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Introduction 
 

 
 
This chapter is an introduction to the thesis and covers various aspects of nanoscience that 
are pertinent to the thesis. The definition and a brief historical perspective of nanoscience 
have been presented first. The synthetic procedures, restricted mainly to the classes of 
nanomaterials considered in our work, are briefly summarized. Further, the toxic effects of 
nanomaterials on biological systems at cellular level are highlighted and the need for 
toxicity assessments is brought out. Finally a brief outline of the thesis is laid-out. 
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1.1 Introduction to Nanotechnology 

Nanoscience deals with the study of the objects and systems in which at least 

one dimension is within 1-100 nm range and can be considered as the science and 

technology that enable us to prepare and understand the various aspects of materials 

between the molecular and bulk regimes. It embraces many different fields including 

biology, chemistry, physics, engineering and medicine etc. A nanometer, a billionth of 

a meter, is about the size of six carbon atoms in a row. The term “nano” is taken from 

a Greek word “nanos”, which means “little old man” or “dwarf”.   

 

Figure 1.1: A picture representing the relative sizes of various natural and man-made 

objects.  (Images courtesy: Various sources at http://images.google.com).  

1.2 Historical Background  

The utility of small-scale materials has been realized thousands of years ago in 

making steel, paintings and in vulcanizing rubber etc [1]. Each of these processes is 

based on the properties of ensembles (majority of them in nanoscale) that impart a 
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new property to the material very different from atomic/molecular or bulk properties 

of the same material. A good example is glass containing nanosized metals. An 

artifact from this period known as Lycurgus cup resides in the British Museum in 

London. This cup shows different colors (Figure 1.2) in transmitted and reflected and 

is made from soda lime glass containing gold and silver nanoparticles [2]. 

 

Figure 1.2: The Roman Lycurgus cup showing different colour due to the surface plasmons of 

gold and silver nanoparticles. Under normal lighting (day-light) it appears green. However, 

when illuminated from within, it becomes red in colour. The cup illustrates the myth of King 

Lycurgus. (Images courtesy: www.timkelf.com/Research.html). 

 

Faraday‟s pioneer work on systematic synthesis of gold sols in the year 1857 

[3], introduced nanoscience as a discipline and it started to swell further. In 1914, the 

first observations and size measurements of nanoparticles were performed by R. A. 

Zsigmondy, who carried out a detailed study of gold sols and other nanomaterials 

having sizes below 10 nm [4]. He used ultramicroscope to see the particles lesser than 

the wavelength of light. Zsigmondy was also the first who used “nanometer” scale 

clearly to measure particle size. Further, in 1905, Einstein articulated a theory of the 

thermal energy based on heat and how it would cause particles to naturally distribute 

in a certain volume. Robert Brown (in 1827) said that motion of small particles 

contains an inherent energy that causes them to vibrate constantly, which is now 

called as “Brownian motion”. Moreover, the famous dinner talk entitled "There's 

Plenty of Room at the Bottom" in 1959 by Richard Feynman of the American 

Physical Society, discussed the potential possibilities of nanotechnology at 

http://www.zyvex.com/nanotech/feynman.html
http://www.zyvex.com/nanotech/feynman.html
http://www.zyvex.com/nanotech/feynman.html
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atomic/molecular scale [5] and is now considered as the basis of modern nanoscience 

research.     

In 1969, Leo Esaki pioneered the bottom up approach to synthesize nanosized 

semiconductors. In 1974, the term “nanotechnology” was first coined by Norio 

Taniguchi, a professor of Tokyo Science University [6]. In 1981, an imaging device, 

the scanning tunneling microscopy (STM), was invented by Gerd Binning and 

Heinrich Rohrer [7], which aided in the better understanding of the nano-world. They 

won the Nobel Prize for this discovery in physics in 1986. In 1985, Professor Harold 

Kroto, Richard Smally and Robert Curl, discovered fullerene, a football shaped 

molecule, made up of sixty carbon atoms [7], that won them Nobel prize in chemistry 

in 1996. This was followed by the discovery of carbon nanotubes. Those are basically 

hollow tubes of several nanometers derived from graphite sheets [7].   

1.3 Properties of Nanomaterials 

 At the nanoscale dimensions, the material properties change significantly 

differing completely from their bulk counterparts. Nanomaterials display new 

phenomenon associated with the quantized effects and with the preponderance of 

surfaces and interfaces. The quantization effect arises in nanometer regime because 

the overall dimensions of objects are comparable to the characteristic wavelength of 

fundamental excitations in materials.  

 As the size of material decreases, the percentage of surface atoms increases, 

thus increasing the reactivity and making them highly reactive catalysts, as surface 

atoms are the active centers for elementary catalytic processes [8]. For example, iron 

nanoparticles of sizes 3 nm, 10 nm and 30 nm will have 50 %, 10 % and 5 % of atoms 

on surface [8]. Among the surface atoms, atoms sitting on the edges and corners are 

more reactive than those in planes [8]. Also, the percentage of atoms at the edges and 

corners increases with decrease in the particle size and therefore, smaller metal 

particles are preferred for catalysis [8]. A schematic representation is shown in Figure 

1.3. An interesting feature of metal and semiconductor nanoparticles is their optical 

property. These nanomaterials exhibit interesting shape and size dependent optical 

properties due to quantum confinement. However, in a bulk crystal, the properties of 
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material depend on chemical composition and not on size. Due to the decrease in size 

of a crystal towards nanometer regime, the electronic structure is altered from 

continuous electronic bands to discrete or quantized electronic levels. Therefore, the 

continuous optical transitions between the electronic bands become discrete and the 

properties of nanomaterial become size dependent [9]. 

 

Figure 1.3: Schematic representation of increasing surface area with decrease in size. 

(Image courtesy: www.yu.edu/faculty/afrenkel/page.aspx?id=1325). 

 

Metal nanoparticle (Au, Ag and Cu) dispersions exhibit colors due to the 

surface plasmon resonance (SPR) phenomenon, which is caused by the coherent 

oscillation of conduction band electrons when they interact with electromagnetic field 

[10]. During SPR, polarization of the electrons with respect to the much heavier ionic 

core is induced by the electric field of an interacting light wave. This creates a net 

charge difference at nanoparticle surface, which acts as a restoring force. Thus, a 

dipolar oscillation of all the electrons with the same phase is created (Figure 1.4). The 

so observed color originates from the strong absorption by the metal nanoparticles 

when the frequency of electromagnetic field becomes resonant with the coherent 

oscillation of electron motion [11]. The frequency and width of SPR depends on the 

metal nanoparticle size, shape, dielectric constant of the metal itself and the 

surrounding medium [10]. Similarly, other important properties such as electronic 

properties [12], magnetic properties [13], melting point [14] and catalytic properties 
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[15] of the nanomaterials depending on their shape, size, composition and 

surrounding medium have been studied in great detail. 

 

Figure 1.4: Illustration of the excitation of the dipole surface plasmon oscillation. A dipolar 

oscillation of the electrons is created with period T. (Figure courtesy: reference 9a).   

Another most important property of nanomaterials, especially semiconductor 

nanoparticles, is to exhibit photocatalytic behavior. Size dependent properties 

(quantization) of semiconductors (such as TiO2 and ZnO etc.) and quantized charging 

effects in metal nanoparticles provide the basis for developing new and effective 

systems [16-22]. These nanostructures provide innovative strategies for designing 

next generation energy conversion devices [23-28]. In a semiconductor, the energy 

difference between the valence band and the conduction band is known as the „Band 

Gap‟. When it absorbs radiation from sunlight or illuminated light source (fluorescent 

lamp), it generates pair of electron and hole. This stage is known as the 

semiconductor‟s „photo-excitation state‟. The recombination of electron-hole pair 

may result in light emission with appropriate further reactions. These semiconductors 

behave as photocatalysts. 

Nanotechnology has created a kind of revolution as this new area encompasses 

physics, chemistry, materials science and engineering and also biology and medicine. 

Several applications are envisaged from these interesting materials in the field of 

sensors [29], catalysis [30], diagnostic tools [31], therapeutic agents [32], drug/gene 

delivery vehicles [33], solar cells [34], plasmonics devices [35], cosmetics [36], 

coating materials [37], cell imaging [38], fuel cells [39], photonic band gap materials 
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[40], single electron transistors [41], non-linear optics devices [42] and surface 

enhanced raman spectroscopy [43]. 

  

Figure 1.5: Schematic representation of photocatalytic degradation of an organic compound 

through light mediated excitation of electron across the band gap.     

1.4 Synthesis of Nanomaterials 

 The most challenging part of research in the field of nanotechnology is the 

cost effective and environmentally safe procedures for nanomaterials synthesis. The 

approach towards nanomaterials synthesis could be broadly divided into two groups 

following the principle of either “top down approach” or “bottom up approach” 

(Figure 1.6). The top down approach seeks to fabricate nanodevices on silicon (or 

other semiconductors) chips directly using electron beam or X-ray lithography. In the 

bottom-up approach, nanostructures are synthesized from atoms or molecules. In the 

latter, the synthesis protocols can be further divided into physical methods, chemical 

methods and biological/bio-inspired methods. A flow chart indicating the different 

synthetic methods for nanomaterials has been shown in Figure 1.7. Various physical 

methods have been successfully employed for nanomaterial synthesis such as vapor 

deposition [44], thermal decomposition [45], spray pyrolysis [46], photoirradiation 

[47], laser ablation [48], ultrasonication [49], radiolysis [50] and solvated metal atom 

dispersion [51].  

However, chemical methods have had several advantages over physical 

methods; therefore chemical methods are widely accepted for nanomaterials 

synthesis. Nanomaterials such as metals, metal oxides and semiconductor 
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nanoparticles can be synthesized by chemical methods by reduction or oxidation of 

metal ions or by precipitation of the desired composites (by carrying out appropriate 

chemical reaction).   

 

Figure 1.6: Examples that depict the fabrication (complexicity) of materials at different 

length scales by ‘Top-down’ and ‘Bottom-up’ approaches. (Image courtesy: 

http://images.google.com). 

 

Chemical methods may require a capping agent to restrict the growth of 

particles in the nanometer dimension. The use of capping molecules results in better 

shape and size control, stability and assembly of nanomaterials. Different capping 

agents starting from simple ions to various biomolecules have been employed for 

nanomaterial stability [52]. Following chemical methods nanomaterials can be 

synthesized in aqueous medium as well as in organic medium too, depending on their 

intended applications. Aqueous dispersed chemically synthesized metal nanoparticles 

can be easily phase transferred to organic medium [53]. Although, above-mentioned 

synthetic procedures result in good control over shape, size and crystallinity, they 

very often involve the use of hazardous reagents, volatile solvents and intense 

physico-chemical conditions. Therefore, currently researchers are more interested 
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towards development of environmentally benign procedures for nanoparticle synthesis 

that do not use toxic chemicals. This would help in minimizing chemical hazards to 

health and environment, reducing waste and preventing pollution. As a result, 

researchers have been focusing their attention towards the bio-inspired/biomimetic 

processes for nanomaterial synthesis as it operates at environmentally benign 

conditions. Biological synthesis of nanomaterial has been shown to have several 

advantages over chemical synthesis including high productivity and low cost.  

 

Figure 1.7: Schematic outlines of the various approaches for the synthesis of nanoparticles. 

Biological methods for nanomaterials synthesis involve either bio-organisms 

or biomolecules derived from bio-organisms. Among the bio-organisms bacteria [54] 

and yeasts [55] are well known for detoxification processes that involve reduction of 

metal ions or the formation of insoluble complexes with the metal ion in the form of 

nanoparticles. Therefore, the deliberate exposure of metal ions to these 

microorganisms has evolved as a novel method for nanomaterial synthesis. During the 

process of nanoparticle synthesis, the biomolecules secreted by microorganisms 
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restrict the growth of particles over nanometer dimensions and thus act as 

capping/stabilizing agent. As in this thesis, the biological means have been used for 

the nanomaterial synthesis; we provide below a succinct synopsis of various 

biological methods for nanomaterial synthesis. 

