treatment.  First, cellular DNA was metabolically labeled with 10µM 

BrdU labeling solution for 20 h at 37ºC. The labeled cells were electroporated with 

pORF-UPRT plasmid, seeded in 96well microplates. The BrdU-labeled 2x 104 cells 

per well were incubated with Ag NPs (11.0 µgmL-1) and 5-FU for 2, 4 and 6 h, 

respectively. After incubation, the supernatant was removed, the cells were lysed and 

the amount of BrdU labeled DNA in cytoplasm was detected by ELISA. The amount 

of fragmented DNA, as measured by absorbance at 450nm, increases with time of 

incubation.  

3.2.13: Atomic force microscopic analysis : BHK21 and HT29 cells seeded on poly-

l-lysine-coated cover slips were treated with Ag NPs for 6 h. The cover slips were 

gently rinsed with phosphate buffer and air-dried. Images were taken by AFM 

(PicoScanTM 2500, Molecular imaging corporation-USA) in a non-contact mode and 

measurement was done using silicon cantilevers with a spring constant of 21N/m at a 

resonance frequency of 160 kHz. The images were acquired at a scan field of 

10µm×10µm. The three-dimensional images were generated using the Picoscan 5.3.3 

software. 

 

3.3: Results and Discussion 

Ag NPs synthesized in DME media were characterized by TEM microscopy and also 

the stability of the NPs throughout the experiment was confirmed. TEM images of Ag 

NPs before treatment with the cells (at 0 h) in Figure. 3.1(A) confirmed the formation 
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of well dispersed NPs with the particle size between 10-15 nm.  TEM images 

recorded after 16 h of Ag NP exposure to the cells also show the NPs, a representative 

image being provided in Figure. 3.1(B). This confirmed the stability of the NPs 

throughout the cytotoxicity experiments. Accompanying SAED patterns also verify  

 
 

Figure 3.1:  TEM images of Ag NPs, (A) as synthesized in DME medium; (B) at 16 h with the cells. 

The average particle size is around 10-15nm. Selected area diffraction pattern (SAED) in inset shows 

the hexagonal pattern of Ag NPs. 

the presence Ag NPs in the respective cases. This was further substantiated by XRD 

measurements (Figure 3.2) indicating the formation of Ag NPs which were stable in 

the medium at least up to the 12th hour of measurements. In the XRD measurements 

we observed the characteristic peaks for Ag as mentioned in each spectrum with the 

lattice planes mentioned in bracket. For the Ag NPs synthesized in DME medium, for 

which XRD is represented in Figure 3.2(A), peaks at 2θ values 38o, 44.39o and 64.46o 

matched with the literature values corresponding to (111), (200) and (220) planes 

respectively 21. In Figure 3.2 (B), XRD of the Ag NPs recorded with the BHK21 cells 

at the 12 h of Ag NPs treatment of the cells, is shown with the presence of peaks at 

A B 

111
200
220
113

111
200
220
113

TH-982_04612208



Chapter III 
 

                                                                                                                              Page 52 
 

37.94o and 64.49o corresponding to (111) and (220) planes, confirming the presence 

of Ag NPs. Similar results were obtained from the XRD of the Ag NPs with HT29 

cells at 12 h showing the peak at 38.02o corresponding to (111) plane of Ag.  

 
 

Figure 3.2 : X-Ray diffraction pattern of Ag NPs (A) in DME media, (B) at 12 h with BHK21 and (C) 

at 12 h with HT 29 cells. 

 

The effect of Ag NP induced cytotoxicity on BHK21 (non-cancer) and HT29 (cancer) 

cells were studied in vitro.  Ag NPs were synthesized in DME medium by reduction 

of AgNO3, at various concentrations, using NaBH4 as the reducing agent 22. The effect 

of Ag NPs, over a wide range of concentrations, on cells was tested by the 

morphological changes of cells, progressive nuclear staining with ethidium bromide 

35 40 45 50 55 60 65
150

200

250

300

350

400

450

500

In
te

ns
ity

2θ

38(111)

44.39(200)

64.46(220)

A 

35 40 45 50 55
100

150

200

250

300

350

400

450

In
te

ns
ity

2θ

38.02(111) C 

35 40 45 50 55 60 65 70
100

200

300

400

500

600

In
te

ns
ity

2θ

37.94(111)

64.49(220)

B 

( a
. u

.) 

( a
. u

.) 

( a
. u

.) 

(degree) (degree) 

(degree) 

TH-982_04612208



Chapter III 
 

                                                                                                                              Page 53 
 

(EB) *, lactate dehydrogenase enzyme (LDH) * release to the media and 

mitochondrial activity measurement by cell proliferation assay23. Ag+ ions at 10−4 M 

(in the absence of NaBH4) were observed to be highly cytotoxic, whereas Ag+ 

concentrations at 10−6 M and 10−8 M were found to be non-toxic to the cells. Further, 

NaBH4 alone in the 10−4 M concentration used for reduction was found to be non-

toxic to the cells. Higher concentrations of Ag NPs (> 44.0 µgmL-1) became necrotic 

to cells, leading to rapid cell membrane rupture, which was reflected in quick nuclear 

uptake of EB. IC50 (the concentration of Ag NPs required to inhibit cell growth by 

50% compared to the control) was determined from cell proliferation assay and was 

found to be 27.0 µg mL-1; but coagulation of Ag NPs in the culture medium was 

observed at this concentration.* On the other hand, at an Ag NPs concentration of 11.0 

µg mL-1, which is well below the IC50 value; cell death was also observed and the NPs 

were stable in the medium. Therefore this concentration of Ag NPs was taken as the 

standard NPs concentration for further investigations.  

Time dependent SEM images of Ag NPs treated (11.0 µg mL-1) cells of both BHK21 

(Figure 3.3 (A), (B) and (C)) and HT29 types (Figure 3.3 (D), (E) and (F)) show the 

morphological changes in the cells. At an initial time point of 2 h the cells have their 

normal shape and remain attached to the culture plate (Figure 3.3 (A) and (D)). 

However as the time progresses cells treated with Ag NPs became rounded off with 

progressive membrane shrinkage, widening of cell to cell gaps as seen in (Figure 3.3. 

(B) and (E)) for BHK21 and HT29 cells respectively.  It is followed by eventual 

detachment of the cells from culture dish (Figure 3.3. (C) and (F)). These 

morphological changes indicate possible onset of apoptosis at 4-6 h after Ag NPs  
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Figure 3.3: Representative Scanning electron micrographs of Ag NPs treated cells, (A)-(C) BHK21and 

(D)-(F) HT29 cells treated with Ag NPs (11.0 µg mL-1) for 2, 4 and 6 h, respectively. 
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Treatment 24,25. Furthermore, the appearance of apoptotic bodies and characteristic 

cell membrane blebbing 26 due to apoptosis, of cells at 6h after treatment, is seen in 

Figure 3.4 (A) and (B) for BHK21 and HT29 respectively. 

 

 
Figure 3.4: Cell membrane blebbing are shown in (A) and (B) for BHK21 and HT29 cells, 

respectively, at 6h of treatment with 11.0 µgmL-1 Ag NPs. 

The induction of Ag NP mediated cell apoptosis was further observed by acridine 

orange (AO) and ethidium bromide (EB) double staining of treated cell nuclei at 

different time points 27. Confocal microscopic images of the dual stained cells, 

presented in Figure 3.5, show that the live cells nuclei stained green due to AO 

uptake (green colour) and their numbers gradually decreased with time owing to more 

cell death, which correlates with the SEM data. In the same figure, one could observe 

progressive nuclear uptake of EB (orange colour) due to cell membrane perforation 

during apoptosis, which stained nuclei red and such effect was prominent from 4 h 

onwards. A closer look at the treated as well as untreated cells at 6 h, shown in high 

magnification images in Figure 3.5 (I)-(L), indicates that live untreated cells have  
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Figure 3.5: Representative time dependent confocal micrographs of AO/EB stained cells (A)-(D) 

BHK21 and (E)-(H) HT 29,   at 0,  4,  8 and 24h of Ag NPs (11.0 µgmL-1) treatment. High 

magnification micrographs (I) & (J), of BHK21 and (K) & (L), of HT 29 cells. 

 

well organized chromatin structures, whereas the treated cells have fragmented or 

condensed chromatin consisting of apoptotic nuclei. Figure 3.5(I)  (for BHK21)and 
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Figure 3.5(K) (for HT29) shows the untreated nuclei stained green whereas treated 

nuclei in Figure 3.5(J) (for BHK21) and Figure 3.5 (L)  (for HT29) shows the early 

apoptotic (EA) nuclei that stained green and late apoptotic (LA) nuclei that stained 

orange.  Therefore, the nuclear staining experiment shows that apoptosis started 

between 4-6 h after Ag NPs addition to the culture medium. 

Molecular analysis of cellular DNA fragmentation by 5’-bromo-2'-deoxyuridine 

(BrdU) labeling ELISA confirmed Ag NPs induced apoptosis. In this assay, the 

release of BrdU labeled DNA to cytoplasm of Ag NPs treated cells was monitored up 

to 6 h. As shown in Figure. 3.6(A), the BrdU labeled DNA increased significantly at 

4 and 6 h in the cytoplasm of the treated cells as compared to the untreated control 

cells, which confirmed cell apoptosis by the nucleolytic cleavage of genomic DNA.  

 

  

Figure 3.6: Detection of Ag NPs induced apoptosis by cellular DNA fragmentation ELISA (A)  and 

DNA laddering (B), In laddering Lane 1: λ/EcoR I+ Hind III marker; lane 2: untreated control 

BHK21cells; lane 3: 11.0µg mL-1 of Ag NPs treated BHK21 cells; lane 4: untreated control HT29 cells; 

lane 5: 11.0µg mL-1 of Ag NPs treated HT29 cells. 

Finally, occurrence of DNA laddering, the widely regarded biochemical hallmark of 

late apoptosis due to DNA fragmentation 28 was observed in agarose gel 

1      2     3    4     5 

TH-982_04612208



Chapter III 
 

                                                                                                                              Page 58 
 

electrophoresis of cellular DNA obtained at 12 h after Ag NPs treatment, Figure 

3.6(B). 

Atomic force microscopy (AFM) studies indicated that the presence of NPs changed 

the morphology of the cell membrane. For example, AFM images of the Ag NP 

treated BHK21 and HT29 cells (recorded after 6 h of treatment) showed higher 

degrees of surface roughness with pit like structures spread over cell surfaces, Figure. 

3.7(C) and (D), as compared to the relatively smoother surface of untreated cells 

Figure. 3.7(A) and (B). The particle-like protrusions present in the membranes of 

treated cells are possibly due to clusters of membrane proteins with the underlying 

gaps owing to lipid layers 29,30 . The changes in the NP treated cell membrane 

structure could be attributed to the aggregation of membrane proteins and 

accompanying randomization of membrane lipids. Taken together, these topographic 

AFM images provided a direct evidence of toxic effects of Ag NPs on the cell 

membrane. 

Further studies involving a semi-quantitative RT-PCR analysis indicated the 

involvement of various apoptotic signaling genes in Ag NP mediated cell death. The  

Ag NP treated cells were analyzed at 6 h, at which time it is known to have high 

cellular DNA fragmentation due to apoptosis. Expression profiles of apoptotic genes, 

such as, bak, bax, bad, C-myc, caspase-3 were analyzed. The results are shown in 

Figure. 3.8. Interestingly, it was observed that the apoptotic genes were up- regulated. 

On the other hand, the anti-apoptotic genes, such as bcl-2 and bcl-XL expression were 

down-regulated in the process. Additionally, the housekeeping gene β-actin which 

acts as an internal control remained unaltered. 
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Figure 3.7: AFM images showing three-dimensional surface topography of untreated (A) BHK21 and 

(B) HT29 cell membrane under 10µm×10µm fields of view and (C) and (D) Ag NPs treated BHK21 

and HT29 cells respectively.  

 

It is known that most of the chemotherapeutic agents trigger apoptosis through p53 

pathway. It is also well-established that destabilization of the mitochondrial integrity 

by genotoxic as well as cytotoxic agents precedes activation of caspases leading to 

apoptosis. bcl-2 (B-cell lymphoma 2) family controls the mitochondrial outer 

membrane permeabilization(MOMP) and can exert their pro-apoptotic (bax, bad, bak) 
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or anti-apoptotic (bcl-2, bcl-XL) effect by activation or inactivation of an inner 

mitochondrial permeability transition pore 31 

 

 

  

Figure 3.8:  Quantitative expression of apoptotic signaling genes in control as well as Ag NP treated 

BHK 21 and HT 29 cells. Data are shown here as mean ±SD of three individual experiments. . 

(Colloids and Surfaces B: Biointerfaces,  2010, 77, 240-245.) 

We have observed an up-regulation of p53 gene in the Ag NP treated cells. It has been 

reported that bax is up-regulated by p53 protein 32. Since an increase in bax 

expression was observed, the role of p53 in the up-regulation of bax upon Ag NP 

treatment (of cells) can be postulated. The insertion of bax into the mitochondrial 

membrane possibly leads to p53-mediated apoptosis 32. Similar results have been 

shown, by Hsin et al. 33, to play important roles in Ag NP induced apoptosis. bcl-XL 
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(basal cell lymphoma-extra large) is an anti-apoptotic protein, which protects cells 

from entering into p53-mediated apoptosis and also enables resistance to 

chemotherapeutic drugs. bad (bcl-2-associated death promoter), bak (bcl-2 

homologous antagonist/killer) and bax (bcl-2-associated X protein) play key roles in 

the inhibition of anti-apoptotic function of bcl-2 and bcl-XL 34,35. These molecules 

form oligomeric pores in outer membrane of mitochondria, which subsequently 

releases cytochrome-c into the cytosol 36. Cytochrome-c activates caspase-3 mediated 

apoptosis 37,38. We have observed an increase in expression of bax, bad and bak, 

which confirmed the role of these genes in the downregulation of anti-apoptotic genes 

bcl-2 and bcl-XL in the present study. The role of c-myc in down-regulating bcl-XL 

was also evident with an increase in expression of c-myc and a decrease in expression 

of bcl-XL gene.  Most of the recent reports indicated oxidative stress (reactive oxygen 

species, ROS) to be involved directly in DNA damage and/or inducing intrinsic 

(mitochondria-dependent) apoptosis pathway 33, 39-41. The up and down-regulation of 

pro- and anti-apoptotic members of bcl-2 family of genes in the present study strongly 

correlate with previous findings. 

Caspases (cysteine-aspartic acid proteases) are activated during apoptosis in many 

cells and are known to play a vital role in both initiation and execution of apoptosis. It 

was reported that caspase-3 is essential for cellular DNA fragmentation 42.We 

observed that caspase-3 gene expression was up-regulated in Ag NP treated cells, 

which suggested its role in Ag NP induced apoptosis. Therefore, based on the gene 

expression profiles as mentioned above, it is proposed that Ag NP treatment of both 

the BHK21 and HT29 cells leads to programmed cell death, i.e. apoptosis. A 

schematic representation of apoptotic pathway involved in the death of Ag NP treated 

cells is shown in Schematic 3.2. The NPs once attached to the cell membrane, 

TH-982_04612208



Chapter III 
 

                                                                                                                              Page 62 
 

damages the integrity of the membrane and triggers activation of p53 protein. In turn 

p53, a known activator of pro-apoptotic genes, activates bax, bad and bak. These 

proteins are known to cause mitochondrial membrane leakage and release Cyt c, 

which in a cascade reaction activates caspase-3. Finally, caspase-3 cleaves nuclear 

membrane to induce DNA fragmentation. At the same time, up-regulation of C-myc, 

a known inducer of apoptosis, contributes further amplification of the apoptotic 

signals and down-regulation of anti-apoptotic genes, bcl-2 and bcl-XL corroborating 

manifestation of apoptosis and consequent cell blebbing. 

 

Schematic 2: Schematic representation of the Ag NP induced apoptotic pathway 

 

We further evaluated the effect of Ag NPs on conventional gene therapy. The 

chemosensitization effect of Ag NPs on cells either treated with 5-FU alone or 

transduced with E. coli uracil phosphoribosyltransferase (UPRT) gene followed by 5-

FU treatment was studied. In this context, cloned E. coli UPRT gene expressed in to 
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BHK21 and HT29 cells were used. Subsequently, we found that UPRT transduced 

cells were more sensitized towards 5-FU treatment as compared to non-transduced 5-

FU treated cells, 5-FU alone or transduced with E. coli UPRT gene which was 

monitored by their reduced mitochondrial activity in MTT assay and AO/EB double 

staining *. The apoptosis pathway for both conditions was detected by DNA laddering 

pattern in agarose gel electrophoresis *.  

Combined effect of Ag NPs on UPRT transduced cells and non-transduced cells, 

separately, after 5-FU treatment was evaluated. The release of lactate dehydrogenase 

(LDH) enzyme to the culture media was monitored during apoptosis induction phase 

at 6 h of treatment 43,44. The results in Figure. 3.9 (A) showed only a slight increase in 

LDH leakage at 6 h samples due to combination therapy as compared to that of 5-FU 

and Ag NPs alone, which is indicative of the fact that abrupt cell membrane lysis did 

not occur to induce discernible necrosis in the combined therapy; rather metabolic 

alteration had induced apoptotic cell death and the membrane leakage was an effect of 

the apoptosis.  The possible apoptosis pathway in the combination therapy was 

supported by cellular DNA fragmentation ELISA Figure 3.9(B). Figure 3.9(B) 

depicts that higher number of cells undergo apoptosis when Ag NPs were used in 

combination with 5-FU as compared to Ag NPs or 5-FU used alone. The results 

shown in Figure. 3.9(B) confirmed that the BrdU DNA release, an index of apoptosis, 

greatly increased in combination treatment on UPRT transduced cells. Therefore, the 

effect of Ag NPs can be considered as synergistic to the conventional gene therapy 

and such treatment worked even in the presence of UPRT expression, which 

sensitized cells more efficiently towards apoptotic death.  
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Figure 3.9: Quantitative representation of (A) LDH release from cells that were treated with different 

combinations of Ag NPs and drug 5FU for 6h and (B) synergistic apoptosis by cellular DNA 

fragmentation ELISA of BrdU labeled BHK21 and HT29 cells with a portion of the labeled cells 

transfected with UPRT vector. Nos. 1: untreated controls, 2: 11.0µgmL-1 of Ag NPs; 3: 20mM 5-FU, 4: 

11.0µgmL-1 of Ag NPs with 20mM 5-FU; 5: 20mM 5-FU on UPRT transduced cells; 6: combine 

treatment of 11.0 µgmL-1 Ag NPs with 20mM 5-FU on UPRT transduced cells. The data are expressed 

as mean + SD of three experiments.* 

 

 

A 

B 
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3.4: Conclusion 

Apoptosis, a genetically controlled programmed cell death, has been the key criterion 

in the development of successful drug or gene therapy in anti-cancer treatments. On 

the other hand, induction of necrosis, a random event of cell lysis under extreme 

physiological conditions, is not favored owing to its unregulated toxic effects45,46  In 

the search for newer drugs, the nanoscale particles and nanovehicles are increasingly 

being tested for their therapeutic efficacies on cancer cells47.  Herein we have 

discovered that Ag NPs, known to be cytotoxic on live cells, induced apoptosis on 

cancer HT29 as well as non-cancer BHK21 cells.  Our experimental observations also 

suggest that the effect of Ag NPs on UPRT expressing systems, in presence of drug 

5FU, was synergistic in terms of enhanced apoptosis. Thus our results suggest that Ag 

NPs can be combined with traditional gene therapy for cancer treatment with 

enhanced performance. That the Ag NPs could be synthesized in the cell culture 

medium and remained stable for extended periods of time in the presence of cells 

signifies the importance of the present approach in studying the interaction of cells 

with metal NPs without having to resort to ex situ preparation and stabilization with 

another reagent. Morphological changes of treated cells, progression of floating dead 

cells from the surface and sprouted multiple small and white buds around the surface 

of the cells suggested apoptosis of the cells. The possible apoptotic pathway was 

further substantiated by a time dependent AO/EB dual staining of nuclei monitored by 

confocal microscopy. AO permeates the cells and makes the nuclei appear green, but 

EB, a known early apoptosis detection marker stains nuclei red only after cell 

membrane perforation48. Fragmented apoptotic nuclei stained green were observed, 

which progressively stained with EB (red) due to cell membrane perforation. Our 
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observations indicate that apoptosis began at 4 – 6 h past Ag NPs addition. The 

mitochondrial activity measurement of Ag NP treated cells also infers index of 

mitochondrial membrane damage during cell apoptosis.  Further, fragmentation of 

BrdU- labeled cellular DNA was quantified by ELISA on49,50. Moreover, biochemical 

changes during apoptosis activate endonucleases, which cleave DNA at inter-

nucleosomal linker sites to produce 180–200 bp mono- and oligo-nucleosomal 

fragments that gives a characteristic laddering pattern in agarose gel electrophoresis. 

Such results were observed in Ag NPs treated cells at 16h, which confirmed apoptosis 

as the primary mechanism of cell death.   

It has been proposed that the treatment of BHK21 and HT29 cells by Ag NPs (at 

11.0µg mL−1) leads to apoptosis for both the cells. Surface morphology exhibited 

alteration of membrane structure, which further indicated that Ag NPs trigger 

extracellular cytotoxic stress on membrane. Such stress, up-regulates p53, which in 

turn acts on other apoptotic molecules and involves mitochondria to induce apoptosis. 

The results indicate that Ag NP induced apoptosis involves complex interplay of 

classical signaling molecules in p53 dependent pathway. Such, understanding of gene 

regulation in apoptotic process would primarily establish Ag NP as a potent drug for 

future therapeutic applications. Further, in order to use Ag NPs in targeted delivery 

for cancer cells appropriate delivery vehicles need to be developed. 

 
The chemotherapeutic drug 5-FU is cytotoxic to a large numbers of cells, but 

its activity is quite low in many cancer cells. This problem is typically avoided by 

using UPRT transduction in the cells to convert 5-FU to more lethal 5-UMP which is 

known to have significant toxic effects.  The present observations of induction of 

apoptosis in the presence of Ag NPs in addition to 5-FU, in the UPRT non-transduced 
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and transduced cells, makes the study more appealing. In all cases, slightly higher 

cytotoxicity was observed by LDH assay, where the stable cytosolic enzyme LDH 

release was measured in cell culture media upon membrane perforation. Cellular 

DNA fragmentation ELISA and the laddering experiment on the combined treatment 

indicated that even though cytotoxicity was enhanced, the affected cells still followed 

regulated apoptosis pathway. Any potential anti-cancer agent that induces apoptosis is 

likely to have high clinical efficacy compared to the majority of the reports, related to 

cytotoxic effect of NPs causing cell death due to necrosis. We were first to report the 

concentration and time dependent apoptosis in cancer cells by Ag NPs treatment. The 

concentration dependent induction of Ag NPs mediated apoptotic pathway has 

immense potential application in gene therapy especially when the cells and tumors 

are resistant to conventional gene and drug treatments but susceptible towards 

combined treatment with Ag NPs.  Additionally, it is important to note that the 

concentration of Ag NPs used herein for induction of programmed cell death is much 

less than the IC50 values of conventional anticancer drugs 51,52. That the high 

cytotoxicity of the combined effect of Ag NPs on conventional gene therapy also 

follows regulated pathway of cell death, could be associated with minimal side 

effects. Experimental results presented here indicate that the apoptosis induced by Ag 

NPs follows the same pathway as that by 5-FU and UPRT expressed cells in the 

presence of 5 FU.  In other words, the apoptosis initiated by mitochondrial membrane 

damage by Ag NPs is similar to the mechanism induced by other drugs or gene 

therapy treatments. The present findings suggest that Ag NPs may assume 

significance in the development of a suitable anticancer drug and the approach 

described here may lead to novel nanomedicines with strong potential in therapeutic 

use for treatment of cancers in conjunction with conventional gene therapy. 
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4.1: Introduction 

There has been a growing interest in nanoparticle (NP) constituted patterned surfaces 

with micron and nanometer scale resolutions from the points of view of both scientific 

investigations and technological applications 1-10. Advances in understanding of the 

surface reaction mechanisms 11 as well as in nanofabrication techniques have led to a 

considerable surge in attempts to control the structure, shape, and composition of 

surfaces at the nanoscale12. Ability to control the surface structure is crucial for their 

applications in  biomedical implants,13 increased efficiency of electrodes for sensors 

and actuators, 14,15 enhanced catalytic properties,16 maximization of hydrophobicity 

and hydrophilicity 17-19 etc. On the front of optical properties, interesting outcomes of 

controlling the surface structure, especially those consisting of noble metals, 

constitute the possibility to affect the spectral properties of certain 

molecules/fluorophores positioned in its vicinity, thanks to the phenomenon of 

plasmonic coupling 20, 21. One such technique is metal-enhanced fluorescence 

(MEF),22, 23 
  where a  remarkable increase of fluorophore emission intensity is 

observed when a fluorophore is placed at a certain distance from nanostructured metal 

particles and has applications ranging from biodiagnostics to imaging, sensing and 

photovoltaic cells24,25. Another application involves taking advantage of the surface 

enhanced raman spectroscopy (SERS) 26, 27. 

      As can be anticipated, growing interest in nanostructured surfaces has led to the 

development of various methods to generate such metallic surfaces. Some of these 

methods include photoinduced deposition28, 29 physical vapour deposition,30 

electrochemical roughening of metal surfaces 31 chemical deposition of metals 30 

nanosphere lithography 32, adsorption of metal colloids on substrates 33,  
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dealloying34,35  and various lithographic techniques 2,36-39. In spite of these 

developments, there is still the possibility of new methods to come up with simpler, 

cost effective and based on versatile synthetic approaches. In this respect, the precise 

control over the patterns and the composition are the prime criteria to be met with. A 

chemical approach when combined with physically imprinted structures to generate 

appropriately patterned surface may provide the ideal solution in this regard. 

 On the other hand, it is known that competition between reaction and diffusion in 

many cases lead to emergence of elaborate spatial and temporal structures, which 

have been studied for a long period for their aesthetic appeal and the scientific 

challenges they pose 40, 41. In their seminal review 40, Bartosz A. Grzybowski et. al. 

have very nicely documented various processes generating spatio-temporal patterns 

and structures created in natural and artificial reaction diffusion processes. Well 

known examples of pattern formation found in nature are finger prints, skin patterns 

in animals like zebra, tiger etc., cave stalactite, rock patterns etc. On the other hand, 

among the artificial chemical systems the pattern formation is observed in Turing 

patterns, Belusov-Zhabotinsky reaction, microstructured foils, discharge filaments etc. 

Grzybowski et. al. have also demonstrated the possibility of these reaction diffusion 

systems to be used to fabricate micro and nanostructured surfaces 40,42.   

Noble metal NPs are of special importance for their interesting optical 12, 43-45 and 

chemical properties 46, 47. Bimetallic NPs, consisting of two different metal elements, 

are of greater interest than monometallic ones, from both scientific and technological 

views 48-56, for the improvement of the catalytic properties49-51 as well as optical 

properties 56. This is because bimetallization can improve catalytic properties of the 

original single-metal catalysts and create a new property, which may not be achieved 

by monometallic catalysts49-51. On the other hand bimetallization helps in tuning the 
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plasmon resonance 55, 56 of the NPs by variation of composition without the change in 

particle size 48, 54. Galvanic replacement reaction is one of the common approaches to 

synthesize bimetallic NPs 54, 57, 58 where NPs of the metal with lower reduction 

potential are synthesized first and then reacted with a metal ion with higher reduction 

potential for the spontaneous replacement of the former by the later  to occur. 

Interestingly, in a recent report, Pier Paolo Pompa and coworkers have combined 

photolithography with galvanic replacement reaction to obtain micro and 

nanostructured metal substrates for plasmonic application 35. 

 We have tried to use a combination of conventional ‘top down’ and ‘bottom up’ 

approach for NP synthesis 59-61, in order to generate a NP patterned surface where 

reaction diffusion process also governs the pattern formation. Based on that herein we 

report the formation of patterned arrays of Ag and Au composite particles on a 

polymer film. The patterned particle arrays were the results of galvanic replacement 

reaction of HAuCl4 with metallic Ag present in the foils of commercially available 

compact discs (CDs) and digital versatile discs (DVDs). Initially, arrays of crystals of 

AgCl, Ag and Au were formed on the surfaces of the substrate, which consisted of 

lacquer supporting the Ag film. The dimension of the particles varied from tens of 

nanometers to several microns. The AgCl so formed could be removed upon 

treatment with saturated aqueous solution of NaCl or dilute aqueous ammonia, 

leaving arrays of particles consisting of Ag and Au only. Interestingly, the pattern of 

the so-formed particles followed the lines of the CD or DVD which were present in 

the original foil. Further, in the arrays of particles formed on CD, cross patterns could 

be observed. The cross patterns consisted of particles which seemed to have been 

formed in perpendicular linear arrays, ones along the lines of the CD, while the others 
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perpendicular to them. These patterns indicated the role of reaction diffusion waves in 

the formation of patterns. On the other hand, such cross patterns were elusive in the 

case of DVDs while at times their formation could be observed. It was observed that 

the presence of the dye covering the metallic film was necessary for the formation of 

the patterns, without which a few random particles were deposited on the substrate 

surface. Finally, there was a distinct difference in patterns observed in the written 

(burned with some data) part of a CD from the unwritten (without burning). This may 

make it possible for arbitrary pattern generation by imprinting (burning) patterns on a 

CD followed by chemical reactions.  Compared to the currently available lithographic 

techniques 2, 36-39, the method reported herein may be useful for mass production of 

metal NP patterned surfaces as it takes advantage of chemical synthetic processes, 

which are useful for large scale production of materials. 