1.4.1 Biological methods of nanomaterial synthesis  

 Nature has devised various processes for the synthesis of nano and micro 

length scaled inorganic materials, which have inspired the development of relatively 

new and largely unexplored area of research for the biosynthesis of nanomaterials 

[56]. The synthesis and assembly of nanoparticles by biological routes may lead to the 

development of clean, nontoxic and environmentally acceptable “green chemistry” 

procedures, probably involving organisms ranging from bacteria to fungi and even 

plants [57, 56]. Hence, both unicellular and multicellular organisms are known to 

produce inorganic materials either intra-or extracellularly [58]. Harnessing these 

processes and gaining control over them would help us in minimizing chemical 

hazards to health and environment, reducing waste and preventing pollution.  

1.4.1.1 Use of microorganisms for nanomaterial synthesis 

 Many organisms have been reported to produce inorganic materials either 

intracellularly or extracellularly. For example, unicellular microorganism such as 

magnetotactic bacteria synthesizes magnetite nanoparticles [59], and diatoms produce 

siliceous materials [60]. Multicellular organisms are well known to produce hard 

inorganic-organic composite complex materials such as bones, shells and spicules 

[61]. These composite materials consist of an inorganic component and an organic 

matrix (proteins, lipids or polysaccharides), which mainly control the morphology of 

the inorganic compound. The surface layer (S-layer) bacteria are reported to 

synthesize gypsum and calcium carbonate layers [62].   

Among the microorganisms, bacteria, being a prokaryote, have received much 

attention in the area of biosynthesis of nanomaterials. Intracellular synthesis of 

octahedral gold nanoparticles (5-25 nm) by Bacillus subtilis 168 has been shown in 

earlier reports [63], where the bacterium was reported to reduce Au
+3

 ions from gold 

chloride to Au
0
 under ambient conditions. Intracellular synthesis of AuNPs (10-20 
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nm) by Fe(III)-reducing bacteria Shewanella algae [64] under anaerobic environment 

and in the presence of hydrogen gas has been reported by Konishi et al. Extracellular 

synthesis of AuNPs has been reported by Sastry et al. [65] (by the actinomycete, 

Thermomonospora sp. (an alkalothermophile) showing optimum growth at pH ~9.0 at 

50 
0
C). When this actinomycete was exposed to gold ions, it reduced the metal ions 

extracellularly, yielding polydispersed gold nanoparticles whereas when exposed to 

pH ~9.0 and at 50 
0
C, it showed monodispersed gold nanoparticles having size ~8.0 

nm diameter. Monodispersity can be obtained very easily by chemical methods but it 

is difficult with biological processes especially with microbes. Another interesting 

report by Ahmad et al. [66] which shows that intracellular synthesis of gold 

nanoparticles occurs in alkalotolerant actinomycete Rhodococcus sp., where the 

nanoparticles are more accumulated on the cytoplasmic membrane than on the cell 

wall.   

Syntheses of silver nanoparticles (AgNPs) have also been reported by various 

microorganisms. Several bacterial strains are reported to be silver resistant [67] and 

accumulate silver in their cell wall (25 % of their cell mass) and thus have been used 

for silver recovery from ore materials. A very interesting report by Klaus-Joerger [68] 

and co-workers, suggests that the bacterium Pseudomonas stutzeri AG259, isolated 

from a silver mine, resulted in the reduction of the Ag
+
 ions and formation of silver 

nanoparticles of well-defined size and distinct morphology within the periplasmic 

space of the bacteria when exposed to concentrated aqueous solution of AgNO3. 

Subsequent results included a report by Nair and Pradeep [69] where nanoparticles of 

gold, silver, and their alloys have been shown to form upon the reaction of their 

corresponding metal ions within cells of lactic acid bacteria (Lactobacillus sp.) 

present in buttermilk.   

In addition to metal nanoparticles, several reports have been published dealing 

with the synthesis of semiconductors (quantum dots) such as CdS, ZnS and PbS. 

Sulfate reducing bacteria bacterium Clostridium thermoaceticum and Klebsiella 

aerogenes have been used by Mandal et al. [70] for the synthesis of CdS 

nanoparticles and ZnS nanoparticles from sulfate reducing bacteria under anaerobic 
conditions. Sweeny et al. [71] have reported the intracellular synthesis of CdS 
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nanoparticles by E. coli., when bacterial cells were incubated with CdCl2 and Na2S. 

Further, Labrenz et al. [72] have reported synthesis of 2-5 nm diameter sphalerite 

(ZnS) particles by sulfate reducing bacteria of the family Desulfobacteriaceae.  

Several sulfate reducing bacterial species have also shown their potentiality 

towards the synthesis of magnetic nanoparticles such as iron oxide and iron sulfide. 

Watson et al. [73] have reported the synthesis of iron sulfide nanoparticles on the 

surface of sulfate reducing bacteria and these nanoparticles have been used for 

adsorption of heavy metal and anions. Magnetotactic bacteria are also well known to 

synthesize magnetic nanoparticles, for example Magnetospirillum magneticum 

produce two types of particles; some produce magnetic (Fe3O4) nanoparticles in 

chains and some produce greigite (Fe3S4) nanoparticles [74], while some others 

produce both types of nanoparticles. Co, Ni and Cr substituted magnetic nanocrystals 

were synthesized utilizing thermophilic iron reducing bacteria Thermoanaerobacter 

ethanolicus (TOR-39) by electrochemical process [75]. Further, magnetotactic 

bacteria Magnetosprillium magnetotacticum [74] are known to produce single domain 

magnetic nanocrystals (Fe3O4) that are subsequently arranged into folded chain and 

close ring morphologies. Bacterial synthesis of extracellular magnetite nanoparticles 

has been reported by Bharde et al. [76]. Exposure of mixture of K3Fe(CN)6 and 

K4Fe(CN)6 to aerobic bacterium Actinobacter sp. for 48 h at room temperature 

resulted in magnetite nanocrystals. We used this bacterium extensively for the 

nanomaterial synthesis. More details about this bacterium are presented in chapter II.  

Eukaryotic organisms such as yeast and fungi have also been explored for 

nanomaterial synthesis. Intracellular synthesis of CdS nanocrystals resulted, when 

Candida glabrata [77] was exposed to Cd
2+

 ions. Kowshik et al. [78] have reported 

the synthesis of PbS nanocrystals by Torulopsis sp. when challenged with Pb
2+

 ions. 

PbS nanocrystals having 3-5 nm diameter were isolated from cellular biomass by 

freeze thawing. Synthesis of silver nanoparticles has also been reported by a silver 

resistant yeast strain, MKY3 [79].  

Another eukaryotic organism, which has been used extensively for 

nanoparticle production starting from simple metal nanoparticles to complex binary 

and ternary oxides production, is fungi. Gold and silver nanoparticle synthesis has 
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been reported by two fungal species, Fusarium oxysporum and Verticillium sp. [80]. 

Intracellular synthesis of gold and silver nanoparticles by fungus Verticillium sp. has 

been shown by Mukherjee et al. The intracellularly synthesized nanoparticles could 

be easily isolated by ultrasound treatment of fungal biomass-nanoparticle composite 

after the treatment with surfactant. However, a much easier way would be if 

nanoparticles could be synthesized extracellularly. Interestingly, extracellular 

synthesis of gold and silver nanoparticles was reported when Fusarium oxysporum 

was exposed to respective metal ion precursor. Moreover, the extracellular fungal 

biomass filtrate was also able to reduce Au
3+

 and Ag
+
 ions into their respective metal 

nanoparticles. Reduction of Au
3+

 and Ag
+
 ions could be ascribed to the reductases 

secreted by fungus into the solution, whereas the stability of nanoparticles could be 

attributed to the capping proteins enriched in cystein [81]. Not only individual metal 

nanoparticles, Fusarium oxysporum was also able to reduce Au
3+

 and Ag
+
 ions 

simultaneously leading to the synthesis of Au-Ag alloy nanoparticles [82]. Shankar et 

al. [83] have reported the synthesis of gold nanoparticles having rod like and 

prismatic morphology by an endophytic fungus Colletotrichum sp.  

Apart from metal nanoparticles, extracellular synthesis of CdS nanocrystals 

with the use of Fusarium oxysporum has also been reported by Ahmad et al. [84]. 

Exposure of CdSO4 to the fungal biomass resulted into reasonably monodispersed (5-

20 nm) CdS nanocrystals. The conversion of CdSO4 into CdS has been proposed to be 

the action of sulfate reductases secreted by the fungus, as the exposure of CdNO3 did 

not result in any CdS nanoparticle. This fungus has also shown its efficacy towards 

the synthesis of metal-oxide nanoparticles. Bansal et al. [85] have shown extracellular 

synthesis of SiO2, TiO2 and ZrO2 nanoparticles by employing Fusarium oxysporum. 

Also, Bharde et al. [86] have reported extracellular synthesis of nanocrystalline 

magnetite with the exposure of a mixture of K3Fe(CN)6 and K4Fe(CN)6 to Fusarium 

oxysporum and Verticillium sp. Rautaray et al. [87] have reported the extracellular 

synthesis of CaCO3 and SrCO3 crystals with the exposure of CaCl2 and SrCl2 to 

fungus Rhodococcus sp. and Fusarium oxysporum. It is well known that fungi and 

actinomycetes produce reasonable amount of CO2 during growth [88]. Therefore, it 

was hypothesized that the protein-CaCO3 composite structures may arise from 
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aggregation of the secreted protein mediated by Ca
+
 ions and is followed by reaction 

with CO2, yielding templated CaCO3 crystals. Fusarium oxysporum, has also been 

reported to rapidly biotransform the naturally occurring amorphous plant biosilica into 

crystalline silica and leach out silica extracellularly at room temperature in the form 

of 2-6 nm crystalline silica nanoparticles capped by proteins secreted by fungus [89]. 

Selective bioleaching of silica and enrichment of zirconia in zircon sand by the 

reaction between fungus Fusarium oxysporum and zircon sand has been shown [90]. 

It was hypothesized that fungal enzymes specifically hydrolyze the silicates present in 

the sand to form silicic acid, which undergo condensation by certain other fungal 

enzymes resulting in room-temperature synthesis of silica nanoparticles. Further, the 

same fungus was found able to synthesize, ferroelectric barium titanate nanoparticles 

extracellularly at room temperature [91].  

Diatoms, unicellular alga, are another group of eukaryotic organisms (order 

Bacillariophyceae) found in almost every water habitat on the earth and often-

dominated phytoplankton bloom in the oceans [92]. Diatoms exhibit beautiful 

architecture of their cell wall made up of biosilica [93]. Diatom biosilica is mainly 

made up of hydrated SiO2 with a small proportion of organic macromolecules. The 

cell walls are ordered in a nanometer to micrometer scale [94] and diatoms could 

precisely reproduce them during each cell division cycle. Diatoms have also reported 

for the synthesis of silica formation [94].  

1.4.1.2 Use of plant extracts for nanomaterial synthesis 

In addition to the microbial synthesis of nanomaterial synthesis, extracts from 

various parts of plants have also been employed for gold and silver nanoparticle 

synthesis. One of them is Equisetum sp. (horsetail) [95, 96]. This provides a 

possibility to explore plants as a means for synthesizing metal nanoparticles 

analogous. Indeed, Yacaman and co-workers have shown that gold and silver 

nanoparticles are formed within different parts of live Alfalfa plant on accumulating 

the corresponding metal ions from solid media [97, 98]. In an attempt towards 

deliberate synthesis of metal nanoparticles using plants, Sastry and co-workers 

showed that various plant extracts like that of Geranium sp. [99, 100], neem 

(Azadirachta indica) [83], lemon grass (Cymbopogan flexuosus) [102, 103] and amla 
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(Emblica officinalis) [104] can be used for the size and shape-directed biosynthesis of 

gold [101–105], silver [99, 101, 105] and gold–silver bimetallic core–shell 

nanoparticles [101].  

1.4.2 Biomimetic synthesis of nanoparticle  

 Biomimetic synthesis has provided a new way of nanomaterials preparation 

and their further assembly [106]. Biomineralization process, defined as the formation 

of solids in biological systems, has been an inspiration to researchers for controlled 

synthesis of inorganic materials [107]. In biomineralization, self-assembly of organic 

based templates such as ferritin [108] of collagen provides a scaffold for the assembly 

of inorganic materials. Recently it has been shown that the native protein cage of 

lumazine synthase mineralizes iron oxides in a biomimetic way analogous to the 

feritin system [108].  

Further, there are a number of physiological functions in organisms that 

necessitates the biosynthesis of nanoparticles ranging from metal regulation/storage to 

detoxification to structural assemblies. Consequently, the production of nanoparticles 

is mediated by various types of protein templates suited to guide nanoparticle 

formation and function. For instance, they provide a spatially delineated cage which 

confines nanoparticle synthesis to the physical dimensions of the protein cavity, while 

encapsulating the newly formed nanoparticles. Iron storage protein, ferritin, have been 

used for the first time to mineralize metal nanoparticles. By using ferritin as a model 

template, proteins not typically associated with metals were crafted to mimic ferritin‟s 

activity.  

Douglas et al. [109] have successfully reported that the assembled viral 

protein cages can be altered in order to provide an organic scaffold for inorganic 

nanomaterial synthesis constrained within the viral cage structure. They further 

reported that the selective nanomaterial synthesis depends on a spatial and 

electrostatic registry between the organic and the inorganic phases to start the 

nucleation of the mineral. Alteration of charge on the interior of the cage results in a 

completely different chemical reactivity and thus the chemical plasticity of the viral 

protein cage. Furthermore, it is likely that altering, by design, the chemical nature of 
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other protein cages will impart the capacity to direct the synthesis of a broad range of 

nanomaterials.  

Diatom, Cylindrotheca fusiformis is known to synthesize nanostructures from 

silicic acid using species-specific peptides known as silaffins [110]. The R5 peptide, a 

bioinspired analogue derived from the NatSil protein in Cylindrotheca fusiformis, has 

been used for the synthesis of TiO2 [111] from the non-natural substrate, titanium 

bis(ammonium lactato)-dihydroxide.  

Biomimetic synthesis of single crystalline silver nanoplates using the extract 

of unicellular green alga Chlorella vulgaris has also been successfully performed by 

Xie et al. [112]. They have reported that the proteins present in the extract were 

responsible for synthesis of nanoplates and provided a dual role of silver ion reduction 

and shape control. They further identified that hydroxyl groups present in Tyr 

residues and carboxyl groups in Asp and/or Glu residues were the most active 

functional groups for silver ion reduction and for directing the anisotropic growth of 

silver nanoplates, respectively. Further, based on this, they designed a simple 

bifunctional tripeptide with one Tyr residue as the reduction source and the two 

carboxyl groups in the Asp resides as shape directors, which could produce small 

silver nanoplates with low polydispersity (>55%).  

Naik et al. [113] have reported the in vitro synthesis of silver nanoparticles 

using silver-binding peptides identified from a combinatorial phage display peptide 

library. Further, Xu et al. [114] have also shown AG3(AYSSGAPPMPPF) mediated 

synthesis of silver nanoparticles. AG3 (AYSSGAPPMPPF) is an inorganic-binding 

peptide that specifically and selectively binds to silver, demonstrated by phage display 

library according to Stone group [113]. They reported that silver-binding peptide AG3 

was immobilized on the surface of protonated poly(ethylene terephthalate) (PET) 

film, which was prepared for biomimetic synthesis of silver particles in vitro.  

Biological systems exhibit precisely controlled synthesis, biomineralization, of 

nanomaterials by the use of diverse biomolecular templates. These templates include 

amino acids, peptides, proteins and viruses, which show precisely defined metal 
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binding sites, spatial organization, structurally confined cages/cavities/pores and an 

environment that protects against oxidation/aggregation of nanoparticles.  

Mann et al. have successfully shown the in situ biomineralization of iron 

sulfide nanoparticles from both native and reconstituted iron oxide cores of ferritin by 

utilizing the permeability of the protein for a sulfur-containing source such as Na2S 

[115]. Other nanoparticles have also been synthesized by the use of ferritin as a 

template such as Fe3O4 [116], α-MnOOH [117], Co(O)OH [118], UO2 [119] and CdS 

[120].  

Ferritin like protein systems has been identified in the bacterium Listeria 

innocua, which display a cage-like structure [121]. This unusual protein is comprised 

of only 12 peptide subunits and is substantially smaller in magnitude than native 

ferritin. Douglas et al. [121] have used this protein for the synthesis of ferromagnetic 

iron oxide particles (~ 4.5 nm) identified as cubic iron oxide phase (γ-Fe2O3). Also, 

the L. innocua ferritin like proteins served as template for controlled mineralization of 

two different oxide phases of cobalt, Co(O)OH and Co3O4, at two different reaction 

temperatures 23 and 65 ºC respectively [122]. Substantial differences in crystallinity 

of the cobalt mineral core were observed between the two synthetic routes. The 

mineralization reaction carried out at higher temperatures yielded more crystalline 

nanomaterials, while the low-temperature synthesis tended toward amorphous 

material. The high crystallinity obtained at higher temperatures is most likely due to 

removal of structural waters present in the protein cavity and the surpassed energy 

barrier of nucleation at 65 ºC [122]. 

Another class of proteins, which have been used for nanomaterial synthesis, is 

heat shock proteins (Hsp). Hsp represent an essential class of proteins, which act as 

molecular chaperones to partially denature proteins [123]. These proteins are rapidly 

expressed in all organisms at increased levels in response to cellular stresses such as 

elevated temperatures, chemical or heavy metal exposure, pH extremes, osmotic 

variations, and infection or disease state [124]. Aida et al. have demonstrated the 

inclusion of already preformed CdS nanoparticles within the chaperonin proteins of 

GroEL from Escherichia coli and T.th cpn from Thermus thermophilus HB8 [125].  

Also, Douglas et al. have used a small 24 subunit heat shock protein isolated from the 
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hyperthermophillic archaeon, Methanococcus jannaschii, as a biomimetic template 

for the oxidative mineralization of iron [126].  

Viruses represent another example of viable nanoparticle templates resulting 

from their structural polymorphism and defined composition. In general, viruses exist 

in a variety of sizes and morphologies ranging from 30 nm spherical viruses to 300 

nm rod-like structures. Additionally, all viruses are comprised of a compact self-

sustaining packet of genetic material enveloped within a functional protein capsid 

ideally suited for their survival and propagation. Thus, the above mentioned 

characteristics have inspired the programmed synthesis of nanoparticles using these 

viral templates, resulting into highly ordered nanoparticle arrays of spatially confined 

particles. Exposure of TMV to [AuCl4]
−
, [PtCl6]

2− 
and Ag

+
 ion precursors, followed 

by reduction with hydrazine and photo reduction resulted in viruses coated with 

respective nanoparticles. Reduction of [AuCl4]
−
 and [PtCl6]

2− 
by hydrazine at an 

acidic pH induced nucleation at the positively charged lysine and arginine residues 

along the outer surface of the viral template. Thus, Au
0
 and Pt

0
 spheroidal 

nanoparticles of 8.6 ± 3.0 nm and 2.5–5.0 nm, respectively, were locally externalized 

at the virus surface with Au
0
 TMV surface [127]. Templates of TMV were also 

employed with different synthetic protocols for the synthesis and assembly of 

different nanomaterials such as CdS, PbS and iron oxide [128]. Recently, Young et al. 

have designed a Cowpea Chlorotic Mottle Virus (CCMV) virion cage with an anionic 

interface that favorably binds Fe (II) and Fe (III) ions and then subsequently controls 

the oxidative hydrolysis to size-constrained iron oxide minerals [129]. Further, Kao et 

al. performed the replacement of the RNA core of brome mosaic virus (BMV) with 

2.5 – 4.5 nm Au
0
-(citrate) nanoparticles. It was achieved by sequentially 

disassembling the BMV virions into individual capsomeres, reassembling the BMV 

virions in the presence of Au
0
 nanoparticles, and purifying the resultant BMV 

encapsulated Au
0
 particles [130].   

1.4.2.1 Biomimetic synthesis: Carbohydrates/Oligosaccharides as 

reducing/capping agent for Glyconanoparticles 

 Carbohydrates, together with nucleic acids and proteins, are important 

biomolecules for life. Nanoparticles conjugated with carbohydrates, 
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glyconanoparticles, have also been considered as good biomimetic models of 

carbohydrate presentation at the cell surface and gained researchers attraction due to 

their increasing potential applications in the field of glycobiology, biomedicine and 

material science. Other biomolecules (such as proteins, peptides, DNA and RNA) 

have been extensively used for the synthesis and functionalization of different 

nanomaterials [131, 132, 133-138] whereas very few systems are reported involving 

carbohydrates [139].  

On the other hand functionalization with modified saccharide system is 

receiving great attention these days. Penadés and co-workers first reported the 

synthesis of glyconanoparticles by the addition of methanolic solution of a 

neoglycoconjugate functionlized with a thiol group, to an aqueous solution of HAuCl4 

and its subsequent reduction by NaBH4 [140]. This method was further used for the 

synthesis of different glyconanoparticles functionalized with tetrasaccharide [141], 

trisaccharide [140], diasaccharides lactose and maltose or monosaccharide glucose 

[142]. Different linkers of hydrophobic (alkanes) and hydrophilic (polyethylene 

glycol derivatives) nature were used to bind the carbohydrate to the gold core [142]. 

Lin et al. [143] have also used the same synthetic protocol to prepare gold 

nanoparticles functionalized with glucose, mannose, galactose and mannosides. 

Further, Gervay-Hague et al. [144] have shown the same with glucose and galactose. 

A three-step procedure has also been used by Lakowicz et al. [145] to prepare hybrid 

silver glyconanoparticles. Recently, Panacek et al. [146] have synthesized silver 

nanoparticles capped with different saccharides, which showed high antibacterial 

activity against different bacterial species including highly multiresistant strains. 

Glyco-conjugated semiconductor nanoparticles (quantum dots) have been synthesized 

by several groups and different approaches have been followed [147]. Most 

commonly, QDs are first prepared at high temperature in presence of capping agents 

to avoid aggregation. Further, in second step, the biomolecules were conjugated with 

so synthesized QDs. Thiol capped QDs have been bio-conjugated with different 

biomolecules such as peptides and proteins [148, 149, 150, 151-156], antibodies [149, 

154-158], DNA [159-162] and other molecules [163-165] too.  
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1.5 Toxicity effects of nanomaterials over mammalian cells 

 Thus, in this chapter till now we have discussed the various methods of 

nanomaterial synthesis via biological routes including microbial, biomimetic and 

carbohydrate-mediated synthesis. The so obtained nanomaterials offer good water 

dispersibility and high stability, probably due to dense capping of biomolecules over 

their surface. However, the toxicity evaluation of nanomaterials is as essential as their 

synthesis as it would provide an idea to safe use and limit of nanoparticle exposure to 

human beings. As the field of nanoscience is relatively new and developing field, very 

less is known about its future consequences. Nanoparticles are increasingly used in a 

wide range of applications in science, technology and medicine. Unfortunately, a 

material that has been shown to be safe and biocompatible at bulk level may turnout 

to be toxic at nano-level. For example, bulk TiO2 particles have been considered safe 

and could be use in sunscreen formulations, as it reflects and scatters UVB and UVA 

from sunlight [166]. However, TiO2 particles of nanometer dimension were found to 

cause free radical formation in skin cells and DNA damage [166]. Bulk TiO2 is 

generally considered to be inert whereas nano-TiO2 can be highly photo reactive in 

presence of UV light [167].  Thus, it becomes extremely important that we treat every 

nanomaterial as unknown material and evaluate its toxicity thoroughly.  

The unique properties, especially high reactivity and small size, of 

nanomaterials make them to react with the biological systems. Moreover, very little 

knowledge about the risk of nanomaterials and the scarcity of data gives rise to a host 

of fear and alarming scenarios [168]. According to the U.S. department of Labor, in 

U.S. alone 2 million people work with nanometer diameter particles regularly in 

development, production and use of nanomaterials and products [169]. Therefore, it 

becomes almost essential to check the toxicity of any kind of new nanomaterial before 

their use for bio-applications. Very commonly for any material, there are three routes 

of entry into human body; via “natural” porters such as skin, intestinal tract and 

respiratory tract, or intentional delivery through injection, intravenous (i.v.), 

intraperitonial (i.p.) or intramuscular (i.m.).   
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1.5.1 Factors influencing the effect of nanomaterials over mammalian cells 

Several factors influencing the effect of nanomaterials over human system 

have been reported, which could be broadly divided into two parts. 