 4.2: Experimental section 

4.2.1: Materials and Substrates: 17% Chloroauric acid was purchased from Sigma-

Aldrich (Germany). Compact discs (CDs) and digital versatile disks (DVDs) were 

purchased from the local market. NaCl and NH3 were procured from Merck India Ltd. 

Deionised water from Milli-Q water purification system is used for making all the 

solutions and washing purposes. 

4.2.2: Structure of a CD and a DVD and getting the reflecting silver layer 

exposed: The basic structure of a commercially available CD is shown in the 

Schematic 4.162-64. It consists of different layers, namely polycarbonate, photoactive 

dye, reflective silver, protective layer, and the CD label. It is the polycarbonate layer 
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that gives the hard physical support to a CD. It is possible to remove the rest of the 

layers  

 

Schematic 4.1: Cartoon of layered structure of a commercially available CD-R 

 

from the polycarbonate layer in such a way that the silver layer is exposed with the 

photoactive dye covering it. We have removed the reflective layer from a CD by 

putting cellotape (adhesive tape) on the non reflective side and pulling it up. This 

separates the polycarbonate base of the CD from the reflective layer leaving the 

photoactive dye on both polycarbonate and the reflective layer as shown in the 

Schematic 4.2. The part which gets stuck to the cellotape having the reflective layer 

of the CD with a coating of the photoactive dye is now exposed. This exposed surface 

stuck on the cellotape consists of metallic silver, which we have characterised by 

energy dispersive X-ray (EDX) spectroscopy and X-ray diffractometry. The literature 

reports also indicate the presence of silver layer in the commercial CDs 63, 64. It is 

worth mentioning here that some other metals with high reflectivity like aluminium, 

gold or some alloys are also used. But the CDs we have used have a silver reflective 
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layer, which is the most common metal used. We will call the removed film as CD Ag 

foil.  

 

Schematic 4.2 Cartoon of removal procedure of the silver layer from the polycarbonate base of a 

commercially available CD-R 

DVDs also have a similar physical structure as the CDs except that, in DVDs the 

protective layer is also some sort of hard plastic and the silver layer can be easily 

exposed by simply cutting the DVD with a scissor and then peeling off the 

polycarbonate layer. All the DVDs we have used have a silver reflective layer. 

4.2.3: Initial galvanic replacement reaction leading to formation of silver 

chloride (AgCl) patterned surfaces : Approximately 1.55 cm x 2.6 cm cut pieces of 

Ag foils from CDs and DVDs were reacted with different concentrations of HAuCl4 

solutions given in Table 4.1 to observe the patterns formed on the silver foils. 

Observations were made at different time points, concentrations and temperatures. 

The same sizes of the silver foils were used to keep the amount of silver reacting 

constant. Except for the time dependent experiments all the reactions are carried out 

for 5 hours to generate the desired patterns.   
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Table 4.1. Concentrations of HAuCl4 used for galvanic replacement reaction with Ag. 

4.2.4: Generation of AgAu bimetallic nanoparticle patterns: After the patterns 

were generated on the surface we have treated some patterned samples with a 

saturated solution of NaCl 65 and others with dilute aqueous NH3 solution. This is to 

remove the AgCl (if formed) on the surface in the process. It is well known that in 

both the solutions AgCl is soluble by formation of complex species such as [AgCl2
 ]- 

and [Ag(NH3)2]+ respectively with saturated NaCl and dilute aqueous NH3 solutions. 

66, 67   It was observed that after treatment with NaCl or aqueous NH3 the patterns on 

the CD were retained with higher percentage of Au than Ag. Also, the AgCl if present 

on the surface could be reduced to Ag electrochemically. In the electrochemical 

reduction process the film was used as the cathode and a silver foil from a CD (or 

DVD) was used as the anode placed 1cm apart and ~15V potential applied till the 

gray colour of the AgCl on patterns turned yellow. 

Sl. No. Amount of Ag (mol) per 
CD piece (X10-6) 

Concentration of HAuCl 4 (M) 

1 2.8469 3.46x10-6 
2 2.8469 8.65x10-6 
3 2.8469 1.73x10-5 
4 2.8469 3.45x10-5 
5 2.8469 8.60x10-5 
6 2.8469 1.28x10-4 

7 2.8469 1.71x10-4 

8 2.8469 2.14x10-4 

9 2.8469 2.56x10-4 

10 2.8469 2.98x10-4 

11 2.8469 3.39x10-4 

12 2.8469 4.22x10-4 
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4.2.5: Scanning Electron Microscopy:  A Leo-VP 1430 scanning electron 

microscope (SEM) equipped with Oxford-INCA energy dispersive X-ray (EDX) 

analyzer was used to characterize all the samples. Samples were analysed with 20 kV 

electron beam from a tungsten filament gun. Approximately 5.0 mm x 5.0 mm pieces 

from different samples were taken for analysis. All the samples were coated with a 

thin layer of gold in a sputtercoater to make the sample conducting in order to avoid 

charging during imaging. 

4.2.6: X-Ray Diffraction: A Bruker D8 Advanced powder X-ray diffraction 

spectrometer with copper anode and Kα radiation was used to characterize the 

samples. Approximately 3.0 cm x 2.5 cm samples were analysed here. 

4.2.7: UV-Visible Spectroscopy: For UV-Visible studies of the samples a Perkin 

Elmer Lambda 25 instrument was used in the solid state sample analysis mode. 

Samples as prepared were fixed onto the diffuse reflectance sample holders with 

double sided cellotape and the spectra were then recorded.  

4.3: Results and Discussion 

We have developed an easy and economic method to generate NPs bound to a flexible 

surface. Since the standard reduction potential of AuCl4
− /Au (1.0 V versus standard 

hydrogen electrode, or SHE)68 is higher than that of the Ag+/Ag (0.80 V versus SHE 

)68, the Ag from the CDs are easily oxidized to Ag+ by aqueous HAuCl4 solution 

according to the following galvanic replacement reaction 54,69. 

3Ag(s)  +  AuCl4- (aq)                       3AgCl (s) + Au (s)   +   Cl- (aq)   
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Contrary to the common practice of immobilizing presynthesized NPs onto a surface, 

our method is of direct synthesis of bimetallic NPs forming nanostructures on to a 

flexible surface, which is a combination of top down and bottom up approaches for 

NP synthesis, along with their organization in two-dimensional surface. For this we 

have taken shiny silver layer of a commercially available CD as templates and one of 

the precursors, reacting with HAuCl4 to give patterned surface of AgCl microcrystals. 

Along with AgCl, also formed were Au NPs by reduction of AuCl4- and Ag NPs by 

the partial removal of Ag by oxidation to AgCl. We have used different 

concentrations of HAuCl4 (Table 4.1) to react with Ag foils of the same size i.e. 1.55 

cm X 2.6 cm (4.03 cm2), so that the amount of silver (~0.3071 mg) reacting is 

constant.  

SEM images and EDX spectra are shown in Figure 4.1. Figure 4.1(A) shows the 

SEM image of a CD silver foil whereas Figure 4.1(B) is that of a foil from DVD. The 

spiral tracks in CDs and DVDs appear as parallel troughs and crests. The width of the 

troughs and crests are approximately 1µm and 400 nm for CDs and DVDs 

respectively as seen in Figure 4.1(A) and Figure 4.1(B). EDX spectra of the 

respective CD and DVD samples are shown in Figure 4.1(C) and Figure 4.1(D). The 

EDX spectra confirm the presence of silver in the films for both the samples. The 

peaks due to carbon and oxygen are from cello tape and the protective layer. 

At a very low concentration (3.45x10-6M) of HAuCl4 we have observed AgCl crystal 

(white particles) formation at the hills of the CD tracks (Figure 4.2(A)). At this stage 

the HAuCl4 added was not sufficient to react with all the silver in the foil, hence the 

un-reacted silver is observed at the valley regions of the CD, where there are no 

crystals, as clear from the SEM image (Figure 4.2(A)). In Figure 4.2(A) ~200 nm  
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Figure 4.1: SEM image of (A) compact disc (CD), (B) digital versatile disc (DVD) and EDX spectra 

of (C) CD and (D) DVD. 

diameter particles present along the CD track hills are possibly AgCl crystals as 

indicated by the presence of Cl and Ag in the EDX spectrum (Figure 4.2(B)). On the 

other hand EDX spectrum recorded in the parts of the CD where there were no 

crystals indicated the presence of Ag only (Figure 4.2(D)) and the absence of Cl 

possibly indicated the absence of any AgCl crystal. Interestingly, the crystals were 

aligned on the CD track hills in the forms of parallel arrays and the arrays were 

separated by a distance of 1.5µm indicating that the arrays were formed along the CD 

tracks.   

B D 

 
 
 
 
 
 
 
  

Element Weight% Atomic% 
C K 31.71 67.16 
O K 12.35 19.64 
Ag L 55.93 13.19 
Totals 100.00  

A C
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Figure 4.2: SEM image patterns of AgCl crystal generated by reacting (A) 3.45x10-6 M  and (B) 

8.60x10-5 M HAuCl4 for 5 h with CD Ag foil and (C) & (D) are the EXD spectra of the white spots on 

the CD tracks and the dark regions in between respectively for image (A).  

When the concentration of HAuCl4 was increased to 8.60 x 10-5 M, more dense 

distribution of particles formed on the surface. A low magnification view of a pattern 

generated by a higher concentration (8.60 x 10-5 M) of HAuCl4 is shown in Figure 

4.2(C), where the long range pattern of the AgCl microcrystals formed is observed. 

Interestingly, there is a two way pattern of arrays of particles, one along the CD tracks 

and the other making an approximate 700
 angle to the CD tracks creating the 

appearance of a cross pattern. At low concentrations of HAuCl4, the region between 

the AgCl microcrystals contain metallic Ag without any chloride as shown by the 

EDX spectra shown in Figure: 4.2(D) while at higher concentrations of HAuCl4 we 

A Element Weight% Atomic%
C K 41.68 87.33 
Cl K 0.68 0.49
Ag L 45.66 10.65 
Au M 11.98 1.53 
Totals 100.00  

C 

D 
 

Element Weight% Atomic%
C K 53.95 91.72 
Ag L 40.99 7.76 
Au M 5.06 0.52 
Totals 100.00  

B 
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observed higher percentage of carbon in the EDX spectra of in between regions 

indicating more consumption of Ag in the galvanic replacement reaction exposing the 

background lacquer layer. 

The variation of pattern as a function of concentration of HAuCl4 reacting with the 

same amount of Ag in the foil (as determined by the size used) is shown in Figure 

4.3(A)-(K). At the lowest concentration of HAuCl4 (3.46 x 10-6 M) used, the AgCl 

crystals formed are observed to be aligned on the CD tracks as seen in Figure 4.3 (A) 

and the crystals  are of approximate size 200 nm. Then at a little higher concentration 

of HAuCl4 (8.65 x 10-6 M) assembling processes of the crystals is 

  

Figure 4.3: (A)-(K) SEM images of patterns obtained by reacting CD Ag foil at different 

concentrations of HAuCl4. (A) 3.46x10-6M, (B) 8.65x10-6M, (C) 1.73x10-5M , (D) 3.45x10-5M for 5 h. 

Continued to next page.. 
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Figure 4.3: (A)-(K) SEM images of pattern obtained by reacting CD Ag foil at different concentrations 

of HAuCl4. (E) 8.60x10-5M, (F) 1.28x10-4M, (G) 1.71x10-4M, (H) 2.14x10-4M, (I) 2.56x10-4M, (J) 

2.98x10-4 M, (K) 3.39x10-4M for 5 h. 

. 

G H

I J 

K 

F E 
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observed i.e. clusters of crystal were formed as could be seen in Figure 4.3(B). Here 

it is observed that 6-7 of small (~200nm) crystals are grouped together and they 

follow a long range two dimensional (2D) pattern along and across the CD tracks. As 

the concentration of HAuCl4 was increased further, we observed a blanket deposition 

of smaller crystals maintaining the pattern of the CD tracks and also some larger (~1.0 

µm) crystals appeared on top of the smaller crystals. These larger crystals followed a 

wave-like pattern for certain concentrations of HAuCl4, especially between 1.71 x 10-

4 M to 2.98 x 10-4 M as could be viewed in Figures 4.3 (G) - 4.3(J). This wave-like 

pattern led to the formation of a cross pattern of (~1µm) AgCl microcrystals, one 

along the CD tracks and the other across it, separately shown in Figure 4.4. Although 

it is not that the cross patterns were not formed beyond this concentration range of 

HAuCl4, certain degree of cross patterning was observed even at 8.60 x 10-5 M 

HAuCl4 as shown in Figure 4.3(E). However, it is worth mentioning here that the 

cross patterns were not always observed at concentrations beyond this range. We must 

acknowledge the fact that the complete reaction dynamics involved in the process of 

pattern generation is a complex one for multiple factors like distribution of the 

photoactive dye, concentration of the Cl- ions (from the HAuCl4 solution), 

temperature, local concentrations of the reactants and the mobility of the ionic species 

like Ag+, Cl- etc. may play important roles. It may be mentioned here that the 

photoactive dye is some kind of cyanine or pthalocyanine dye 63,64.  The presence of 

the dye is indeed essential for the generation of the patterns, not only those formed 

along the CD tracks but also for the cross patterns.  
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Figure 4.4: Representative SEM image of AgCl microcystals formed by reaction of Ag layer and 

2.98x10-4 M HAuCl4 for 5 h showing the cross pattern. Blue lines indicate the direction of the CD 

tracks and the red lines indicate the direction of a part of the wave. 

 

A set of control experiments with the photoactive dye removed from the silver foil by 

washing with ethanol was carried out to confirm this. We have treated the photoactive 

dye removed silver foils with the entire concentration range of HAuCl4 (from 3.46 x 

10-6 M to 3.39 x 10-4M) under study. Figure 4.5 (A) and 4.5(B) are the representative 

SEM images for two samples generated by 2.56 x 10-4 M and 2.98 x 10-4 M HAuCl4 

(within the range for cross  pattern generation) reaction on Ag layer respectively, 

showing the absence of any clear long range pattern of microcrystals. 
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Figure 4.5:   Representative SEM image of microcystals formed by reaction of Ag layer and (A) 

2.56x10-4M and (B) 2.98x10-4M HAuCl4  for 5 h, after removing the photoactive dye layer.  

In order to follow the growth process of the patterns we have studied the SEM images 

of the silver foil from CD reacting with HAuCl4 (2.98x10-4M, within the range for 

cross pattern generation) at different time points starting from 5 s after dipping the 

B 

A 

TH-982_04612208



Chapter IV 
 

                                                                                                                              Page 88 
 

silver foil into HAuCl4 for a maximum period of 8 h. Initially at 5 s, AgCl crystals of 

approximate size 100 nm and below were formed. The pattern appeared like a series 

of comets separated by a distance of 1µm from each other as shown in Figure 4.6(A).  

 

Figure 4.6: (A)-(F) SEM images of AgCl pattern obtained by etching CD silver foil at 2.98X10-4M of 

HAuCl4 at different time points. (A) 5s, (B) 30 s, (C) 2 min, (D) 5 min, (E) 10 min, (F) 20 min. 

Continued to the next page. 
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Figure 4.6: (G)-(K) SEM images of AgCl pattern obtained by etching CD silver foil at 2.98X10-4M of 

HAuCl4 at different time points. (G) 30min, (H) 1 h, (I) 3 h, (J) 5 h and (K) 8 h. 

 

The same pattern persisted till 5 min but with more crystals being formed as shown in 

Figures 4.6(B) and 4.6(C). Beyond this time point the comet like pattern was 

superseded by appearance of a new pattern formed by little larger (~1µm) AgCl 

crystals separated from each other by uniform distances (1.5 µm). This new pattern 

formed by the larger crystals looks like arrays of square-like blocks as seen in Figures 
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4.6(D) – 4.6(J). At 8 h i.e. beyond the time for generation and development of cross 

patterns, the larger 1µm crystals were somewhat broken into smaller crystals and little 

of the cross pattern was retained. Based on our observations of the time dependent 

experiments, with 2.98 x 10-4 M of HAuCl4, we propose that the reaction proceeds at a 

considerable rate at 5s, the initial pattern (Figure 4.6(A)) is formed by possible 

deposition of AgCl formed from Ag+ ions being oxidized from silver foil and Cl- from 

HAuCl4 solution. The formation of AgCl crystals was also confirmed by XRD studies 

as discussed later in this chapter. We believe that as the AgCl crystals are formed 

there is a process of dissolution and recrystallization which occur simultaneously 

(because of high Cl- concentration) 65,67. During recrystallization process the initially 

formed small AgCl crystals act as seeds for relatively larger AgCl crystals to generate 

a new pattern (Figure 4.6(D) – 4.6(J)). It is worth mentioning here that the cross 

patterns generated here are results of a wave of AgCl crystal deposition perpendicular 

(although at places at angles different from 900) to the CD tracks. For the waves to be 

generated the photoactive dye on the CD (used for the writing purpose) is important, 

as we did not observe any pattern generated for samples where the dye was removed 

by washing it with ethanol. The samples without the dye can be considered as the 

simple silver films with corrugation. The importance of the dye was also tested by 

carrying out the reaction with HAuCl4 using CD foils where a part of it was ‘written’ 

using an ordinary data file. The patterns of the crystals formed in the written and 

unwritten part of the CD were distinctly different from each other, which will be 

discussed little later in this chapter.  

The patterns thus generated on the CDs can be converted to either AgAu bimetallic 

NPs with higher percentage of silver or AgAu bimetallic NPs with higher percentage 
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of Au depending upon the treatment of the AgCl structures following the formation of 

the patterns. When the patterns, formed from the CD foil, was treated with a saturated 

solution of NaCl, the AgCl was washed off and there remained the structures 

  

Figure 4.7:  (A) SEM image of AgCl patterns after treatment with saturated solution of NaCl (B) spot 

EDX on the bright particles in (A), (C) SEM image of AgCl patterns after dilute aqueous NH3 solution, 

(D) spot EDX on the bright particles in (C). 

containing only AgAu bimetallic NPs with a higher percentage of Au (69.16% 

weight) compared to Ag(1.52% weight), as seen from the EDX spectra in Figure 

A 

B

C 

D 
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4.7(A) and Figure 4.7(B). The absence of any Cl indicates the bimetallic nature of the 

patterns.  Similar results were also observed for the samples after being washed with 

dilute NH3 solution in place of saturated NaCl solution as shown in Figure 4.7(C) and 

Figure 4.7(D).  In the aqueous NH3 treated samples also the pattern was retained 

(Figure 4.7(C))  and AgCl was completely removed as EDX spectrum did not show  

any presence of Cl (Figure 4.7(D)); while there was Ag and Au present in 

considerable amount i.e. Ag (3.28% weight ) and Au (45.48% weight).     

 

Figure 4.8: (A) SEM image of an electrochemically reduced AgAu NP pattern (B) Spot EDX taken on 

one of the bright particles.  

On the other hand, the AgCl bound to the surface can be converted to Ag NP 

aggregates by reducing it with either ascorbic acid or via electrochemical reduction. 

The electrochemical reduction resulted into conversion of AgAu bimetallic (Ag 

61.43% by weight and Au 18.22% by weight) NP aggregates (Figure 4.8 (A) and 

(B)) with possibly Ag NPs exposed on the surface following generation by reduction 

of AgCl.  

A 
B 
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It is difficult to comment on the composition of the AgAu bimetallic NPs on the basis 

of UV-visible spectrum only. Nonetheless combination of SEM imaging with EDX 

spectroscopy as shown in Figure 4.7 and Figure 4.8 and the UV–visible spectra in 

Figures 4.9(A), (B) and(C) point toward an important observation on the basis of 

which the composition of the Ag-Au bimetallic NPs could possibly be guessed. In the 

UV-visible spectrum of Figure 4.9(A), two peaks at 469 nm and 564 nm could be 

observed. It may be recalled that the sample was prepared by reaction of HAuCl4 with 

the silver foil thus Au and Ag may be present in addition to the formation of AgCl. 

The peaks may be assigned to the surface plasmon resonance (SPR) of AgAu alloy 

NP and monometallic Au NPs respectively70. Further, after removal of the AgCl by 

washing the sample with saturated solution of NaCl the peaks were present with slight 

shifts in their positions occurring at 461 nm and 571 nm respectively. This means that 

the components constituting the patterns and which are responsible for the SPR peaks 

around 469 nm and 564 nm did not change significantly following treatment with 

saturated NaCl solution. It could be that after AgCl being removed during washing 

with NaCl the surface was left with Ag and Au constituting the patterns remained on 

the CD substrate, as indicated by the EDX spectra in Figure 4.7(A) and Figure 4.7 

(B). An important observation that should be noted here is that the Au deposited after 

the reduction of Au3+ from HAuCl4 by Ag follows the same pattern of the AgCl 

deposition as indicated by the spot EDX taken at the bright spots shown in Figure 4.7 

(A) and Figure 4.7 (B). Thus after the treatment with NaCl, AgCl patterned CDs 

exhibited that most of the Au was present where AgCl crystals were there and the 

darker regions between these spots contained little, if any, of Au.  
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Figure 4. 9: UV-Visible sperum of silver CD, after etching (A) without any further treatment (B) after 

NaCl treatment (C) Electrochemically reduced.  

Interestingly, after electrochemical reduction of AgCl, larger (~1 µm) porous particles 

were formed with the plasmon peak occurring at 448 nm (Figure 4.9A). The particles 

appear to be porous and conglomeration of smaller particles. Also, the peak at 564 nm 

disappeared indicating possible deposition of Ag on the Au NPs in the form of shells 

(Figure 4.9(C)). It is known that even if a thin layer of metal is deposited on Au NPs 

the SPR peak vanishes 70. This is plausible because SPR in nanoparticles is a surface 

phenomena hence a monolayer of Ag nanoparticles over Au is good enough to mask 

the plasmon peak of Au71. The presence of Au in the arrays was ascertained by EDX 
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spectrum as shown in Figure 4.8(B). Thus AgCl originally formed in the arrays were 

reduced to Ag, which could have been present on the film as independent particles or 

deposited onto already formed Au NPs as shells.  

The XRD patterns of CD and DVD  Ag foils in Figure 4.10 showed peaks 

corresponding to Ag as the peaks occurred around 2θ values of 380,  440 and 640 

corresponding to lattice planes (111), (200) and (220) respectively.70 For the CD 

sample (Figure 4.10 (A)) there is a peak at 2θ of 42.7 0 which is unassigned; 

however, it possibly corresponds to the CD substrate attached to Ag foil.  It is worth 

mentioning that it does not change in any of our reaction conditions (Figure 4.11(A)-

(C)), hence the background CD substrate does not has any effect on the reactions 

carried out on the silver foils. Therefore for us the reactive component wise, i.e. 

silver, CDs and DVDs are not different except for the type of the dye present.  

 

Figure 4.10: XRD patterns of the silver foils from (A), CD and (B) DVD without any further 

treatment. Peak positions are mentioned in the spectra and the corresponding lattice plane are 

mentioned within the brackets. 

The HAuCl4 treated Ag foil samples were further studied using powder XRD. Powder 

XRD results concur with the UV-Visible spectroscopic results for the samples which 
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we have studied. For example, pattern (Figure 4.11(A)) for the treated film of CD 

consisted peaks occurring at 2θ values of 27.820 (111), 32.240 (200), 46.220 (220), 

54.780 (311), 57.460 (222) corresponding to AgCl72 with planes mentioned in the 

parentheses. On the other hand, the additional peaks (Figure 4.11A) observed at 

2θ values of 38.180(111), 44.420 (200) and 64.70(220) correspond to the planes 

(mentioned in the parentheses) of Ag or Au metal 70,73.  The results confirm the 

formation of AgCl upon the reaction of silver foil from CD with HAuCl4. On further  

 

Figure 4.11: X-ray diffraction patterns  of (A) AgCl patterns on CD substrate as it is,  (B) after the 

treatment with saturated NaCl solution,  (C)  after the electrochemical reduction. 
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treatment of the etched silver foil with saturated solution of NaCl to remove AgCl 

crystals the Ag/Au peaks remained while occurring at 38.30, 44.340 and 64.740. On the 

other hand, the peaks corresponding to AgCl disappeared, which is consistent with the 

fact that in the presence of excess chloride ions AgCl is dissolved.  From the XRD 

patterns it is not possible to conclusively say whether the peaks occurring at 2θ  values 

of 38.30, 44.340 and 64.740 in the etched Ag foil and the NaCl solution treated samples 

are from elemental Ag or Au or both as Ag and Au have similar lattice constants 73.  It 

may be mentioned here that the lattice constant of Au is 4.078 Ǻ and that for Ag is 

4.086 Ǻ. There is the possibility for both elemental Ag and Au to be present for the 

reaction between Ag and HACl4 may leave behind some unreacted Ag and also same 

reaction will form Au, after reduction of the parent salt HAuCl4. The presence of both 

Au and Ag in the arrays is supported by EDX spectra as mentioned before. However, 

UV-Visible observations indicated the formation of AgAu composite NPs along with 

the presence of Au NPs after the galvanic reaction. It may be that separate Ag and Au 

NPs were not present in the final structures (as oppose to composite particles). 

Further, literature reports indicate that partial galvanic replacement of Ag by AuCl4- 

leads to the formation of composite particles 69. Finally, as shown in Figure 4.11(C), 

the XRD pattern on CD after electrochemical reduction consisted of peaks 

corresponding to Ag/Au occurring at 38.10(111), 44.250(200) and 64.25 (220) 

respectively. Overall, considering the observations in EDX spectroscopy, UV-visible 

spectroscopy and X-ray diffractometry it could be said that final arrays in the film 

consisted of AgAu bimetallic NPs. 

We were also interested in reducing the dimensions of the particles formed on the 

patterned surface. An obvious and easy choice was to use commercially available 
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DVD Ag foil for this purpose.  As the DVD tracks are of approximately 400 nm 

widths contrary to the 1 µm tracks of CDs, therefore the patterns generated are 

expected to be smaller in dimensions than those in CDs. Upon reaction with HAuCl4 

the Ag foils under same reaction conditions as used for CD Ag foils, generated 

patterned structures with the formation of particles. SEM images (along with EDX 

spectrum) of typical patterns are shown in Figure 4.12. As is clear from the figures 

particles were formed along the lines of the DVD. The average particle sizes were  

  

Figure 4.12:  (A), (B) and (C) AgCl patterns generated on DVD Ag foil at different magnifications. 

(D) Spot EDX on the cubic particles.  
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smaller than those generated in CD (for example, 400 nm as opposed to 1 µm). EDX 

spectrum (Figure 4.12(D)) indicated the formation of AgCl in the process, being 

present along the DVD hill tracks. However, cross patterns of particles were not 

observed always (in comparison to those present in films from CD Ag foils). However  

 
 
 
Figure 4.13 : SEM image of AgCl crystals deposited along the CD tracks (A), (B) of written and 

unwritten parts at different magnifications;  (C) written part,  (D) unwritten part. 

Figure 4.12 (B) has a certain degree of cross patterning. It is possible that the key role 

played by the cross pattern generation is the presence of the dye. The nature of the 

dye would be crucial in that respect, hence the difference in the observations. Since 
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the reaction diffusion waves contributed in the formation of the cross patterns in the 

CD foils, their absence in the DVD films may be speculated to be the cause of 

absence of such patterns under the present reaction conditions. On the other hand, the 

formation of particles along the track was possible as reaction occurred and the rates 

may be different depending on the heights. The hills of the DVD (CD as well) may 

have easier access to the reagents in comparison to the valleys due to the narrowness 

of the structures.   

A natural extension of the work would be the ability to have control over the pattern 

formation with an additional handle such as light. In these cases (with CD) it can be 

easily achieved by ‘burning’ the CD before dismantling and etching. In order to 

achieve this, we have written (burned) data on a CD, followed by removing the Ag 

foil using the previously described method. This was followed by reaction with 

HAuCl4 following the same procedure. The reaction was carried out with the same 

film contained both the written and unwritten parts of the same CD Ag foil. To our 

amusement we did observe difference in the type of patterns generated on the written 

and unwritten parts of the CD silver foils. Typical patterns observed in CD films are 

shown in Figure 4.13. The SEM images shown in the figure correspond to Ag foils 

reacted with 3.46 X 10-4 M HAuCl4. As is clear from the Figure 4.13 (A) and Figure 

4.13 (A), the AgCl crystals were deposited over the CD tracks at both the written and 

unwritten parts. However, the density of particles and sizes were different as seen in 

Figure 4.13 (C) for the written part and Figure 4.13 (D) for the unwritten part. The 

crystals formed in the written part were typically smaller (~800nm) in comparison to 

those formed in the unwritten parts (~1µm). Also when we observed the patterns at 

shorter times it appeared that the reactivity at the written part is less than the 
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unwritten parts therefore smaller crystals are observed in the written part compared to 

the unwritten part Figure 4.14.  