1.5.1.1 Particle Size 

Particle size acts as a limiting factor for accessibility of nanoparticles to cells 

and cell compartments. Recent studies have revealed that particle size alone can 

strongly affect the efficiency of cellular uptake [170]. Furthermore, the surface/size 

ratio increases exponentially with decreasing particle sizes, leading to the increased 

surface reactivity, which might lead to greater biological activity per given mass 

compared with larger particles. Therefore, particle internalization into tissues, cells 

and organelles results in toxicity or the induction of oxidative stress [171].  

1.5.1.2 Particle Surface chemistry 

The degree of hydrophilicity/hydrophobicity of a surface is an important 

property to evaluate, since it regulates cell-surface adhesion, protein denaturation at 

the interface, and the selective adsorption of components from the liquid phase [172]. 

Variations in the hydrophobicity of the nanoparticle surface can result in different 

translocation routes in various biological compartments, different coatings of the 

surface by endogenous materials, and differences in the interfacing of the solid with 

cells [173]. For example, coating poly (methyl methacrylate) nanoparticles with 

different types and concentrations of surfactants significantly change their body 

distribution [174].   

Pott et al. [187] have shown that TiO2 nanoparticles coated with a silane 

compound (to make the surface hydrophobic) becomes toxic and lethal to rats 

especially at the dose > 2 mg. However, later studies showed that the intratracheal 

doses of 250 and 500 μg of the same hydrophobic, silanized ultra fine TiO2 did not 

show toxicity and induced a much lower pulmonary inflammation in comparison to 

the hydrophilic, uncoated dusts [188]. Furthermore, the studies from Warheit et al. 

[189] showed that the n-octyltriethylsilane (OTES) coating on the pigment grade TiO2 

particle does not cause significant pulmonary toxicity.  
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Various other studies dealing with toxicological effects of nanoparticles could 

be summarized as: 

Key studies on toxicological effects of Nanoparticles References 

NPs have a higher deposition probability particularly in the small 

airways and the alveolar region of the lungs. 

 

[175] 

NPs have a high specific surface area, which can catalyse reactions 

and which can adsorb high amounts of toxic substances (like PAH), 

making them a carrier into the deep lung during inhalation. 

 

[176] 

NPs are taken up by other cells of the respiratory epithelia such as 

epithelial cells and dendritic cells. 

 

[177] 

NPs are less well phagocytized by alveolar macrophages than larger 

particles and inhibit their phagocytic ability, inhibit macrophage 

motility. 

 

[178] 

NPs adversely affect cardiac functions and vascular homeostasis. 

 

[179] 

NPs may form complexes with similar sized proteins and bio 

molecules, which may result in functional changes of the latter. 

 

[180] 

NPs have greater access to interstitial spaces than larger particles. 

 

[181] 

NPs affect immunity. 

 

[182] 

NPs can cause more inflammatory effects than larger particles. 

 

[183] 

NPs have access to systemic circulation. 

 

[184] 

NPs induce more oxidative stress than fine particles. 

 

[185] 

The large surface area of ultra fine particles and its composition and 

structure play a pivotal role in the above-mentioned interactions 

with biological target cells, body fluids and tissues. 

[186] 

 
Chart 1.1: Crucial findings on the biological effects of Nanoparticles (NPs) (Modified from 

Borm and Kreyling, 2004). 
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1.5.2 Uptake, possible transport and biodistribution of nanoparticles in 

living organisms 

Oberdorster et al. [190] have reported that in rat or mice, after inhalation, 20 

nm TiO2 particles were deposited in the alveoli and accessed the pulmonary 

interstitium to a significantly larger extent than 250 nm TiO2 nanoparticles [190, 191]. 

This resulted in a prolonged retention of smaller particles in the lung. Several other 

studies have shown that the response to instillation or inhalation of TiO2 nanoparticles 

in different species (hamster, rat or mouse) differs. Under similar conditions, rat 

developed more severe inflammatory responses than mice, while clearance of 

particles from the lungs of both the species was found impaired [192]. In contrast, the 

clearance rate of hamster is totally unaffected at all applied particle concentrations. 

Further, some in vivo studies have been performed with different metal oxide 

nanoparticles against different cell types. Cells can take up metal oxides and 

carbonaceous nanoparticles by different mechanisms (Figure 1.8). In several human 

cell lines nanoparticles such as TiO2, SiO2 and ZrO2, were taken up by the cells [193]. 

The so incorporated particles were detected in autophagic vacuoles, along with 

amorphous cellular material and membranes [194], and within cytoplasm too. 

 

Figure 1.8: Schematic representations of possible cellular uptake pathways for particles of 

different sizes. (Courtesy: reference 195b).  

 

 Nanoparticles can be transported into cells through endocytosis, which can be 

broadly divided into two categories: phagocytosis and pinocytosis. Phagocytosis, 
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involves the uptake of larger particles (0.25-10 mm), is performed by specialized cells 

such as macrophages and neutrophils. However, pinocytosis is the uptake of fluids 

and solute, occurs in all cell types and is mediated by four basic mechanisms: 

macropinocytosis, clathrin-mediated endocytosis, caveolae-mediated endocytosis and 

clathrin-caveolae and dynamin-independent endocytosis [195]. Among these, clathrin 

mediated endocytosis is the most common uptake mechanism in all mammalian cells 

[195]. The uptake of nanomaterials inside the cells by endocytic pathways has been 

reported in detail [196, 197-199].  

To induce even bio-distribution, it is generally understood that drug delivery 

nano vehicles should be small enough (less than 100 nm) to avoid non-selective 

uptake by macrophages of the reticuloendothelial system (RES) in the liver and spleen 

[200], but larger than 5 nm (molecular weight 30000 to 40000) to escape rapid renal 

clearance [201]. Most nanoparticles are known to be rapidly taken up by the spleen 

and liver, mainly by macrophages, and therefore, their half-life in the circulation is 

generally short. In particular, particles possessing a hydrophobic surface are likely to 

localize in the spleen and liver. Many airborne nanoparticles (<100 nm) are prone to 

accumulation in the lungs as well as in the spleen and liver. Accumulation of 

nanoparticles in other organs such as heart, kidney, brain, testis and uterus has also 

been reported recently [202]. A clear mechanism for nanoparticle uptake has not been 

reported yet, but it seems to be dependent on primary particle and agglomerate size. 

1.5.3 Toxicological Effects of nanoparticles on Cellular Processes 

Large number of reports has been published in the field of nanotoxicology, 

which can be defined as „„science of engineered nanodevices and nanostructures that 

deals with their effects in living organisms‟‟[203]. It has been observed by many 

groups that cell proliferation or cell adhesion ability was significantly decreased by 

various nanomaterials such as single walled carbon nanotubes [204-206], multi walled 

carbon nanotubes [207, 208] or other carbon based materials [207], iron oxides 

(Fe2O3, Fe3O4 or its derivatives) [199, 209, 206, 210-212], various types of quantum 

dots [213, 214], TiO2 and several metals and metal oxides [210]. Sometimes these 

materials caused cell death too as measured by MTT (3-(4,5-dimethylthiazol-2-yl)-



Chapter I 

 

 

Ph.D. Thesis                                      Sanjay Singh                           University of Pune 

25 

2,5-diphenyltetrazolium bromide) assay, quantifying the number of attached cells. It 

has been postulated by lactate dehydrogenase (LDH) leakage test that the cell 

membrane damage was significant when iron oxide [210] and various metals and 

metal oxides [210, 215] were treated with cell lines. It has been reported that 

incorporated oxide nanomaterials can lead to inflammatory responses, which include 

the formation of pro-inflammatory cytokines such as IL-1, IL-6, IL-8 and TNF-α. 

Silica nanoparticles [216] and multi walled carbon nanotubes [217] have been 

reported to produce inflammation response with activation of signaling cascade like 

mitogen-activated protein kinase (MAPK) cascades. It has also been reported that 

carbon based nanoparticles induce oxidative stress, which has been characterized by 

formation of reactive oxygen species (ROS), accumulation of peroxidation products 

(such as malondialdehyde) and depletion in concentration of antioxidant molecules 

such as glutathione (GSH) [204, 218]. The possible events after interaction of 

nanoparticles with cells have been shown in Figure 1.9. 

 

Figure 1.9: Schematic representation of possible events after interaction of nanoparticles 

with cells. Particles may interact with receptors or may cause oxidative stress that induces an 

increase in intracellular calcium concentration, decrease intracellular GSH and/or increase 

in lipid peroxidation and finally mitochondrial pathway mediated apoptosis.  
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A step ahead from cytotoxic effects of nanomaterials study of genotoxic 

(DNA damage) effects via oxidative stress of the same becomes very important. A 

detailed study of cellular DNA damage in response to these nanomaterials is an 

important area of present day nanotechnology research. Cytotoxic effects often result 

in the suppression and/or overexpression of certain proteins/enzymes, malfunctioning 

of certain enzymes and even cell death, whereas genotoxicity can lead to even more 

serious consequences. Genetic insults are mostly repaired by DNA surveillance 

machinery of the cell and if not repaired they may incorporate the said damage in next 

generation leading to mutations and other genetic disorders. Oberdorster demonstrated 

that nanomaterial (Fullerene C60) induced oxidative stress in juvenile fish causes brain 

damage along with changes in gene function [219]. Therefore, complete toxicity study 

(including cytotoxicity and genotoxicity) of any newly synthesized nanomaterial or 

nanomaterials synthesized by novel route, should be performed before its use for any 

application.  

No doubt, nanomaterials are going to be the future technology and would lead 

in each field of science including physics, chemistry, engineering and biology. For 

this, precisely controlled or designed nanoparticles should be developed depending on 

their necessities. Simultaneously, toxicity of synthesized nanomaterials should be 

studied in detail to provide their biocompatability and thus safety guidelines. There 

are currently no general guidelines to assess the potential risk of nanoparticles and no 

regulatory framework for their human-related applications. Therefore, more vigorous 

investigations on the potential toxicity and safety assessment of nanoparticles are 

urgently needed to establish minimum safety standards. 

1.6 Outline of the Thesis  

The thesis consists of six chapters.  

The Second Chapter describes the extracellular synthesis of Si/SiO2 

nanocomposites using Actinobacter spp. (Gram positive bacteria). This 

environmentally benign method was used to synthesize elemental silicon along with 

silica nanoparticles in the form of nanocomposites. These findings were confirmed 

with HRTEM, XRD and XPS (showed the signature of silicon as well as silica) etc 
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techniques. Calculated band gap energy, based on emission spectra, match well with 

the reported values for Si embedded in SiO2. Nanocomposites of ca. 10 nm have been 

seen under TEM. Very primitive information about proteins involved in synthesis 

(reduction/capping) of nanocomposites has also been described. 

The Third Chapter describes the extracellular synthesis of titania (TiO2) and 

zinc oxide (ZnO) nanoparticles using Actinobacter spp. These findings were 

confirmed by various techniques such as FTIR, XRD, XPS and HRTEM etc. A 

comparison of photocatalytic degradation of dye (methylene blue) between TiO2 and 

ZnO nanoparticles in different light conditions has also been discussed. TiO2 was 

found to be photocatalytically more active in UV-light than zinc oxide while ZnO was 

found more active in sunlight than TiO2. 

The Fourth Chapter describes the biotransformation of oleic acid into 

sophorolipids using yeast (Candida bombicola). These sophorolipids consist of a 

dimeric glucose (also called as sophorose) linked by a glycosidic bond to the 

penultimate carbon of the fatty acid. Synthesis, isolation, purification and 

characterization of these sophorolipids have been explained in detail. Further, these 

sophorolipids were used as reducing and capping agents for metal (Au and Ag) 

nanoparticle synthesis. Fairly stable and nearly monodispersed nanoparticles were 

found. These metal nanoparticles were characterized with different techniques such as 

UV-vis, TEM and XRD etc. AgNPs were used as potential antibacterial agents and it 

was found that a concentration of 20 µg/mL of AgNPs is sufficient to reduce the cell 

viability of Bacillus subtilis (a Gram positive bacterium) up to 99.6 % within 1h of 

exposure. These AgNPs at a concentration of 1 µg/mL show strong antibacterial 

activity against Pseudomonas aeruginosa (Gram negative bacterium). Detailed 

investigation with the help of AFM imaging shows leaking out of cytoplasmic matter 

due to the cell membrane rupture.   