The difference in the distribution of AgCl crystals in the written part and the 

unwritten part again indicated the importance of the photoactive dye. During the 

burning process of a CD-R the photoactive dye which is a transparent substance   is 

converted to an opaque substance by an infra red Laser 62-63. This implies that the 

chemical composition of the photoactive dye changes upon burning, which affects the 

distribution of the AgCl crystals possibly due to difference in the rates of the reaction 

of the reflective silver foil with HAuCl4 as seen in Figure  4.13 . 

 

 

Figure 4.14: SEM image of AgCl crystals deposited on CD tracks at 5 min. 
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4.5: Conclusion 

In the midst of ever increasing number of methods for NP synthesis we have tried to 

integrate the conventional “top down” and the “bottom up” approaches to directly 

synthesise surface immobilised NPs of Au and Ag along with the formation of AgCl 

microcrystals. The marked difference of the reported process with the currently 

available methods is that we have synthesized AgAu composite NPs immobilised 

onto a flexible plastic surface in a well-defined pattern. In doing so, we have utilised 

an easily available and economic templated Ag film to carry out a galvanic 

replacement reaction with HAuCl4. Galvanic replacement reactions are commonly 

applied to generate monometallic porous films from a bimetallic precursor, but here 

we use a monometallic template to generate bimetallic NP patterns. Also the scientific 

importance of this work from the point of view of surface chemistry cannot be 

overemphasized. We have demonstrated the generation of AgCl microcrystals aligned 

according to the tracks of a CD by reacting the CD silver foils with HAuCl4. The line 

patterns generated were separated by micrometers. We were also able to generate 

patterns separated from each other by approximately 400 nm distances by taking the 

Ag foils from DVDs. These patterns have been converted to AgAu bimetallic NP 

patterns by either electrochemical reduction or treatment with saturated NaCl solution 

or with dilute aqueous NH3 solution.  The optical properties of the patterned 

substrates could be changed following reduction of the incipient AgCl crystals. These 

patterns can have important applications in metal enhanced fluorescence, plasmonics, 

surface enhanced raman spectroscopy (SERS), recoverable catalysis etc. With a 

greater degree of control over the patterns and the composition of the NPs this may be 

a good lithographic technique. The work presented here is of preliminary in nature. 
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Mechanistic understanding of the process involved in the pattern generation and the 

role of the photoactive dye would be scientifically very important for future studies. 

Also, this opens up a new area of galvanic replacement in surface driven patterning of 

metal NPs and might lead to exploration of more of the possible metal pairs.  
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5.1: Introduction 

According to the world health report-2005 published by World Health Organization, 

the health consequences associated with the microbial contamination of  water 

supplies remain a pressing global issue facing the human society in the new 

millennium 1,2. Approximately 1.8 million people die per year from waterborne 

infections around the world 3. Apart from the older chemical disinfectants, newer 

methods are like ozonation, ultraviolet light treatment etc. are common at present. 

Still, ever increasing number of health problems caused by microbial contaminated 

water suggests the need for more intense research in this direction. 

On the other hand, there are requirements of cleaning of water polluted by chemical 

contaminants like the dyes used in textile, ink, paper, ceramic, food processing, 

leather industries etc. 4, 5 These also pose threat to human health and the environment 

6-8. Commonly used methods for the removal of the chemical contaminants in water 

are chlorination, ozonation, ultrasonication, reverse osmosis, membrane filtration and 

adsorption on activated charcoal.9-11. However, the phenomenal growth in 

nanotechnology research has opened the doors to new strategies using nanomaterials 

for more effective disinfection and decontamination. The excellent antimicrobial 

properties of the nanoparticles (NPs) qualify for their use as viable alternatives for 

water disinfection while the photocatalytic semiconductor nanoparticles offer better 

alternatives for decontamination. 1 

Among the metallic particles, silver is known for its antimicrobial properties for 

centuries 12-15. With the recent development in nanotechnology there has been a 

renewed interest in exploring the potential of Ag as potent antimicrobial agent 16.  Ag 

NPs could be used in the form of stable dispersion or in the form of solid-state device 
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where the NPs would be embedded in the solid and at the same time be accessible for 

interaction with microbes present in the liquid (especially water) medium. On the 

other hand for cleaning the organic dyes from water, scientists are exploring the use 

of photocatalytic pathways especially by using sunlight as the primary source of light, 

which is considered as an environment friendly approach 17-20. Special emphasis is 

given on the development of visible light photocatalysts in order to utilize the 

sunlight, which reaches the earth surface, more effectively 21-24.  AgCl is known to be 

a photosensitive semiconductor material with an indirect band gap of 3.3 eV, which 

accordingly has its intrinsic light sensitivity situated in the ultra-violet region 24. 

However, through a process of self sensitization it can be tuned to be photoactive in 

the visible region 24-26. This has boosted renewed interest in the material 26-30. 

For use in water purification systems, it would be of great assistance if the same 

material serves the dual purpose of acting as an antimicrobial agent as well as a 

photodegradation catalyst for organic dyes. In this regard nanoscale materials may be 

of great help for providing both the activities by the same material. Moreover, if the 

active NPs are bound to a macro surface it also makes the recovery of the active 

material easier. For this purpose nanomaterials embedded in polymer matrices have 

been widely used 31-33. Herein we report the development of a new material consisting 

of micron size AgCl crystals and Ag and Au NPs bound to a flexible polymer surface. 

The development and characterizations of the material have been discussed in 

Chapter IV. In this chapter we demonstrate, as a proof of principle, the antimicrobial 

activity as well as the photochemical activity of AgCl and the AgAu composite NPs 

generated by reacting HAuCl4 with the silver layer of a commercially available CD 

(compact disc) or DVD (digital versatile disc). From this point onwards we will refer 

to the composite as AgClAgAu (CD) or AgClAgAu (DVD) depending upon the 

TH-982_04612208



Chapter V 
 

                                                                                                                              Page 112 
 

precursor CD or DVD respectively. We have tested the photocatalytic activity of the 

composite towards the degradation of a common azo dye, methyl orange (MO) and 

antimicrobial activity of the same on Escheria Coli (E. Coli) bacteria. Photochemical 

degradation of methyl orange was carried out under direct sunlight with the amount 

AgCl in AgClAgAu (DVD) 0.40mg for 10.55 mg L-1 of dye, while the antimicrobial 

activity was demonstrated by a zone of inhibition test. For complete degradation of 

the dye it took about 300 min and there was no observable degradation of the dye 

without the composite. Photodegradation activities of the composites prepared from 

the Ag layer of a CD and DVD tested were found to be similar (within 5 hours of 

reaction). The photodegradation activity of the composite in presence of UV light was 

found to be similar in rate in comparison to that in presence of sunlight indicating that 

the origin of activity may lie with the UV content of the sunlight and that is sufficient 

to photodegrade a dye.  Interestingly this is possibly the first report on the use of UV-

light of sun reaching the earth surface for inducing a photochemical activity such as 

the degradation of the dye.  

 

5.2: Experimental Section 

5.2.1: Materials and Substrates: Chloroauric acid (17%) was purchased from 

Sigma-Aldrich Chemical Company. Commercially available CDs and DVDs were 

used. The procedure for exposing the Ag surface for reaction was described in 

Chapter IV. Milli-Q grade water was used for making all the solutions and washing 

purposes. Methyl orange (MO) dye was procured from Merck India Ltd. and was used 

without purification. 
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5.2.2: Generation of AgClAgAu Composites on Surfaces: Details of the process is 

discussed in Chapter IV. In brief, approximately 1.55 cm x 2.6 cm cut pieces of silver 

foils from CDs and DVDs were reacted with different concentrations of HAuCl4 

solutions to obtain the AgClAgAu (CD/DVD) composite formed from the silver foils. 

Observations were made at different time points, concentrations and temperatures. 

Thus the obtained composites bound to plastic surface were further cut into 

approximately 1.0 cm X 2.6 cm (2.6cm2) pieces in order to fit them into a quartz 

cuvette which was used for the photochemical studies. 

5.2.3: Photochemical Degradation Experiment: Photochemical degradation of MO 

in presence of the AgClAgAu composite from CDs and DVDs were carried out in 

presence of sunlight by placing the composite in 3.0 mL solutions containing 3.3 X 

10-5 M MO in a quartz cuvette and then placing the cuvette in the sunlight 

(September-October 2009, IITG longitude 91o44’ east and latitude 26o10’ north). 

Photodegradation was monitored by recording the UV-Visible spectrum of the sample 

at 15 min intervals using a Hitachi U-2800 UV-Visible spectrophotometer. 

Photodegradation of MO under UV light was carried out in a Delta Scientific UV 

chamber with the same amount of MO and the AgClAgAu composite. Control 

experiments were carried out without AgClAgAu. 

5.2.4: Antimicrobial Activity Test: The antimicrobial activity of the AgNPs was 

studied by standard disk diffusion method. Overnight culture of ampicillin resistant 

GFP expressing recombinant E. coli bacteria was taken, suitably diluted and spread 

(approximately 106 CFU) on previously prepared 1.5 % Luria Bertani-agar plate 

containing 100 µg mL-1 ampicillin. These plates were observed for colony formation 

after 24 h of incubation at 37 0C. Sample photographs and colony counting was 
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primarily used to evaluate the antimicrobial activities. After 24 h incubation with 

chips of CD and DVD containing AgNPs a clear zone (Zone of Inhibition) around 8 

mm and 7.5 mm were observed. But, control plates with nano-silver free chips did not 

produce any inhibition zones. The inhibitions of bacterial growth around the chips 

were due to the release of diffusible inhibitory compounds from chips containing 

AgNPs into the surrounding medium. The antimicrobial activity of the composite 

AgClAgAu was also tested on ampicillin resistant GFP expressing recombinant E. 

coli in aqueous LB medium containing 100 µg mL-1 of ampicilin. 

5.2.5: Scanning Electron Microscopy (SEM): Leo-VP 1430 scanning electron 

microscope (SEM) equipped with an Oxford-INCA energy dispersive X-ray (EDX) 

analyzer was used to image and characterize composite AgClAgAu in order to 

compare the morphological and compositional changes before and after the 

photocatalysis.  

5.2.6: X-Ray Diffraction (XRD): A Bruker D8 Advanced powder X-ray diffraction 

(XRD) instrument was used to characterize the composite before and after 

photodegradation experiment. 

 

5.3: Results and Discussion 

Herein we try to demonstrate as a proof of principle the possibility of the AgCl 

microcrystals and the AgAu nanoparticles bound to the CD/DVD plastic as a potential 

water purifying agent (AgClAgAu (CD)/ AgClAgAu (DVD)). The composition of the 

films was established in Chapter IV. Representative SEM image (Figure 5.1(A)) and 

the EDX spectra of the as prepared AgClAgAu (DVD) sample showed the presence 

of AgCl along with Ag and Au (Figures 5.1(B) and (C)). X-ray diffraction (XRD) 
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pattern shown in Figure 5.1(D) for the AgClAgAu (DVD) sample confirmed the 

presence of AgCl as indicated by the peaks at 2θ values of 27.8o{111}, 32.25o{200}, 

46.25o{220}, 54.85o{311} and 57.65o{222} 34.  On the other hand, the peaks at 

38.2o{111}, 44.4o{200} and 64.75o{220} indicated  the presence of Ag and/or Au.  

 

 

Figure 5.1 (A) Representative SEM image of a as prepared AgClAgAu (DVD), (B) and (C) EDX 

spectra at spots 1 and 2 respectively in (A), (D) the X-ray diffraction pattern of the same sample. 

 

Presence of Ag or Au cannot be distinguished from the observed XRD pattern for 

both have nearly identical lattice constants and hence XRD patterns35, 36. But 

comparing EDX and the XRD data it can be said that both Ag and Au were present in 
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the samples. Further, from the UV-Visible spectrum of the AgClAgAu (DVD) sample 

shown in Figure 5.2 it can be seen that there is absorbance in the whole visible range 

possibly due to the presence of Au and Ag NPs. The broadness of the peak extending 

beyond the visible region to near infrared region is indicative either of presence of 

agglomerated particles. 
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Figure 5.2: UV-Visible spectrum of the AgClAgAu (DVD). 

 

For the photocatalytic activity we have studied the rates of the photodegradation of 

MO and found it to be low and the activity of the reagent gradually decreases with 

subsequent batches of experiment. In our study we have observed a photochemical 

degradation rate of 3 mL of 10.55 mg L-1 MO when exposed to sunlight with the 

photoactive AgClAgAu (DVD) (Figure 5.3(A)), while no degradation of MO was 

observed for the control experiment without AgClAgAu (DVD). The photochemical 

nature of the degradation of MO rather than chemical degradation is proved by the 

fact that there was no degradation of MO in with AgClAgAu (DVD) without the 

sunlight. The rate of photochemical degradation was determined by considering it to 

be a pseudo first order reaction5 .      
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Figure 5.3: (A) Photo degradation of curves of methyl orange under sunlight between time points 0 

min to 315 min indicated by arrow at the interval of 15 min in presence AgClAgAu (DVD), (B) plot of 

C/C0 versus time and (C) plot of Ln(C0/C) versus time with the line fit and the rate constants given as k 

near to each plot.  

 

Figures 5.3(B) and (C) show the plot of C/C0 versus time and Ln(C0/C) versus time 

respectively. Control experiments showed that in absence of the AgCl AgAu (DVD) 

no degradation of the dye is observed as shown by the representative graph in Figure 

5.3(B). On the other hand, in the presence of the AgClAgAu (DVD), there is 

exponential degradation of the MO dye and at a rather high rate when AgClAgAu 

(DVD) were used as the photocatalyst for the first time. The rate decreased on a 

second run with the same AgClAgAu (DVD) sample as is clear from the figure. The 

rate constant for the photodegradation reaction was determined by considering the 
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Langmuir-Hinshelwood (L-H) model for heterogeneous photochemical degradation of 

the MO dye 5, 37 which can be expressed as   

1
L H ad

ad

dC k K C
dt K C

−
=

+
                                                           (5.1) 

Here kL-H is the reaction rate constant, Kad is the adsorption coefficient of the dye on 

the photocatalyst, and C is the variable concentration at any time t. For a pseudo-first 

order reaction KadC is very small as compared to 1 in the denominator of equation 

(5.1) and thus can be neglected. Integrating equation (5.1) (after neglecting KadC), we 

obtain 

0
L H ad

CLn k K k
C

t t−
⎛ ⎞ = =⎜ ⎟
⎝ ⎠

                                               (5.2) 

Here C0 is the initial concentration and k=kL-HKad is the pseudo first order reaction rate 

constant. Figure 5.3(C) shows a plot of Ln (C0/C) versus time in minutes. The slopes 

of the fitted straight line provided the rate constants for the photo catalytic 

degradation of MO dye in the presence of AgClAgAu (DVD) and in absence of it. 

The rate constant for the photodegradation of MO dye in presence of AgClAgAu 

(DVD) used for the first time was found to be 0.01013 min-1, while the rate constant 

decreased to 0.00414min-1 on the second run of the photocatalyst. As the rate constant 

indicates the catalyst efficiency, so in our case the catalyst efficiency was reduced to 

almost half in consecutive runs. This may be caused by adsorption of some of the dye 

degradation products present on to the catalyst surface, partial dissolution of ions (due 

to Ksp) from the AgClAgAu-CD substrate and/or photo-reduction of AgCl to Ag. 

EDX spectrum of the photocatalyst surface after the experiment indicated the 

presence of AgCl even after the two batches of photodegradation experiments. The 

lower reaction rate in these cases may be due to the lower amount of AgCl present in 
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the AgClAgAu (DVD) photocatalysts compared to the literature reports 26 , where 0.2 

g of Ag@AgCl photocatalyst was used for 2 mg of the dye with the catalyst 

suspended in water compared to the 0.403mg AgClAgAu (DVD) per 0.032 mg of the 

dye in our experiments. It is worth mentioning here that the amount of HAuCl4 used 

to get the AgClAgAu (DVD) was 10 mL-1 2.98x10-4 M solution reacting with 0.47 mg 

(0.44X10-6 mol) Ag on 1.55 X 2.6 cm2 (4.03 cm2) DVD. Therefore the maximum 

amount of AgCl that could have been generated is approximately 0.624 mg by the 

reaction given below and that amount of AgCl would be formed if the reaction (1) 

was complete. So we can consider that approximately 0.15 mg of AgCl was formed 

per cm2 of the DVD. As we have taken 2.6 cm2 pieces of DVD for the 

photodegradation experiment, so AgCl used per photodegradation experiments is 

approximately 0.403 mg per 0.032 mg of the dye.   Now the reaction between Ag and 

HAuCl4 does not go to completion as the difference of their standard reduction 

potentials is only 0.2V 38. So the actual amount of AgCl used was less than 0.403 mg. 

Moreover the HAuCl4 solution used in the reaction was highly acidic and has a higher 

concentration of Cl- which may dissolve AgCl further reducing the amount of AgCl 

bound to the DVD surface. 

3Ag(s) +  AuCl4- (aq)                       3AgCl (s) + Au (s)   +   Cl- (aq)  …..(1) 

 

It has been reported in the literature that in the successive rounds of photocatalysis (by 

the same catalyst) the photodegradation rate becomes slower 24. Also there is a 

possibility of the difference between the intensity of the sun light we have used and 

the 300 W Xe-arc lamps used for the experiments reported in literature, thus lowering 

the catalytic degradation rate in comparison to literature value24, 26. 
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Figure 5.4 Representative SEM image of (A) AgClAgAu (DVD) after two consecutive runs 

photodegradation experiment. (B) And (C) EDX spectra with the percentage elemental composition 

table of points 1 and 2 in (A). (C) X-ray diffraction pattern of the same sample. 

 

Figure 5.4(A) represents the SEM of the composite AgClAgAu (with the arrays) after 

the two consecutive cycles of catalysis. It is observed from the SEM image in that the 

AgCl crystals appeared broken and rounded off after the photodegradation experiment 

as compared to sharp edged cubic crystals as seen in Figure 5.1 (A) of the AgClAgAu 

(DVD) before photocatalysis.  However, the presence of AgCl is indicated by the 

EDX (Figure 5.4(B) and (C)). The presence of AgCl in the AgClAgAu (DVD) even 

after the loss of photocatalytic activity was confirmed by the XRD pattern of the same 
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sample as shown in Figure 5.4 (D). In the XRD pattern peaks at 2θ values of 

27.80(111), 32.20(200), 46.250(220), 54.90(311) and  57.450(222) confirm the presence 

of AgCl while peaks at 2θ values 38.150(111), 44.40(200) and 64.60(220) confirm the 

presence of Ag and /or Au.  

According to Wang et. al. 26
 possible photocatalytic degradation pathway for MO 

dye is through an electron hole pair formation mechanism. The surface bound AgCl 

particles probably has Cl- as the end groups on the surface of AgCl or there is a 

possibility of Cl- adsorbed onto the AgCl surface due to the higher concentration 

(from HAuCl4 solutions used) of Cl- ions during synthesis. Hence the AgNPs formed 

from the Ag+ ions during the initial stage of MO dye degradation should polarize the 

electron such as to create positive and negatively charged regions. The surface 

plasmon resonance of Ag and Au NPs present in AgClAgAu (DVD) lie in the visible 

region. For the dipolar nature of the surface plasmon the photon adsorbed is likely to 

be efficiently separated into an electron and a hole such that the hole transferred to 

AgCl surface corresponds to oxidation of Cl- to Cl(0) atoms. As chlorine atoms are 

active radical species they possibly oxidize MO dye and in the process get reduced 

back to Cl-. The photogenerated electrons are expected to be trapped by O2 present in 

water to produce superoxide ions and other reactive oxygen species. Yu et.al has 

suggested that these active oxygen species can also take part in photodegradation of 

MO dye  39.  

In another experiment we have determined the rate constant of the photodegradation 

of MO dye with the same catalyst but in presence of UV light in a chamber and the 

plot of Ln (C0/C) versus time in minutes with the linear fits is shown in Figure 5.5. 

The rate constant for the reaction is found to be 0.00657min-1. While there was no 
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degradation observed without the catalyst. This is an interesting observation as this 

indicates that the UV part of the sunlight may have some crucial role in the 

photocatalytic degradation by AgClAgAu (DVD) as photocatalytic degradation was 

not observed in presence of only visible light sources.  
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Figure 5.5: Plot of Ln(C0/C) versus time for the photodegradation experiment of MO dye under UV 

light with the liner fit . Rate constants given near each plot as k. 

 

We have tested the antibacterial activity of the AgClAgAu (DVD) and AgClAgAu 

(CD) samples towards green fluorescent protein (GFP) expressing E. coli. A modified 

disk diffusion technique was used to probe the bactericidal effect of the composites. 

Identically sized AgClAgAu (DVD) and AgClAgAu (CD) samples were placed on 

bacteria-inoculated agar plates and were visualized for antibacterial activity after 12 h 

and 24 h of incubation. The choice of bacteria spread on agar plates lies with close 

resemblance with real world situations where pathogenic bacteria are often present on 

receptive nutrient surfaces in biomedical implants, medical devices, or food 

packaging surfaces. AgClAgAu (DVD) and AgClAgAu (CD) samples placed on the 

bacteria-inoculated surfaces killed all the bacteria under and around them. We 
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observed distinct zones of inhibition (clear areas with no bacterial growth) around the 

composite samples E. coli  as shown in Figure 5.6. High bacterial growth as indicated 

by bacterial growth lawn (large indistinguishable collection of colonies) was observed  

 

Figure 5.7: Antibacterial activity of (A) control Ag foil from CD , (B) AgClAgAu (CD) and  (C) Ag 

foil from DVD (D) AgClAgAu (DVD) samples  placed on the LB agar plate inoculated with E. coli 

Zone of inhibition indicated by arrows.  

 

everywhere else. Also, no bacterial growth was observed under or within the 

composites. Control samples of plain silver foils from CDs and DVDs of similar 

shape and sizes were kept under identical conditions for observations. As compared to 
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the samples the control tests showed no zone of inhibition around the CD and DVD 

foils thus indicating the role of the composite in bacteria annihilation. 

 

 

 

Figure 5.7: Photograph of the samples for bactericidal effect on GFP expressed E. coli taken under UV 

light (A) Control, (B) in presence of a 4.03 cm2 AgClAgAu (DVD) foil, (C) in presence of a 2.6 cm2 

AgClAgAu (DVD) foil, (D) in presence of a 4.03cm2 Ag DVD foil, (E) in presence of a 2.6 cm2 

Ag foil from DVD. 

 

Moreover, we have also tested the antibacterial ability of these samples against 

bacterial growth in solution. Figure 5.7 shows the bactericidal effect of the 

AgClAgAu (DVD)   bacterial growth medium. Here we observed considerable growth 

of the GFP expressed E. coli in the control sample (Figure 5.7(A)) as compared to the 

samples where AgClAgAu (DVD) were present (Figure 5.7(B),(C)) in the bacterial 

growth solutions, indicated by the green fluorescence (from GFP expressing bacteria) 

in the control sample. Green fluorescence was also observed in other samples 

(Figures 5.7(D) and (E)), where bulk Ag thin film from DVD is dipped into the 

bacterial growth solutions. From this we can infer that AgCl generated on DVD had a 

prominent bactericidal effect, which was not observed with the DVD silver foil 
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without the formation of AgCl. One may also argue that the formation of Ag NPs 

during the process and their presence in the film may also play important role in 

antibacterial activity. 

 

5.4: Conclusion 

In conclusion, we have been able to demonstrate the possible use of surface bound 

AgCl microcrystals  along with Ag and Au NPs in the decontamination of water either 

via photodegradation of dyes or by their antimicrobial activity. Though in our 

experiments the rate of photo degradation of MO in presence of light was lower than 

what has been previously reported by other groups it is worth mentioning that ours is 

the first case of photocatalyst (AgCl) being synthesized on to a plastic surface, which 

at the same time has antimicrobial effect.  Further, that the photocatalytic activity was 

tested with direct sunlight rather than Xe-arch lamp used earlier provides a new way 

of harvesting sunlight for practical applications. This provides the advantages of easy 

catalyst recovery and less possibility of contamination of the water by the catalyst. 

With improvement of the dye degradation rate these films have the potential to be 

used for water purification. Hear we try to reap the benefit of higher reactivity of the 

micro particles at the same time retaining easy maneuverability of the macro object. 

The dual role of dye degradation and bacterial annihilation of the film may be of 

important practical consequences. 
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6.1: Introduction 

Transition metal nanoparticles (NPs) occupy a major share in nanotechnology1,2 

research for their special catalytic1,3-8, optical 1,10-15 and electronic properties1,13,14. 

Among the metal NPs, gold (Au) and silver (Ag) NPs occupy the centre stage for their 

relatively high stability, excellent optical properties 16-18, promising catalytic 

activity6,9,16 and relatively low toxicity 18 (although cytotoxicity of Ag NPs are known 

at their high concentrations 19). At the same time bimetallic NPs of silver and gold 

open up another direction of the properties of NPs 20-28 for bimetallic NPs have 

distinctly different properties from the individual metallic NPs 22. This gives dual 

control to the NP properties in terms of composition leading to varying catalytic and 

optical activity. However, the best use of the NPs would require construction of 

devices with tunable properties based on the compositions and the devices need to be 

portable and workable. One form of the constructions could be films (even better in 

the form of flexible ones) where the NPs would be deposited on the surface of the 

films. The stable NPs on the film would provide easily accessible optical, chemical 

and other properties so desirous in the multitude of applications. Thin films composed 

of monometallic 30-36 or bimetallic 37-41 NPs are of special importance for their various 

applications as in biosensing 42, 44 and in the preparation of optoelectronic 

nanodevices 45-50.    Additionally, intensive research is being pursued in NP based 

structured films for their potential applications in catalysis 39,51-53, microelectronics 54, 

photonics 49,55,56, optoelectronics 45-50 , molecular recognition 57,58, and chemical 59,60 

and biological sensing 59-61. The functional properties of NP assemblies are dominated 

by the NP type (size, shape and composition), surface properties and the spatial 

distribution of the particles in the film39.  A prime requirement in the development 
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and preparation of the films is the ability to controllably assemble NPs in the film 

with preferably predictable and well defined structural characteristics for desired 

physical and chemical properties. The development of newer methods to prepare 

nanostructures with tailored properties (electrical, optical, electrochemical, magnetic, 

surface etc.) will be crucial to the exploitation of nanostructured thin films 50, 51. 

Present technologies for nanostructured thin film generation 51,63,64 include vapor 

phase based methods like evaporation, molecular beam epitaxy (MBE), sputtering, 

chemical vapor deposition (CVD), and atomic layer deposition (ALD) and liquid 

phase deposition methods like  electrochemical deposition, chemical solution 

deposition (CSD), Langmuir-Blodgett technique, self-assembled monolayers (SAMs), 

layer by layer deposition and  polymeric template depositions. Apart from the pure 

metal films polymer-NP composite films are also known 65.  There have also been 

attempts to embed ordered structures in thin films for surface enhanced 

luminescence40, for antireflective66-68, superhydrophilic (antifogging) 68, 69,  

superhydrophobic 69,70 materials and photonics applications68. For example, thin films 

showing photonic activity consist of ordered subwavelength structures that can 

control the propagation of light by allowing certain wavelengths (or range of 

wavelengths) to pass through it 55, 56,71.  Use of ultrathin grafted NP film to impart 

desired chemical and physical properties onto various solid substrates is of great 

importance in preparing new composite and functional materials64. Moreover for 

commercialisation, simple, economic and rapid manufacture of these thin films is of 

great significance. Interestingly, chemical reaction based formation of arrays of NPs 

on films have not been reported so far.  This is important as one can use various 

principle of chemistry to not only form and organize the NPs but also tune the 

properties of the assemblies formed out of the NPs and their components. 
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Herein we report the formation of thin corrugated films of AgAu composite NPs 

starting with commercially available metallic silver deposited compact discs (CDs) 

and digital versatile discs (DVDs) (structure of CD/DVD and the method of obtaining 

the silver foils from CDs/DVDs are discussed in Chapter IV, hence will not be 

repeated here).  The films were nanoporous, consisting of interconnected networks of 

fused NPs of Ag and Au. The corrugated films, which could be generated by galvanic 

replacement reactions of patterned metallic Ag foils by HAuCl4 in the presence of 

cetyltrimethylammonium bromide (CTAB), were amenable to manipulations such as 

floating on water and being able to transfer to glass slides. The corrugations present in 

the films had the motifs of the parent CD or DVD which are engraved on the 

polycarbonate plates of the discs. The optical properties of the films revealed those of 

characteristics of AgAu bimetallic nanoparticles. In our method we try to reap the 

benefits of both “top down” and the “bottom up” 72-74 synthetic strategies along with 

the template growth of thin films. The top down generated structures were bulk silver 

foils with corrugated structure present in the CDs or DVDs which were to be 

galvanically replaced partially by the oxidizing agent HAuCl4; while the ionic AuCl4
- 

reacted with bulk Ag and got reduced to be deposited as NPs providing a bimetallic 

thin films with sub 100 nm thickness thus constituting the bottom-up part of the 

approach. The presence of the surfactant, CTAB, is critical in not only the formation 

of the film based on the original template but also in removing the film so formed 

from the template (CD substrate). The three-dimensional nature of the films provides 

additional advantages for future generation of thin NP based films with well-defined 

morphology in terms of surface undulation. This can potentially be an important 

method for generating thin films consisting of NPs especially for the surfaces where 

direct deposition is not possible. Interestingly, films generated from previously 
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‘written’ CD retained the patterns of the original imprints thus providing a way of 

generating ‘written’ films with corrugated structures.  