The Fifth Chapter describes the comparative cytotoxicity and genotoxicity 

study of biosynthesized metal oxide nanoparticles (between B-TiO2 and B-ZnO) and 

metal nanoparticles (between OA-SL-AuNPs and OA-SL-AgNPs). As the oxides 

have applications in cosmetic products, A431 (Human epithelial carcinoma) cell lines 

were chosen for the toxicity studies. MTT assay for cytotoxicity and Comet assay for 
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genotoxicity assessment has been performed. Comparison between B-TiO2 and B-

ZnO has shown the better biocompatability of TiO2 over ZnO nanoparticles at mM 

concentrations. HepG2 (Human hepatic carcinoma) cell lines were used for 

cytotoxicity as well as genotoxicity studies of sophorolipid reduced gold (OA-SL-

AuNPs) and silver nanoparticles (OA-SL-AgNPs). These nanoparticles are 

biocompatible below their millimolar concentrations. A comparison of % 

mitochondrial activity and comet parameters of OA-SL-AgNPs and OA-SL-AuNPs 

respectively show an increased cytotoxicity and genotoxicity of the former. The 

cytotoxicity and genotoxicity studies of sophorolipid (SL) alone have also been 

presented.   

The Sixth chapter summarizes the work presented in the thesis and 

emphasizes on the possible further research in this area.   
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Chapter II 
 

 

Bacterial Synthesis of Si/SiO2 
Nanocomposites 

 

 
 
Silicon nanomaterials as well as those embedded in SiO2 matrix have been the foci of 
numerous investigations due to their potential material applications in photonic devices. 
The known methods for preparing Si/SiO2 nanocomposites involve either physical or 
chemical vapor deposition or ion implantation methods, which are then treated at or above 

1000 C. At present, there is growing need to develop environmentally benign 
nanomaterial synthesis processes which do not use harsh experimental conditions and toxic 
chemicals. An attractive alternative is to use microorganism for nanomaterial synthesis. 
This chapter describes a new method for the synthesis of Si/SiO2 nanocomposites under 
ambient conditions with the use of bacteria (Actinobacter spp.). The reduction and 
hydrolysis of the precursor, which results in Si nanocrystals passivated by SiO2 matrix is 
hypothesized to be mediated by the reductases and hydrolases/oxidases enzymes. 
Biocompatability study of the resultant nanocomposites has also been performed against 
human skin carcinoma cell line. Different experimental techniques have been used to 
characterize this material and details are discussed in this chapter.  
 

 

The work described in this chapter has been published as: Singh, S.; Bhatta, U. M.; 

Satyam, P. V.; Dhawan, A.; Sastry, M.; Prasad, B. L. V.  J. Mater. Chem. 2008, 18, 

2601-2606. 
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2.1 Introduction  

In order to meet the needs of new generation, high-performance composites 

are required for the fabrication of micro-electronic, optoelectronic and catalytic 

devices, chemical and biological sensors [1], energy transducers, "smart" medical 

implants [2] and faster “biochips” with higher capacity [3]. Silicon (Si), Silica (SiO2) 

and Silicon/Silica (Si/SiO2) nanocomposites have always been a center of attraction 

for material scientists due to their innumerable technological applications and 

biological importance. Silicon is the second most abundant element in the earth‟s 

crust
 
[4] and is essential for the functioning of various metabolic reactions in variety 

of plants, animals and microbes [5]. It is required for the production of structural 

materials [6] (e.g. the frustules of diatoms, cell wall of certain higher plants and bone 

and cartilage of higher animals). It is widely used in the manufacturing of 

semiconductors, glasses, ceramics, plastics, elastomers, resins, mesosporous 

molecular sieves and catalysts, optical fibers and coatings, insulators, moisture 

shields, photoluminescent polymers, and cosmetics [7]. Recently Hochbaum et al. [8] 

have reported that silicon nanowires can generate electricity when a temperature 

differential is applied across them. Silicon nanostructures have been the choice for 

photovoltaic cells, and nanocrystalline silicon is expected to enhance many of the 

required performance parameters. On the other hand silica, occupies a prominent 

position in scientific research, because of its wide use in various industrial 

applications, such as catalysis, pigments, pharmacy, electronic and thin film 

substrates, electronic and thermal insulators, and humidity sensors [9]. Nano silica 

also plays an important role in silica-based materials such as resins, catalysts and 

molecular sieves [10].  

Si is the basic material of the modern microelectronics, but unfortunately, it 

does not show efficient light emission due to its indirect band gap and exciton binding 

energy of few meV. For all these reasons, the photoluminescence (PL) from Si is 

observed at low temperature, which makes its use unpractical in optoelectronic 

circuits and devices [11]. In order to achieve high emission yields from Si, several 

systems have been proposed [12]. One of these systems is based on nanostructured Si, 

where quantum confinement and exciton localization play a major role in the light 
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emission process [12d-e]. As a light source, Si nanocrystals show additional 

advantage over bulk Si because the electrical carriers are confined in a region where 

no defects are present, which is mainly due to the fact that the host material (normally 

SiO2) ensures an efficient passivation of defects and recombination centers. For this 

reason, different systems based on Si and SiO2 have been recently investigated, like 

SiO2 layers doped with Si nanocrystals
12e

, Si/SiO2 superlattices [12f], oxidized porous 

Si [13] or single nanometer-thick Quantum Wells of crystalline silicon [14]. The 

unique electronic structure of silicon nanocrystals embedded in silica (SiO2) is 

enabling new light emitting [15, 16] and flash memory devices [17] that can be 

fabricated with standard methods of microelectronics technology. Interface between 

Si and SiO2 in nano regime show interesting electronic states, which play important 

role in the physics of such devices. Therefore, there is growing need of Si-SiO2 based 

materials. 

There are large numbers of methods for Si/SiO2 nanocomposite synthesis and 

have been successfully reported including laser ablation, chemical vapor deposition, 

thermal evaporation etc [18]. Among the biological synthesis, silica biomineralization 

(formation of inorganic materials under the control of an organism) on earth is 

dominated by simple aquatic life forms including unicellular organisms like 

radiolarians, diatoms and synurophytes and also multicellular sponges [19].  

The biomimmetic synthesis of nanomaterials mainly involves three systems 

namely, magnetotactic bacteria (synthesize magnetic nanoparticles), diatoms 

(synthesize silica nanoparticles) and calcareous algae (synthesize calcium carbonate 

crystals), all of which are amongst the simplest form of life [20]. These 

microorganisms form crystals and composites of proteins with amorphous inorganic 

materials as a complex structure within their body. Among these, silica production is 

not only important commercially, the intricate patterns and thus ensuing beautiful 

structure of silica in aquatic organisms has also caught the attention. Thus, 

morphologically controlled synthesis of silica structures with the involvement of a 

number of proteins, peptides and synthetic additives under various physical reaction 

environments has been reported [21]. Three families of cell wall proteins (frustulins, 

pleuralins and silaffins) from the diatom Cylindrotheca fusiformis have been isolated 
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and characterized [22]. Also, extremely long chain polyamines have been discovered 

as an important constituent of silica [23]. It has been revealed that frustulins and 

pleuralins are not involved in silica formation because they become associated with 

the silica only after its deposition on cell wall [24]. In contrast, silaffins and 

polyamines exert a drastic influence on in vitro silica formation and thus show direct 

involvement in silica nanoparticle synthesis [25]. 

          Further, Foo et al. [26] have reported the use of chimeric (fusion) proteins to 

synthesize silica nanocomposites. This protein consists of mainly silk (spidroin 

protein) and silica forming domains (R5 peptide) for the synthesis of silk and silica 

nanocomposites. R5 peptide is well known for silica precipitation, while spidroin 

protein 1 (MaSp 1), a protein found in Nephila clavipes spider dragline silk is known 

to form highly stable (β-sheet) secondary structures with impressive mechanical 

properties. Under in vivo experimental conditions, this chimeric protein result in the 

formation of silica nanoparticles having narrow size distribution than the silica 

nanoparticles produced with R5 peptide alone.   

Nanocomposites of other metal oxides (Germanium-oxide) with Si have also 

been reported from photosynthetic marine diatom Nitzschia frustulum by Rorrer et al. 

[27]. The Si-Ge-oxide composite materials exhibit novel semiconducting and 

optoelectronic properties with microelectronic device applications [28]. Other reports 

on biosynthesis of silica nanoparticles include fungus Fusarium oxysporium mediated 

extracellular synthesis by Sastry et al. [29], natural and synthetic analogues of 

silaffins, silicatein as well as lysozyme [30], block co-polypeptides [31], poly-L-

lysine/lysine/poly (allylamine hydrochloride) [32], small molecules [33] and chitosan 

[34]
 
etc.  

In this chapter, we describe the extracellular bacterial synthesis of 

silicon/silica nanocomposites. The most important and remarkable finding is the 

synthesis of elemental silicon totally at ambient conditions. These nanocomposites 

show room temperature photoluminescence due to the interface between Si crystals in 

a SiO2 matrix at nanoscale size regime. The possible proteins/enzymes involved in the 

process of Si/SiO2 nanocomposite synthesis have been analyzed by SDS-PAGE and 

the over expression of few new proteins was observed. The molecular weights of 
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these proteins resembled well with the molecular weights of hydrolases and 

reductases, which was in accordance with the earlier reports [35]. The presence of 

protein coating on the resultant nanocomposites has been confirmed by FTIR 

spectroscopy. The formation of silicon is comprehensively and conclusively proven 

by XPS, XRD and HRTEM studies. Further, a concentration dependent 

biocompatability study of Si/SiO2 nanocomposites has also been discussed. Another 

interesting feature of this study is the formation of crystalline SiO2 (a mixed phase of 

tridymite and crystoballite polymorphs) as compared to amorphous silica formation, 

which is generally seen, in chemical synthetic procedure [36].   

2.2 Biosynthesis of Si/SiO2 nanocomposites using Actinobacter spp. 

This part describes the extracellular synthesis and characterizations of Si/SiO2 

nanocomposites using Actinobacter spp. (a Gram-positive bacterium). This bacterium 

was discovered from an aqueous mixture of potassium ferri/ferrocyanide salts (in 2:1 

ratio). This mixture was left open for a period of a week. Bacterial growth was 

observed as turbidity, which was further isolated and preserved in solution of 30 % 

(v/v) glycerol and LB (1:1 ratio). The bacterial culture was further maintained on 

Luria-Bertini-Agar slant at 4 C. The bacteria have been identified by molecular 

taxonomy method of 16S r-RNA sequencing using bioinformatics tools [35].  

2.2.1 Experimental Details 

A pre-inoculum was made by seed cultures of Actinobacter spp. in 10 mL of 

Luria-Bertini-broth (LB) culture medium and incubated for 24 h at 37 
o
C. This pre-

inoculum was then added to 90 mL of LB culture medium in 500 mL Erlenmeyer 

flask and incubated for 24 h under shaking conditions (200 rpm) at 37 
o
C. In its log 

phase of growth-cycle, the bacterial cells were harvested and washed with autoclaved 

water thoroughly under sterile conditions. The harvested bacterial biomass (~1 gm of 

wet weight) was then resuspended in 100 mL aqueous solution of sterile 10
-3 

M 

K2SiF6 in 500 mL Erlenmeyer flask and kept on a shaker (200 rpm) at 37 
o
C. The 

reaction between the bacterial biomass and SiF6
2-

 was carried out for a period of 48 h. 

The reaction products were collected after separating the bacterial biomass from the 

reaction medium through centrifugation at 5000 rpm for 10 min. The so obtained bio-
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transformed products were analyzed and characterized with UV-vis 

spectrophotometer, FTIR, TEM, XRD, XPS, HRTEM and Fluorescence (PL) 

spectrophotometer etc. In a control experiment, the harvested bacterial biomass was 

resuspended in autoclaved deionized water in the absence of K2SiF6 and the filtrate 

obtained thereafter was characterized for the presence of Si/SiO2 nanocomposite. As 

expected this reaction did not result in the formation of Si/SiO2 nanocomposite. In 

another experiment, the hydrolysis of SiF6
2-

 in autoclaved deionized water in the 

absence of bacterial biomass was studied by TEM and FTIR. This control experiment 

was also negative as no Si/SiO2 nanocomposite could be detected.  

To identify the bacterial protein(s) responsible for hydrolysis of the aqueous 

anionic complex of SiF6
2-

 in to Si/SiO2 nanocomposites and it‟s capping, the 

extracellular protein profile of the bacterial culture supernatant was checked for the 

induction of new protein/s upon K2SiF6 addition. Proteins were analyzed by 10 % 

SDS-PAGE (Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis). First, 

the cultured bacterial biomass was suspended in 100 mL of sterile distilled water and 

aqueous 10
-3

 M K2SiF6 solution for a period of 48 h at 30 
o
C under shaking (200 rpm) 

conditions. The filtrate containing the extracellular proteins secreted by the bacteria in 

presence of salt precursor (K2SiF6) was separated from the bacterial biomass by 

centrifugation at 5000 rpm for 10 min. This extracellular filtrate was then lyophilized 

and the dried protein was dissolved in minimum volume of 10 % phosphate buffer 

and dialyzed (using a 12 kDa cutoff dialysis membrane) against distilled water at 4 

o
C. In a separate set of experiments, all the conditions were kept same except the 

addition of salt precursor. The obtained proteins were purified as stated above. The 

dialysis products obtained were analyzed by 10 % SDS-PAGE, carried out at pH 8.5 

and run along with the protein standard molecular weight marker according to the 

procedure published by Laemmli [37]. The polyacrylamide gels were stained using 

silver staining protocol.  

2.2.1.1 Cytotoxicity Studies 

The A431 (human epithelial carcinoma) cell line was used for the cytotoxicity 

study of Si/SiO2 nanocomposites. The A431 cell line (ATCC No. CRL-1555) was 

initially procured from National Center for Cell Sciences, Pune, India and has been 
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maintained at Indian Institute of Toxicological Research, Lucknow, India. The cells 

were maintained in Dulbecco‟s Modified Eagle Medium (DMEM) medium 

supplemented with 10 % Fetal Bovine Serum (FBS), 1 mM sodium pyruvate, 2 mM 

glutamine, 50 U/mL penicillin, 50 mg/mL streptomycin and 100 mM non-essential 

amino acids. Cells were cultured for 3-4 days (80 % confluency) before the assay. For 

MTT assay, the cells were seeded in 96 well plates at a density of 10,000-15,000 

cells/well in 100 µL of complete medium. The cells were incubated for 24 h in a 

humidified incubator at 37 
o
C and in the atmosphere of 5 %-CO2-95 % air. After 

incubation, the complete medium was discarded and 100 µL of freshly prepared 

Si/SiO2 nanocomposites (a range of concentration) in DMEM were added to each 

well.   

MTT Assay 

 A stock solution of 10 mM was prepared by mixing 6 mg of Si/SiO2 

nanocomposites in 10 mL of DMEM. This mixture was sonicated thrice for one 

minute each with an interval of 10 seconds at 15 watts. MTT [3-(4,5-

dimethylthiazoyl-2-yl)-2,5-diphenyltetrazolium bromide], a pale yellow dye is 

converted into formazan, a violet compound by the activity of succinate 

dehydrogenase of mitochondria. Since the conversion takes place in living cells, the 

amount of formazan produced is directly correlated with the number of viable cells 

present. The MTT assay was done following the method of Mosmann [38] with slight 

modification. In brief, cells (10,000-15,000 cells/well in 100 µL of medium) were 

seeded in a 96 well plate and allowed to adhere for 24 h at 37 °C in 5 %-CO2-95 % air 

atmosphere. Medium was replaced with serum free medium containing Si/SiO2 

nanocomposites ranging from 10 mM to 50 µM and incubated for 3 h at 37 °C. The 

treatments were discarded and 100 µL serum free medium and 10 µL MTT (5 

mg/mL) in PBS was added to each well and re-incubated for another 1 h at 37 °C. The 

reaction mixture was carefully taken out and 200 µL of DMSO was added to each 

well and mixed thoroughly. After 10 min, the absorbance was read at 530 nm, using 

Multiwell Microplate Reader (Biotek, USA). The untreated sets were also run parallel 

under the identical conditions and served as control. The relative cell viability in 
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percentage was calculated as (A530 of treated samples/A530 of untreated samples) x 

100. The data presented are the mean ± SD from three independent experiments. 

Morphological analysis 

Morphology of cells before and after the Si/SiO2 nanocomposites treatment 

was examined under the phase-contrast inverted microscope (Leica Germany). The 

changes in the cells were quantified using automatic image analysis software Leica Q 

Win 500, hooked up with the inverted phase-contrast microscope.  

2.2.2 Sample Characterizations 

 The purified and dried silica powder was crushed with KBr, pelleted and the 

FTIR spectra were recorded on a Perkin-Elmer Spectrum One instrument at a 

resolution of 4 cm
-1

. Samples for the Transmission Electron Microscopy (TEM) were 

prepared by drop coating the isolated and resuspended solution on carbon-coated 

copper grids. Selected area electron diffraction (SAED) as well as High Resolution 

Transmission Electron Microscopy (HRTEM) measurements were also carried out 

from the same TEM grid. TEM measurements were performed on a JEOL model 

1200EX instrument operated at an accelerating voltage of 120 kV. HRTEM 

measurements were carried out on a JEOL–JEM-2010 UHR instrument operated at a 

lattice image resolution of 0.14 nm. X-Ray Diffraction (XRD) measurements of drop 

coated films of reaction products on glass substrate were carried out on a Philips PW 

1830 instrument operated at a voltage of 40 KV and a current of 30 mA with Cu K  

radiation. X-ray photoemission spectroscopy (XPS) measurements of films of the 

nanocomposites cast on to Cu substrates were carried out on a VG MicroTech ESCA 

3000 instrument at a pressure better than 1X10
-9

 Torr. The general scan and C 1s, Si 

2p, N 1s, O 1s and F 1s core level spectra were recorded with un-monochromatized 

Mg K  radiation (photon energy = 1253.6 eV) at pass energy of 50 eV and electron 

takeoff angle (angle between electron emission direction and surface plane) of 60
°
. 

The overall resolution was ~1 eV for the XPS measurements. The core level spectra 

were background corrected using the Shirley algorithm [39] and the chemically 

distinct species were resolved using a nonlinear least squares fitting procedure. The 

core level binding energies (BEs) were aligned with the adventitious carbon binding 
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energy of 285 eV. UV-vis spectra of Si/SiO2 nanocomposites were monitored on 

Jasco-V-570 UV\Vis\NIR spectrophotometer operated at a resolution of 2 nm.  

These characterization techniques are common and have been used for the 

different samples in subsequent chapters and any additional technique used otherwise 

is mentioned in the chapter itself.  

2.3 Results and Discussions 

2.3.1 Transmission electron microscopic analysis  

The objects having nanometer size dimensions can be easily seen under TEM. 

Figure 2.1 shows TEM images of nanocomposites synthesized by Actinobacter spp. 

after 48 h of reaction with salt precursor (K2SiF6). TEM images from extracellular 

bacterial supernatant (Figure 2.1 A and B) show the presence of quasi-spherical 

particles having average size ~7.0 nm (Figure 2.1 B, inset). The particles are well 

separated from each other, as they are capped/stabilized by biomolecules, mainly 

proteins, present on their surface. Selected Area Electron Diffraction (SAED) pattern 

(Figure 2.1 C) of the as-prepared nanocomposites clearly shows the presence of 

crystalline nature of these particles. The obtained diffraction rings could be indexed 

on the basis of crystalline silica wherein the obtained d values (3.12 Å, 2.85 Å, and 

1.91 Å) match reasonably well with the reported d values (3.11 Å, 2.84 Å and 1.90 Å) 

for the [2 1 4], [3 0 2] and [3 1 13] planes of tridymite phase of SiO2 [40]. The 

extracellular supernatant apart from the protein-coated nanocomposites, also contain 

large amount of extra proteins, which may not participate in nanoparticle 

capping/stabilization. In order to get rid of extra proteins, the extracellular supernatant 

was calcined at 400 C for 4 h. This calcined product was further analyzed under 

TEM (Figure 2.1 D and E) and aggregates of nanomaterials could be seen. The 

formation of aggregates could be attributed to the loss of capping proteins. Also, the 

SAED pattern from calcined sample showed the presence of diffraction spots 

indicating the improvement in crystallinity of the nanoparticles. The SAED pattern 

recorded from the calcined sample could be again indexed on the basis of tridymite 

and crystoballite polymorph of silica [40]. It could be hypothesized that addition of 

K2SiF6 causes stressful environment (ionic stress) to bacterial cells and in order to 
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nullify this, bacterial cells secrete large amount of proteins including certain enzymes 

(probably hydrolases and reductases). These enzymes reduce the stress by converting 

the toxic ionic form (SiF6
2-

) into Si/SiO2 nanocomposite, thus precipitating these 

Si/SiO2 from solution.   

 

Figure 2.1: TEM images of as synthesized (A and B) nanocomposites obtained after 48 h of 

reaction between Actinobacter spp. and K2SiF6. SAED pattern (C) shows the crystalline 

nature of particles and the diffraction rings could be indexed on the basis of tridymite 

polymorph of silica. Calcination of as synthesized nanoparticles leads to aggregation of 

particles (D and E) and SAED pattern (F) shows the presence of diffraction spots, which 

could again be indexed on the basis of tridymite and crystoballite polymorph of silica. 

 

2.3.2 X-ray diffraction and photoluminescent spectra analysis 

Figure 2.2 A represents the XRD patterns of the drop cast film of reaction 

products on a glass substrate. The XRD patterns show the characteristic Bragg 

reflections of Si and SiO2. The XRD pattern from as synthesized (curve-1) sample 

was indexed on the basis of crystoballite ( and „C‟) and tridymite („T‟) polymorph 

of silica. The interesting feature is the peak that could not be indexed to any SiO2 

polymorph but matches well with pure Si (★).The broadened XRD peaks indicate the 

small size of Si/SiO2 composites. After calcination (curve-2) of as synthesized 

particles, XRD pattern was again indexed for the mixed phase (crystoballite and 

tridymite) of silica and the XRD peaks corresponding to Si [(111) and (311)] become 
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more distinct and intense [40]. Thus, it could be concluded from XRD patterns that 

elemental silicon is present in SiO2 matrix in the form of Si/SiO2. 

 

Figure 2.2: (A) XRD pattern recorded from dried films of Si/SiO2 nanocomposites synthesized 

by the reaction between K2SiF6 and bacterium Actinobacter spp. Characteristic diffraction 

patterns consisting of mixed phase of crystoballite (C) and tridymite (T) polymorph of silica 

and elemental silicon (Si) have been indexed in as synthesized (curve-1) and calcined sample 

(curve-2). (B) Absorbance (curve-1) and emission (curve-2) spectra recorded from as 

synthesized Si/SiO2 nanocomposites. 

  

Figure 2.3 B shows the UV-vis spectra of as synthesized Si/SiO2 

nanocomposites synthesized using Actinobacter spp. The absorbance monotonously 

increases with decrease in wavelength and is generally featureless except for a small 

change in the slope at 425 nm. Interestingly, there are two emission bands one at  = 

352 nm and the other at  = 442 nm. As the excitation is at 280 nm, the emission at 

~352 nm can be attributed to the tryptophan and tyrosine residues of the protein 

capping present on the nanoparticles. However, the longer wavelength (~ 442 nm) 

emission is very interesting. This could be ascribed to the elemental silicon present 

the sample. Credence to this hypothesis comes from well-established reports that 

polycrystalline silicon shows an emission peak at  = 450 nm corresponding to 2.80 

eV [41].
 