 

6.2: Experimental Section 

6.2.1: Materials and Substrates: Chloroauric acid (HAuCl4, 17% in HCl) and 

cetyltrimethylammonium bromide (CTAB) were purchased from Sigma-Aldrich 

(Germany) and were used as received. CDs and DVDs were purchased from the local 

market. Milli-Q grade water was used for making all the solutions and for washing 

purposes. Glass cover slips were purchased from Bluestar, India. NaCl was obtained 

from Merck India Ltd.. 

6.2.2: Preparation of the AgAu thin films:  Before performing any chemical 

reaction, the silver foils from CDs and DVDs were detached from the polycarbonate 

layer by using a cello tape after cutting the CDs and DVDs into small pieces. The 

details were discussed in Chapter IV. AgAu thin films were prepared by reacting 

approximately 1.55 cm x 2.6 cm pieces of silver foils with different concentrations of 

HAuCl4 present in 10.0 mL solutions, which also contained 0.1M CTAB.  The 

treatment led to change of the color of silver of the CD or DVD into golden in about 

10-12 h. The best films were obtained from the reactions of the silver foils with 2.0 x 

10-4M - 5.0 X 10-4M HAuCl4 solutions.  It is worth mentioning here that the time for 

appearance of golden color depended on the concentration of HAuCl4, which was 

early for high concentration of HAuCl4, while it took longer time at low 

concentrations. On keeping the samples in solution after the appearance of the golden 

color, the color gradually disappeared leaving behind a blue coloration on the CD or 

DVD substrate. The samples thus prepared (golden colored ones) were washed 
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carefully with water and air dried. Dried samples were used for further 

characterizations. 

6.2.3: Scanning Electron Microscopy (SEM):  Leo-VP 1430 scanning electron 

microscope (SEM) equipped with an Oxford-INCA energy dispersive X-ray (EDX) 

analyzer was used to characterize all the samples. Images were recorded using the 

secondary electron detector. Approximately 5.0 mm x 5.0 mm pieces from different 

samples were taken for analysis. For some of the samples, thin films were transferred 

to aluminum foils or glass substrates before measurements. This was pursued by first 

putting the film, prepared on the original CD or DVD substrate, in saturated NaCl 

solution and then suspending the films in water. By carefully placing the aluminium 

foil or glass cover slip below the floating films they could then be lifted (and thus be 

transferred).  Except for the  samples transferred onto aluminum foil all samples were 

coated with a thin layer of  gold prior to SEM imaging, in order to make them 

conducting so as to avoid charging of the samples. We have used the EDX studies to 

show the relative elemental abundance in the films and the substrates on which the 

films were placed like the substrate from the CD or DVD or the glass cover slips. 

6.2.4: Transmission electron microscopy (TEM) Characterization: TEM images 

were recorded for the thin films after transferring the films on to 300 mash copper 

grids. The transfer was achieved in a way similar to above where aluminium foil or 

glass cover slip was replaced by the grid. The instrument used was a Jeol JEM-2100 

transmission electron microscope operating at a maximum voltage of 200 kV.  

6.2.5: Atomic Force Microscopy (AFM): AgAu thin films transferred onto glass 

cover slips were used for AFM studies. The instrument used was a Vecco Multimode 
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SPM attached with a Nanoscope IV controller (manufactured in USA). Images were 

recorded in contact mode with silicon nitride tips.    

6.2.6: X-Ray Diffraction (XRD): A Bruker D8 Advanced powder X-ray diffraction 

(XRD) instrument was used to characterize the samples. Samples of approximately 

3.0 cm x 2.5 cm dimensions were then analyzed using XRD. Also, XRD of the thin 

films after being transferred cover slips were recorded. 

6.2.7: UV-Visible spectroscopy: The samples were first transferred onto a cover slip 

by the same method mentioned earlier. Then the UV visible spectra of the samples 

were recorded in a Perkin Elmer Lambda25 instrument by vertically placing the 

sample carrying cover slip in the path of the beam with blank cover slip used as 

reference.  

6.2.8: Infra Red (IR) Spectroscopy: For infrared spectroscopic characterization of 

the samples a Perkin Elmer Sepctrum One FTIR spectrophotometer was used. The 

samples here were prepared by scrapping off the AgAu films from the lacquer layer of 

CD/DVD and then mixed with KBr to make translucent pallet for the measurement. 

Also the FTIR spectrum of CTAB in KBr pallet was recorded. 

6.2.9: Optical Imaging: Images of the films transferred to a glass cover slip is taken 

in both the reflected light and the transmitted light by a Nikon-D3000 SLR camera. 

Reflected light photographs were taken in the same way as the regular photography 

while for the transmitted light image a normal fluorescent lamp was placed behind the 

sample containing cover slip and the camera focussed at the light.  
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6.3: Results and Discussion 

When the Ag foil parts (being attached to the lacquer) of a CD and DVD were 

immersed in aqueous solutions of HAuCl4 in the presence of CTAB golden coloration 

of the surface of the foils could be observed in about 12 h. The foils were then taken 

out and washed with deionised water followed by placing the same into a petri-dish 

full of water. Upon gentle shaking the films could be observed to come out and float 

on the water surface. The films were then ready for transfer. Typically, 1.55 cm x 2.6 

cm pieces of Ag foils were immersed in 10 mL water containing 2-5 X 10-4 M 

HAuCl4 and 0.1 M CTAB in order obtain the best of films. Figure 6.1 shows the 

representative SEM image of one of the films generated from a CD silver foil. It is 

interesting to note that the film appear to consist of tracks of parallel lines which 

could be the original patterns of the foil. Further details in this regard are discussed in 

the subsequent sections.  

Encouraged by the success of formation of corrugated films obtained from the foil of 

a CD, we were further interested in producing such films from the foils of DVD in the 

hope to generate films with higher density of lines of corrugation as a DVD consists 

of tracks of higher density than a CD. Typically, the width of a DVD track is about 

400 nm 75. It was observed that films like those obtained from a CD could also be 

generated from DVD, the details of which are presented in the subsequent sections.   

The films obtained by reaction of Ag foils, obtained from CDs and DVDs, with 

HAuCl4, appear visibly similar. For example, when photographed ordinarily the film 

appears golden in colour Figures 6.2(A).  On the other hand, when the same film is  
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Figure  6. 1: Representative SEM image of AgAu NP film obtained by reacting HAuCl4 with Ag foil 

from a CD.  

 

 
Figure 6.2:  Representative image of the thin films generated from CDs transferred onto a glass cover 

slip recorded by a digital camera,(A) in the reflected light and  (B) in the transmitted light. 

 
 
 

A B 
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photographed with illumination from the opposite direction it appears blue Figures 

6.2(B)  76. Also, the presence of interference fringes in the photograph recorded in 

reflected mode is apparent in Figure 6.2(A). The appearance of different colors in 

reflected and transmission mode indicated the presence of Au NPs, the color of which 

are known to appear differently depending on the view especially blue in the 

transmittance mode of observation, especially when the particle sizes are large or 

assembly of smaller particles are present 76. 

SEM images of the films obtained from CD and DVD are shown in Figure 6.3.  As is 

clear from Figure 6.3(A), a thin film was formed on top of the substrate (lacquer) of 

the CD, with clear indication of the presence of serrated lines in the film. It is 

important to mention here that similar lines were also observed in the films obtained 

from DVD, although of higher resolution. In addition, it is interesting to note that the 

particles (crystals!) which were present on the surface of the substrate could be 

observed through the film. Considering that the accelerating voltage of electrons (in 

SEM) was 20 kV the film must be sufficiently thin to help observe the particles 

present underneath both in the films generated from CDs and DVDs as shown in 

Figures 6.3(A) and 6.3(B) respectively. Importantly, the particles could also be 

observed underneath the part of the film that was folded i.e. through two layers of the 

film as could be observed in Figure 6.3(A). This is interestingly indicative of the 

partial transparent nature of the films to the impinging electrons. A higher resolution 

image, shown in Figure 6.3(C), indicated that primary structural motif of the original 

CD was maintained in the generated film. The crest-crest pitch was found to be 1.6 

µm (Figure 6.3(C)), while in the films generated from DVDs crest-crest pitch of 

approximately 900 nm (Figure 6.3(B)). In other words, the pitches of the films 
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matched with those of the templates present in the original CD and DVD films 

respectively.  It may be mentioned here that overall integrity of the film formed was 

substantial with minimum presence of discernible deformation or damage. The 

observed cracks or damage probably occurred during handling (using forceps) and 

transfer for recording the images. Additionally, the film could be transferred to a glass 

slide or other substrate and measurements could be recorded.  SEM image of a 

transferred film is shown in Figure 6.3(D).  

 

 
Figure 6.3: SEM images of the thin films generated from the silver foil of  (A) CD as it is on the CD 

substrate (B) of a DVD (C) at a higher magnification showing the CD tracks having been transferred to 

the film; while (D) after being treated with saturated NaCl solution and transferred to an aluminum foil. 

D

A B
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The EDX studies carried out along with the SEM images at different points of the 

film provided us with valuable information about the chemical composition of the 

films. In order to probe the details of chemical composition as prepared films were 

observed under SEM along with EDX experiments. Figure 6.4 shows the SEM image 

of a thin film generated from an Ag foil of a CD by reacting with 2.2 X 10-4 M 

HAuCl4 in the presence of 0.1 M CTAB and the EDX spectra of different spots in the 

image are shown in the accompanying figures. In the image (Figure 6.4(A)) the spots 

on which the EDX spectra were recorded are marked by the Roman numerals (i, ii, iii) 

and the same nomenclatures are used for labeling the spectra. Figure 6.4 (i)   shows 

the spot EDX spectrum with the elemental percentage in parenthesis, of the thin film 

at spot (i) in Figure 6.4(A), where it is observed  that the weight percentage of Ag 

and Au were 8.60% and 25.84% respectively along with those of with Br (5.25%) and 

C (60.31%). Although EDX spectral analysis does not provide actual quantitative 

measure of the concentration of the elements the relative abundance could be 

established for two elements when present together. Thus it is plausible that the film 

was made of Au and Ag and CTAB was bound to the film77 which we will discuss a 

little later in this chapter (as confirmed by FTIR spectroscopy). There is the 

possibility of carbon from the CD substrate (the protective layer), which adds to the 

total carbon as the films are considerably transparent to the electron beams, EDX 

from the substances below the film is recorded simultaneously though it is unwanted. 

As the film is transparent to the electron beam it passes through the film and sees the 

substrate below generating X-rays reaching the EDX detector. The CD substrate 

contains high percentage of C (74.08%) as observed from Figure 6.4 (iii).  Also, one 

cannot rule out the presence of carbon in the film having been transferred from the 
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lacquer part during formation. On the other hand, the large cuboidal particles (with 

edge dimensions on the order of 1 µm) which are present on the surface of the CD  

 

 

 

Figure 6.4:  (A) SEM image of a part of a sample (from CD) directly viewed after initial washing with 

deionized water followed by drying. In the figure three spots which are marked (i, ii and iii ) 

correspond to the spot EDX spectra recorded (i) on the thin film; (ii) on the bright particles  and (iii) on 

the CD substrate.  

 

consist of Ag and Br in addition to carbon. This could mean that these particles are 

made of AgBr crystals and possibly CTAB molecules are attached to the particles 

providing the source of carbon in the spectrum. It is plausible that the galvanic 

replacement of Ag by HAuCl4 produced Ag and Au composite film, whereas AgBr 

crystals were generated from the oxidized Ag, in the presence of excess Br- present in 
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ii iii 
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the medium (from CTAB) in comparison to the concentration of Cl- (from HAuCl4).  

The EDX spectrum of the background consisting of the remainder of the CD indicated 

the presence of carbon (in addition to oxygen).   

The galvanic replacement reaction involved may be as shown below.. 

3Ag           +  HAuCl4                           3AgCl + Au(0) + H+ + Cl-         

As it is obvious that for solubility products of silver bromide  (5.35×10-13 ) is lower 

than silver chloride(1.77×10-10) 78, silver bromide will be precipitated in preference to 

silver chloride which is observed in our SEM image and EDX studies as shown in 

Figure  6.4 (A) and Figure 6.4 (ii). Also, the grey particles observed with the thin 

films contained Br and no Cl.  

It can be seen from the XRD patterns of Ag foils obtained from CD (Figure 6.5(A)) 

and DVD (Figure 6.5 (B)) that they are composed of pure silver. It is evident from 

the figures that the patterns consisted of three major peaks (for both foils) occurring at 

2θ values of 38.1o, 44.4o and 64.5o. These peaks correspond to (111), (200) and (220) 

planes of metallic Ag 79,80. Though there is an extra peak in the XRD pattern for CDs 

(Figure 6.5 (A)) at 2θ value 42.7o, which we were unable to assign, however, can be 

attributed to the background protective layer of the CD.   After treatment of the silver 

foils with HAuCl4 at different concentrations in 0.1M CTAB thin films of AgAu 

could have been formed. Along with the film silver bromide might also have formed. 