Based on the emission spectra (Figure 2 B, curve-2), centering at ~ 442 nm, 

we have calculated the corresponding band gap energy to be 2.79 eV for longer 

wavelength emission.
 
 Thus, emission spectra also confirmed the presence of Si. This 

phenomenon of photoluminescence occurs when there is interface between Si 

nanocrystals in SiO2 matrix at nanoscale size regime [15]. It is well predicted by 

theory [42] and inferred from experiment that an “interface state” is formed at the 
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interface between the Si nanocrystals and the SiO2 matrix. The microscopic nature of 

these interface states is still under debate [42].  

2.3.3 X-ray Photo-electron Spectroscopy (XPS) 

 Further, the synthesis of Si/SiO2 nanocomposites by Actinobacter spp. was 

established by XPS. Figure 2.3 represents the XPS spectra recorded from the as 

synthesized Si/SiO2. The C 1s, Si 2p, N 1s, O 1s and F 2p core level spectra were 

recorded with an overall resolution of ~1 eV. The core level binding energies (BEs) 

were aligned with the adventitious carbon binding energy of 285 eV. Figure 2.3 A 

shows the C 1s core level spectrum that could be decomposed into three chemically 

distinct components centered at 281.9 eV, 285.0 eV and 287.19 eV. The low binding 

energy peak at 281.9 eV is attributed to the presence of aromatic carbon present in 

amino acids from proteins bound to the surface of silica nanoparticles [43]. The high 

binding energy peak at 287.19 eV is attributed to electron emission from carbons in 

carbonyl groups (aldehydic or ketonic carbon) present in proteins bound to the 

nanoparticles surface [44, 45]. The C 1s component centered at 285.0 eV is due to 

electron emission from adventitious carbon present in the sample. In Figure 2.3 B, the 

Si 2p spectrum could be resolved in to two spin-orbit pairs (spin-orbit splitting ~0.6 

eV)
 
[46] with 2p3/2 binding energies (BEs) of 98.8 eV [47] and 103.3 eV [48, 49].  

The high BE components at 103.3 eV (Si 2p3/2) and 102.7 eV (Si 2p1/2) agree 

excellently with the reported values for SiO2, while low BE components present at 

98.84 eV (Si 2p3/2) and 98.20 eV (Si 2p1/2) match with the reported values for silicon 

[47]. The absence of any peak from F 2p levels (inset Figure 2.3 C) unambiguously 

supports the almost complete hydrolysis of SiF6
2- 

ions in to Si/SiO2 nanocomposites. 

Figure 2.3 C shows the N 1s core level spectra that could be decomposed into two 

chemically distinct components centered at 399.6 eV and 402.2 eV. The high binding 

energy and lower binding energy components can be attributed to the presence of 

protonated amines and free amines present in the capping proteins respectively [49]. 

Higher binding energy component can also be attributed to N atoms present in amide 

bonds.  



Chapter II  56  

 

 

Ph. D. Thesis                                   Sanjay Singh                           University of Pune 

In addition to C 1s, N 1s and Si 2p, the sample was also scanned for O 1s 

signal (Figure 2.3 D) that shows two components having BEs of 532.2 eV and 529.8 

eV. Oxygen in the Si-O-Si environment is known to show an O 1s BE component at 

532.5 eV [46] while the low binding energy component at 529.8 eV could be 

attributed due to the oxygen present in capping proteins. Thus, XPS data further 

supports our assertion that as synthesized sample contains Si/SiO2 nanocomposites. 

 

Figure 2.3: XPS data recorded from dried films of as synthesized Si/SiO2 nanocomposites 

synthesized by the reaction between K2SiF6 and bacterium Actinobacter spp. The core level 

spectra recorded from C 1s (A), Si 2p (B), N 1s (C), O 1s (D) and F 1s (inset C). The raw 

data is shown in the form of symbols, while the chemically resolved components are shown as 

solid lines and details have been discussed in text.  

 

2.3.4 HRTEM analysis  

 As a final confirmation for the presence of elemental silicon along with silica 

in the as synthesized sample, HRTEM investigation was undertaken which reveal the 

atomic arrangement in crystal lattice. Figure 2.4 shows the clear lattice planes 

(indicated by ★) having separations of 3.34 Å (Figure 2.4 A), 2.73 Å (Figure 2.4 A) 

and 3.10 Å (Figure 2.4 C), that match reasonably well with reported values (3.29 Å, 
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2.69 Å and 3.13 Å) for (200), (211) and (111) planes respectively of Si [40]. Further, 

along with the presence of lattice planes for silicon, HRTEM images reveal lattice 

planes (indicated by ▲) at 3.24 Å (Figure 2.4 A and B), 3.02 Å (Figure 2.4 A) and 

2.59 Å (Figure 2.4 A) matching reasonably well with reported values of silica [40]. 

By close observation of Figure 2.4 A, it can be seen that Si (2.73 Å) is surrounded by 

the SiO2 (2.59 Å, 3.02 Å and 3.24 Å). Thus it may be concluded that Si core-SiO2 

shell morphology is present in the sample. 

 

 Figure 2.4: HRTEM images taken from as synthesized Si/SiO2 nanocomposites formed by the 

reaction between K2SiF6 and bacterium Actinobacter spp. Images from different regions were 

taken which show the presence of lattice spacings matching with Si (★) and SiO2 (▲). 

2.3.5 FTIR spectral characterization and SDS-PAGE analysis 

Figure 2.5 A shows the FTIR spectrum recorded from the extracellular 

supernatant after 48 h of reaction between Actinobacter spp. and salt precursor 

(K2SiF6). In Figure 2.5 A, curve-b and c show the FTIR spectra recorded from the as 

synthesized and calcined sample of Si/SiO2 nanocomposites respectively while curve-

a is FTIR spectra recorded from K2SiF6 alone. As expected, curve-a does not show 

any Si-O vibration band specific to SiO2. The FTIR spectra recorded from as 

synthesized sample (curve-b) shows a prominent resonance band at 1100 cm
-1

. This 

band is attributed to the excitation of antisymmetric Si-O-Si streching vibration [48]. 

This band (curve-c) becomes more intense and distinct after calcination of as 

synthesized sample at 400 C for 4 h, which could be ascribed to the improved 

crystallinity as observed by SAED and XRD. Presence of proteins on nanoparticle 

surface was also confirmed by FTIR. As synthesized sample shows a broad band 

centering at 1640 cm
-1

 (curve-b) that can be attributed to the combined signals of 

amide-I and amide-II bands, characteristic to the proteins. These bands become very 

low in intensity (curve-c) after calcination of as synthesized sample. The weak 
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intensity after calcination of amide-I and II suggests the partial removal of proteins 

from the nanocomposites and retention of only those actually attached to the 

nanoparticle surfaces for capping. Amide-I and II bands are completely absent in 

FTIR spectrum of K2SiF6 (curve-a).   

 

Figure 2.5: (A) FTIR spectra recorded from powdered Si/SiO2 nanocomposites synthesized by 

the reaction between K2SiF6 and bacterium Actinobacter spp. Curve-a, b and c respectively 

corresponds to the FTIR spectra recorded from K2SiF6, as synthesized Si/SiO2 and calcined 

Si/SiO2 sample. (B) Silver stained SDS-PAGE pattern showing the extracellular protein 

profile of Actinobacter spp. on 12 % resolving gel. Lane-1 corresponds to standard protein 

molecular weight marker with respective molecular weight. Lane-2 and 3 respectively 

correspond to the extracellular protein profile of Actinobacter spp. in absence and presence 

of K2SiF6 salt and the extra proteins overexpressed in lane-3 are shown by arrows. 

 

Figure 2.5 B shows the SDS-PAGE pattern from the extracellular protein 

profile of Actinobacter spp. culture supernatant in absence (lane-2) and presence 

(lane-3) of K2SiF6. In comparison with the control (lane-2), it can be clearly observed 

that there are four new proteins, indicated by arrows (lane-3) that could have resulted 

due to the stress created by the addition of K2SiF6 to the bacterial biomass. When 

compared with standard protein molecular weight markers (lane-1) the molecular 

weight of these newly expressed proteins were found to be 5, 30, 35 and 105 kDa. It 

has been reported that this bacterium (Actinobacter spp.) secretes the enzymes having 

molecular weights 30 and 35 kDa which could reduce Au
3+

 or Ag
+
 ions to their 

respective metallic nanoparticles, thus exhibiting their reductase activity [35]. Thus it 
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can be conjectured that these proteins could be involved in the formation of elemental 

silicon. The other new protein having higher molecular weight (105 kDa) has been 

observed to be involved in iron-oxide nanoparticle synthesis [35], and can be 

considered as probable causative for silica (SiO2) synthesis. Another low molecular 

weight protein (5 kDa) could be ascribed for nanoparticle capping. Thus, on the basis 

of overexpressions of these four new proteins the mechanism for the formation of Si 

along with SiO2 can be partially explained.  

2.3.6 MTT Assay 

Since, Si/SiO2 nanocomposites are being used in several applications, 

especially related to diagnosis, their contact with human skin is strong possibility. 

Therefore, a preliminary biocompatability study of Si/SiO2 nanocomposites have been 

performed by MTT assay against human epithelial carcinoma cell lines (A431). 

Figure 2.6 shows the % cell survival (% mitochondrial activity) of A431 cells against 

different concentrations of Si/SiO2 nanocomposites exposed for 3 h.  

 

Figure 2.6: MTT results of different concentrations of Si/SiO2 nanocomposites exposed to 

human skin carcinoma cells (A431) for 3 h. 

It is clear from the graph that at very high concentrations of Si/SiO2 

nanocomposites (10 mM and 5 mM) induce significant cytotoxicity, as only 14.5 % 

and 37.5 % cell survival was recorded. The other lower concentrations such as 1 mM, 

500 µM, 100 µM and 50 µM respectively show 67.5 %, 71.8 %, 84 % and 94.3 % cell 

survival. The cell morphology (Figure 2.7) study also reveals that the exposed cells 
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are well intact, adhered, healthy (Figure 2.7 D, E and F) and similar to control 

(untreated) cells (Figure 2.7 A) when the Si/SiO2 nanocomposite concentrations were 

below 1 mM.   Cell morphology drastically changes when the nanocomposite 

concentrations were taken above 1 mM, as only distorted cells associated with Si/SiO2 

nanocomposites could be seen (Figure 2.7 B and C). Thus, it could be understood that 

Si/SiO2 nanocomposites are fairly biocompatible below 1 mM concentration.  

 

Figure 2.7: Cell morphology of human skin carcinoma cell line treated with different 

concentrations of Si/SiO2 nanocomposites for 3 h. Untreated cells (A) show well intact 

morphology while cells treated with higher concentrations (10 mM and 5 mM) of Si/SiO2 

nanocomposites (B and C) show distorted cell morphology attached with clusters of Si/SiO2 

nanocomposites. Cells treated with lower concentrations (1 mM, 500 µM, and 50 µM) of 

Si/SiO2 nanocomposites show well intact cell morphology (D, E and F).   

2.4 Conclusions 

The room temperature synthesis of sub 10 nm Si/SiO2 nanocomposites by 

Actinobacter spp. has been described in this chapter. These nanocomposites have 

been characterized by TEM, FTIR, XRD, XPS and HRTEM. Although, there are 

reports from Sastry‟s group for fungus mediated, room temperature syntheses of silica 

nanoparticles, the bacterial synthesis of elemental silicon along with silica is an 

unique finding in this study. The most remarkable feature of this extracellular 

synthesis of Si/SiO2 nanocomposites is the complete aerobic and environmentally 

benign conditions, used. The XRD patterns and XPS spectra clearly indicates the 

presence of silicon and silica both in the biosynthesized reaction product. The 

probable arrangement of silicon and silica was deduced by HRTEM images, which 

shows that Si/SiO2 nanocomposites are arranged in sort of core-shell type where Si is 

passivated by SiO2. These Si/SiO2 nanocomposites were again investigated by 
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photoluminescence spectra, where the longer wavelength component and its 

corresponding band edge confirmed the presence of nano-size silicon formation as 

photoluminescence has been observed in such systems earlier [49].  

 

Figure 2.8: Schematic representation of synthesis mechanism of Si/SiO2 nanocomposites by 

Actinobacter spp.  