Figure 6.5 (C) and Figure 6.5 (D) shows the representative XRD patterns of AgAu 

thin films generated from the CDs and DVDs respectively. Now, as metallic gold and 

silver have similar lattice constants, therefore they show identical X-ray diffraction 

peaks 79, 80. In Figure 6.5 (C) we have peaks at 2θ values of 38.2o, 44.5o, 64.55o and in 

Figure 6.5 (D) at 38.15o, 44.35o.  These peaks could be due to elemental  
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Figure 6.5: X-ray diffraction patterns, of the reflective layers from (A) CD and (B), DVD without any 

further treatment, of Ag-Au thin films generated from (C) CD and (D) DVD reflective layers, by 

reacting with HAuCl4 followed by washing with deionized water, of Ag-Au thin films from (E) CD 

and (F) DVD after treating with saturated NaCl solution and transferred to glass cover slip.  Major 

peaks are identified with the 2θ values corresponding to places written in parentheses.  
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Ag or Au or due to both. But one point is sure that there is no other Ag or Au 

compound present in the film that can give a XRD peak. Again, considering the 

results from EDX spectroscopic studies  (Figure 6.4) it can be said with reasonable 

certainty that a composite of Ag-Au bimetallic film was formed from the reaction of 

Ag film on the CD (or DVD) with HAuCl4 in the presence of CTAB. Further, when 

the film was treated with saturated solution of NaCl and transferred to glass cover 

slips, peaks characteristic of AgBr 81 crystals appeared at 31o (Figure 6.5(E)) and at 

31o and 55.5o (Figure 6.5(F)).  It is plausible that Br- ions present as counter ions in 

CTAB which was adsorbed to the film were replaced by the Cl- ions from NaCl for 

Cl- is harder than Br-. Now the released Br- reacted with adsorbed Ag+ ions to form 

less soluble AgBr in the form of crystals. 

  

 
 
Figure 6.6:  FTIR spectra of (A) CTAB and (B) of thin film obtained from DVD.  
 

EDX studies have shown that carbon and bromine from CTAB were present on the 

thin films after being washed with deionized water.  A comparison of the FTIR 
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spectra of thin film (palletized in KBr) with the pure CTAB (also palletized in KBr) 

as shown in Figure 6.6, supports the presence of CTAB in the thin films. The FTIR 

spectral features in the CH2 symmetric and antisymmetric vibrational region (~3000-

2800 cm-1) appear similar for pure CTAB as well as for the thin film sample 77. 

  

Figure 6.7: Transmission electron microscopic images at three different magnifications (A), (B) and 

(C) of a film generated from a CD.  (D) Selected area electron diffraction (SAED) results recorded on a 

part of the AgAu film generated from CD Ag foil, the image of which is shown in (C).  
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TEM images of a AgAu film generated from CD are shown in Figure 6.7. The film 

was washed with water and then transferred to the copper grid for recording of the 

image. It may be mentioned here that for better clarity and structure of the films of 

images over different magnifications films from CD and DVD were imaged using 

TEM (as opposed to by SEM only). In the low magnification TEM image, Figure 

6.7(A), of film generated from CDs appear devoid of the original structures from the 

CD, but a careful observation shows that there are parallel tracks as marked by black 

lines. These lines are approximately 2 µm apart which is the same as the distance 

from centre of the crest-crest or trough - trough in the original CD. It may be possible 

that a slightly higher values of centre-centre distance than measured by SEM was due 

to expansion of the corrugated film upon transfer to the TEM grid.  Higher 

magnification image in Figure 6.7(B) shows porous nature of the film. In Figure 

6.7(C) we can see that the nanoparticles (NPs) constitute the film and the formation of 

the film was a result of fusion of the NPs. Also the NPs forming the film can be seen 

here as marked by black circles. Selected area electron diffraction (SAED) results of 

the film (Figure 6.7(D)) indicated metallic nature of the film with the presence of 

polycrystalline particles. 

Figure 6.8 shows the representative images of a section of the film generated from 

DVD recorded at increasingly higher magnification. The images indicate that the film 

was rather thin so as to be able to record the TEM and the transparency of the film is 

further supported by the clarity of the images.  Figure 6.8(A) indicates a rather 

continuous film that grew well according to the template of the original DVD. The 

lines are distinct with pitch length being 1.0 µm, further supporting the results 

TH-982_04612208



Chapter VI 
 

                                                                                                                              Page 146 
 

obtained from SEM studies. Interestingly, Figure 6.8(B) shows the presence of 

systematic perforation in the film. A careful examination reveals that the perforation 

 

  

 

Figure 6.8: Transmission electron microscopic images at three different magnifications (A),( B) and 

(C) of a film generated from a DVD.  (D) Represents selected area electron diffraction (SAED) results 

recorded on a part of the DVD, the image of which is shown in (C).  

primarily occurred at the troughs of the film and there were no discernible systematic 

perforations in the crests of the film, although the presence of a few holes could be 

observed. Imaging at higher magnification (Figure 6.8(C)) indicated the presence of 
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distinct holes in the film with sizes on the order of 50-100 nm. The holes did not have 

any distinct shapes in particular. In addition, discrete networks of nanoscale structures 

surrounding the holes could be observed.  The presence of dark and lighter regions in 

the network possibly indicates merged particles of varying thickness with the darker 

ones representing thicker one. SAED results of the film (Figure 6.8(D)) indicated 

metallic nature of the film with polycrystalline particles that formed the network 

structures of the film.  
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Figure 6.9: Representative UV- Visible spectrum of the film generated from CD 

 

UV-visible spectra of the films showed the AgAu bimetallic nature of the films24, as 

indicated by the absorbance in the range of 400nm to 500nm with maxima around 

464nm in Figure 6.9. It must be mentioned here that UV-visible spectra of the films 

are often overlapped by the interference caused by the lines on the film as well as the 

thinness of the films 82. 
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AFM images of thin films generated from both CD and DVD recorded in contact 

mode with a silicon nitride tip are shown in Figure 6.10. Figure 6.10(A) and Figure 

6.10(B) show the AFM topographic image of a thin film generated from a CD and 

DVD respectively. For the films generated from CD the original pattern of the CD 

tracks appeared somewhat distorted, although the tracks can be seen but with careful 

observation as marked by black lines in the Figure 6.10(A). The tracks are separated 

by a distance of approximately 1.3 µm. This may be due to spreading of the film. A 

cartoon of the spreading process is shown in the inset of the same figure. In a CD the 

widths of the crest and trough are both 1µm each while the height difference between 

crest and trough is approximately 120 nm. Now after spreading of the film the 

desistance between crest to crest becomes 120nm+ 1µm+120nm≈ 1.3 µm as observed 

from the image as well as the height profile Figure 6.10 (C). On the other hand the 

initial DVD pattern is well retained in the thin films generated from the DVD Figure 

6.10(B). Height profile of the films from DVD , Figure 6.10(D) shows the distinct 

crests and troughs with distance between centre of the crest to crest approximately 

900 nm ( width of the crest or trough ~400 nm + half from each crest 200 nm + 200 

nm = 800 nm).  The three dimensional views of the films from CD and DVD are sown 

in Figure 6.10(E) and Figure 6.10(F) respectively indicating the three dimensional 

nature of the films. Here both the original CD or DVD pattern and the nanoparticulate 

nature of the films are well observed.  The nanoparticulate nature i.e. the NP building 

blocks of the films from CD and DVD are represented in the AFM topographic image 

of a smaller area of the films shown in Figures 6.11 (A) and 6.11(B) respectively. 

Here particles of sizes ranging from 20-200 nm are observed. This matches well with 

earlier TEM imaging observations. 
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Figure 6.10.  Representative AFM (A), (B) topographic image, (C),(D) height profile and (E),(F)  3-

dimensional view  of a thin film generated from CD and DVD respectively after being transferred to 

glass cover slip.   
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Figure 6.11: AFM topographic image of a smaller area in the films generated from (A) CD and (B) 

DVD. 

 

These particles seem to have merged with each other resulting in the continuity of the 

structure. However, since reaction of the original Ag foil with HAuCl4 led to the 

formation of the structure, it is plausible that partial etching of the film by galvanic 

replacement reaction in the presence of excess CTAB lead to formation of the film 

constituted by Ag and Au NPs. It is interesting to observe that a metallic film with 

corrugation would retain its surface and height profile upon reaction with HAuCl4 and 

thus the role of CTAB in the retention of the structure of the film notwithstanding the 

reaction is of paramount importance. At lower concentrations of CTAB no film 

formation was observed. On the other hand at higher concentrations the reaction was 

very slow and film formation, if at all, took very long time and thus not pursued 

further. 

In order to determine the thickness of the films we have recorded the AFM images of 

the films at the film-glass boundary in contact mode, shown in Figure 6.12(A) and 

Figure 6.12(B) for films generated from CD and DVD respectively. The average 

thickness of the film generated from CD was found to be 30± 5 nm as was seen in the 
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height profile, Figure 6.12(C) at the boundary of the film and glass. While the film 

from DVD was of approximate thickness 60 ± 5nm (Figure 6.12(D)). 

 
 

 
 
 

Figure 6.12: AFM topographic image of thin films generated from (A), CD and (B) DVD silver foils at 

the glass film boundary, after transfer to glass cover slip. (C) and (D) are the height profiles at the film 

glass boundary for images (A) & (B) respectively. 

We have also tried to transfer secondary structures apart from the primary CD/DVD 
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the same (the Ag foil) was reacted with HAuCl4, in the presence of 0.1M CTAB, to 

see whether the writing patterns were transferred to the thin films. To our amusement 

the writing marks were transferred to the AgAu films. Figure 6.13(A) shows the 

patterns created by writing on a CD. The same patterns were transferred to the films 

as seen in Figure 6.13(B). Here we see two films one on top of other, both of which  

 

Figure 6.13: SEM images of (A) a written CD, (B) and (C) thin film generated from silver foil of a 

written CD. (D) EDX spectra and percentage composition of the film shown in (C). 

 

contain the written patterns. In Figure 6.13(C) it is clearly seen that the writing 

patterns were transferred to the film leaving no marks on the substrate containing the 
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tracks. The composition of the thin film is similar to the films obtained from the 

unwritten CD as shown by the EDX spectra and the percentage composition in Figure 

6.13(D).  Hence the present method could be an economic and efficient method for 

generating both primary and secondary patterns on Ag-Au NP thin films.     

 
Conclusion 
 
In this chapter we have demonstrated a novel method of generating bimetallic NP (of 

Au and Ag) thin films by using galvanic replacement reactions in presence of a 

surfactant (CTAB). The film contained the corrugated pattern of the substrate on 

which one of the metals, in the present case silver, was present as a bulk metallic thin 

film. We have also demonstrated that secondary patterns or marks generated on the 

bulk Ag film were also transferred to the final AgAu thin films. These films can be 

excellent materials for photonics and optoelectronics applications as well as porous 

membranes. 
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Future Prospects 
 
The work presented here opens up newer possibilities for theoretical understanding of 

the phenomena observed, further experimental probes for detailed understanding of 

the underlying mechanisms and the application of the process and products. As 

discussed earlier a detailed understanding of the interaction various nanomaterials 

with the biological system is important for predicting the future of our ecosystems 

when exposed extensively to nanoscale particles. Apart from the short term actions of 

the NPs (Ag NPs in this case) there may be some far reaching, long term 

consequences of use of these materials, which needs to be monitored and studied in 

greater detail for the better and controlled applications. Also, understanding the 

activities of NPs under biotic and abiotic conditions is crucial for future applications 

especially in their intended use for therapeutics or as antimicrobial agents. Whenever 

use of any nanomaterial with a human interface is involved, directly or indirectly, the 

possibilities of the human being exposed to the nanomaterials are considerable. 

Therefore, a detailed study of the biological activity of the nanomaterials is desired.   

In our case we have demonstrated the antimicrobial activity of Ag NPs using GFP 

expressing E. coli bacteria with the aim to study the mechanistic aspects of the 

bacteriacidal activity and at the same time providing an easy detection method 

facilitated by the GFP. Therefore, establishing the use of GFP expressing E. coli as a 

model system in the study of antimicrobial activities of Ag NPs or any other 

nanomaterial may serve as a convenient and superior method by using routine 

fluorescence microscopic studies. Furthermore, the Ag NPs synthesized in bacterial 

growth medium would serve the purpose of studies intended with bare NPs without 
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having to go through the complications of additional stabilizers used generally for the 

NP synthesis.  

Similarly the synthesis of Ag NPs in cell growth medium to explore the 

cytotoxic effect of Ag NPs devoid of any external stabilizers is important.  

Cytotoxicity of Ag NPs is known but the application of Ag NPs in therapeutics is 

new. Our findings on the activity of the Ag NPs on mammalian cells suggest the 

possibilities of Ag NPs being used as therapeutic drugs in cancer treatments in 

conjunction with already established drugs.  The results presented here, however, 

show the similar activities of the Ag NPs towards both cancerous and non cancerous 

cells; however, there is scope to minimize the cytotoxicity towards non cancerous 

cells via modifications leading to more targeted mode of action. Also, the test of Ag 

NPs in conjunction with other anticancer drugs is an attractive area remains much to 

be explored. These findings may lead to the development of a new class of anticancer 

drugs containing the organic –inorganic hybrid systems. 

For many practical applications such as high density storage, photonics, electronics, 

plasmonics, biosensing chemical sensing, heterogeneous catalysis etc. the NPs bound 

to a surface especially in an organized fashion have the advantages of both 

macroscopic and the nanoscale objects together. In other words, macroscopic surface 

immobilization of NPs is helpful for easy handling of the macroscopic objects and at 

the same time for exploiting the properties of the nanoscopic materials. Our work on 

the development of surface bound AgAu NPs is an easy method to obtain the 

bimetallic AgAu NPs bound to a flexible plastic surface and the patterns generated 

due to the reaction diffusion rendered it to be an alternate to lithographic techniques. 

The materials generated by this method can serve as the substrates for surface 

enhanced spectroscopic techniques like metal enhanced fluorescence and the surface 
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enhanced Raman spectroscopy. There is the possibility of the AgCl bound to the 

surface being used as the photocatalyst for degradation of various organic dyes which 

we have explored to some extent and also would be useful in many photocatalytic 

organic transformations.  Additionally the bimetallic nature of the surface bound NPs 

leaves plenty of scope for the tuning of the SPR frequencies of the AgAu NPs by 

changing the composition. Moreover, the arrangement of the AgAu NPs in the form 

of arrays is important from the point of view of the lithography, for lithographically 

patterned NP arrays have diverse range of applications. As the bimetallic NP patterns 

thus generated are dependent on the redox couple between Ag (0) and Au (III), other 

similar couples may be explored for the further understanding of the pattern 

generation process and newer applications. Finally, the composite film of Ag and Au 

generated from a template surface provides a fresh approach to the generation of 

metallic films with nanoscale components. Further, the corrugation and optical pattern 

transfer in the film make the application potential in the aforementioned fields 

appealing. 
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