Further, the biological mechanism involved behind the synthesis of Si/SiO2 

nanocomposites was examined by SDS-PAGE profile of extracellular bacterial cell 

filtrate, which showed overexpressions of three proteins having molecular weights of 

30, 35 and 105 kDa after the addition of K2SiF6 to the Actinobacter spp. Of these 

proteins the lower molecular weight proteins could be attributed to reductases in 

nature, responsible for reduction of Si (IV) ions to elemental Si while higher 

molecular weight (105 kDa) protein could be hydrolases, involved in hydrolysis of 

SiF6
2-

 ions. These events are represented in the Figure 2.8. In order to use these 

nanocomposites for various applications, it becomes very important to check its 

biocompatability. Since, these nanocomposites are being used for cosmetics and other 

products they may come in contact with human skin cells. Thus, a cytotoxicity assay 

was performed on human epithelial carcinoma cell lines. A concentration dependent 

study was performed and found that the Si/SiO2 nanocomposites are fairly 

biocompatible up to 1 mM concentrations. However, these results are preliminary and 

require further insight.  
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                     Chapter III 
 

 

Bacteria Mediated Synthesis of 
Nanocrystalline TiO2 and ZnO and 
their Photocatalytic Applications 

 
 

 
 
TiO2 and ZnO nanoparticles are probably the first ones that have gained entrance to the 
market for their photocatalytic and UV-absorbent properties. As large volumes of these 
nanoparticles are required by the industry, the search for environmentally gentle processes 
for the synthesis of the same is also growing strong. Continuing our quest with the 
microorganism based synthesis of nanomaterials, we present in this chapter that, when 
challenged with appropriate precursor, the bacterium Actinobacter spp. can lead to the 
formation of ZnO and TiO2 nanoparticles. The biological way of synthesizing these 
materials probably leads to the insitu doping of elements like C, F and N into their crystal 
lattice that is evidenced by a red shift in the absorption edge. As the doping is expected to 
affect the photocatalytic activity of these materials under different light conditions, 
studies to prove this have also been undertaken here. This chapter delineates those in 
detail.            

 
The work described in this chapter has been communicated: Singh, S.; Sastry, M. 

Prasad, B.L.V. (Communicated). 
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3.1 Introduction 

Nanocrystals of transition metal oxides are a fascinating class of inorganic 

materials, exhibiting a wide variety of structures, properties and phenomenon. These 

nanomaterials have attracted a great deal of attention from researchers of various 

fields due to their numerous technological applications [1] such as, pigments, 

catalysts, ceramics, energy storage, magnetic data storage, ferrofluids and sensors [2]. 

Among them, titania (TiO2) and zinc oxide (ZnO) have been most extensively studied 

owing to their versatile applications in diverse fields. TiO2 nanoparticles have found 

applications in solar cells [3], photocatalysis [4], photochromic devices [5], 

photovoltaic cells [6, 7], gas sensors [8, 9], catalysts [10], and pigments [11] etc. TiO2 

mainly exists in three crystalline phases, namely anatase, rutile and brookite, which 

differ in their physical properties (refractive index, dielectric constant and 

photochemical reactivity). Brookite phase (band gap 3.3eV) [12] is not often used for 

experimental investigations, as it is stable only at very low temperatures. Rutile (band 

gap 3.2 eV) is thermodynamically the most stable phase and can be obtained after 

high temperature calcination [12] while anatase phase (band gap 3.2 eV) is stable at 

comparatively low temperature. Anatase phase has gained tremendous importance as 

a photocatalyst for dye decomposition and solar energy conversion due to its high 

photoactivity [13].      

 ZnO, also a wide band gap (3.4 eV) II-IV compound semiconductor, has 

attracted intensive research efforts due to its unique properties and tremendous 

application in photocatalytic degradation of organic pollutants in water [14], chemical 

sensors, piezoelectric transducers, transparent electrodes [15], electroluminescent 

devices, ultra-violet laser diodes [16], solar energy conversion [17], optoelectronic 

devices [18] and catalysis [19]. Invisible thin film transistors (TFTs) using ZnO have 

achieved much higher field effect mobility than amorphous silicon TFTs [20]. These 

transistors can be widely used for display applications. It has been reported that ZnO 

is better UV emitting phosphor than GaN due to its large exciton binding energy (60 

meV), leading to reduced UV lasing threshold and yields higher UV emitting 

efficiency at room temperature [21]. Also, ZnO films have been used as surface 

acoustic wave filters for video and radio frequency circuits. Piezoelectric ZnO thin 
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film has been fabricated into ultrasonic transducer arrays operating at 100 MHz. [22]. 

Successful reported have demonstrated the ability of bulk and thin films of ZnO as 

toxic gas sensor [23]. Doping of bulk ZnO with Manganese (p-type) has been 

theoretically predicted to be possible candidates with ferromagnetic ordering [24]. 

Also, Vanadium doped (n-type) ZnO films have been reported to have a Curie 

temperature above room temperature [25]. Recently, there have been several reports 

for TiO2 and ZnO nanoparticle synthesis. TiO2 nanoparticles have been synthesized 

using sol-gel methods by hydrolysis of titanium precursor [26], micelle and reverse 

micelle methods [27], solvothermal methods [28], chemical vapor deposition [29] and 

sonochemical methods [30] etc. On the other hand, ZnO nanoparticle synthesis 

involves low-pressure chemical vapor deposition [31], spray pyrolysis [32], atomic 

layer deposition [33], thermal decompositions of precursors [34] and laser heating 

[35] etc. Moreover, several biological methods for the synthesis of TiO2 and ZnO 

nanoparticles have also been reported (described in Chapter I). 

TiO2 and ZnO nanoparticles are well-known photocatalysts and can be 

successfully implicated in dye degradation and preparation of antibacterial 

formulations. Organic dyes are one of the main environmental contaminants due to 

their toxic and non-biodegradable nature. Although, these organic dyes are present in 

very low concentrations in industrial wastewater, they have shown ample potential to 

cause disruption of endocrine functioning. These dyes are insufficiently removed by 

conventional sewage plant treatment due to their high biochemical stability, water 

solubility and high molecular weight [36]. Therefore, new technologies having more 

efficiency and less energy consuming protocols are attracting intensive research. As 

an alternative to the conventional methods, oxidation methods have been reported 

which involve the generation of reactive oxygen species (ROS), which oxidize a 

broad range of organic pollutants.  

While usage of photocatalysts for dye degradation is an attractive choice, the 

efficiency of TiO2 based photocatalytic reactions for sunlight-induced applications 

like degradation of organic pollutants is hampered by its band gap of around 3.1 eV. 

This extends its photothreshold from the ultraviolet to the solar spectrum to only 

about 400 nm, which comprises of <10 % of the solar spectrum [37]. Also, certain 
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reports have been described that antibacterial activity of TiO2 nanoparticles involves 

the illumination of UV-light, which could cause serious damage to plants, animals and 

human cells [38]. Therefore, need for such photocatalysts, active in sunlight becomes 

almost essential for safe use. Reports show that the substitutional doping of TiO2 with 

non-metals such as C, N, S, and F degrade the organic molecules on excitation with 

visible light [39]. Very recently, N-doped TiO2 has been shown to exhibit visible light 

induced bactericidal activity [39].  

In this chapter, we illustrate the extracellular bacterial synthesis of TiO2 and 

ZnO nanoparticles at room temperature and under benign conditions. These 

nanomaterials have been characterized with different techniques such as TEM, FTIR, 

XRD, XPS and HRTEM etc. Calcination seems to result in Insitu doping with C, N 

and F atoms into TiO2 crystal lattice, leading to a red shift of absorption edge thus 

making biosynthesized TiO2 nanoparticles a visible light active photocatalyst. 

Photocatalytic applications of these biosynthesized oxide nanoparticles have also been 

discussed specially in regard with dye (methylene blue) degradation under the 

illumination of different light conditions. This chapter has been divided into three 

parts; first and second part deals respectively with synthesis and characterizations of 

TiO2 and ZnO nanoparticles. The third part illustrates a comparative study of 

photocatalytic degradation of methylene blue dye with TiO2 and ZnO nanoparticles in 

different light conditions.  

3.2 Biosynthesis of nanocrystalline TiO2 using Actinobacter spp. 

 This part of the chapter describes the extracellular synthesis and 

characterizations of TiO2 nanoparticles using a Gram-positive bacterium Actinobacter 

spp. under ambient conditions. 

3.2.1 Experimental Details 

The aerobic, Gram-positive bacterium Actinobacter spp. was isolated from a 

potassium ferrocyanide and potassium ferricyanide contaminated flask (discussed in 

Chapter II). The seeding of Actinobacter spp. its growth and exposure to inorganic 

materials have been performed under exactly similar condition as explained in 

Chapter-II. Here, K2TiF6 was the salt precursor instead of K2SiF6. The so obtained 
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reaction products were further analyzed for the presence of TiO2 nanoparticles using 

different characterization techniques such as TEM, XRD, FTIR, TGA, XPS and 

HRTEM etc., discussed in their respective sections of this chapter. 

 To identify the bacterial protein(s) responsible for hydrolysis of the aqueous 

anionic complex of TiF6
2-

 into TiO2 nanoparticles and it’s capping, the extracellular 

protein profile of the bacterial culture supernatant was checked for the induction of 

new protein/s upon addition of K2TiF6. The methods for identification of new proteins 

were followed as described in Chapter II. 

3.2.2 TEM and HRTEM analysis 

Transmission electron microscope (TEM) images of TiO2 nanoparticles 

synthesized by Actinobacter spp. are shown in Figure 3.1. Dense population of TiO2 

nanoparticles was found distributed over a large area of TEM grid. The as synthesized 

TiO2 nanoparticles (Figure 3.1 A and B) show nearly uniform shape and size. 

Particles are nearly spherical in shape and are of 5.0 - 6.0 nm in size. Small clusters 

containing several individual TiO2 nanoparticles embedded in protein matrix are also 

seen at some places. SAED pattern from as synthesized TiO2 nanoparticles (Figure 

3.1 C) shows a diffuse ring pattern, which has been indexed on the basis of brookite 

phase. Three rings were indexed to [121], [200], [410] planes, which match well with 

the reported values of brookite phase [40]. Particle size distribution from as 

synthesized TiO2 nanoparticles was performed over 100 particles and average particle 

size was found to be 5.5 nm (inset, Figure B) in diameter. Apart from the capped 

proteins, the as synthesized nanoparticle suspensions usually contain huge amount of 

extra proteins, secreted by Actinobacter spp. in the extracellular medium. In order to 

remove the extra proteins and get a more clear idea about the inorganic material that 

we are interested in, calcination (400 C for 3 h) was performed and thus extra 

proteins were burned out. TEM images of calcined TiO2 nanoparticles (Figure 3.1 D 

and E) show the aggregates of particles. The loss of part of capping proteins along 

with the extra proteins results in particle aggregation. SAED pattern from calcined 

TiO2 nanoparticles (Figure 3.1 F) show the spot patterns that were indexed on the 

basis of mixed phase of brookite and anatase.  
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Figure 3.1: TEM images of as synthesized (A and B) TiO2 nanoparticles after 48 h of 

reaction between Actinobacter spp. and K2TiF6. SAED pattern (C) shows the crystalline 

nature of particles and the diffraction rings could be indexed on the basis of brookite 

polymorph of TiO2. Particle size distribution (Figure B, inset) from as synthesized TiO2 

nanoparticles shows the average size to be 5.5 nm. Calcination of as synthesized 

nanoparticles leads to aggregation of particles (D and E) and SAED pattern (F) shows the 

presence of diffraction spots, which could be indexed on the basis of mixed phase of brookite 

and anatase. 

   

 

Figure 3.2: HRTEM images of calcined (A and B) TiO2 nanoparticles; calcination of as 

synthesized TiO2 nanoparticles was performed at 400 C for 4 h. The calculated d-values 

[2.93 Å] and [2.83 Å] corresponds to [121] and [002] crystal planes of brookite phase of 

TiO2.   

Presence of clear diffraction spots after calcination of TiO2 nanoparticles 

reveals the improvement of crystallinity. Calcined TiO2 nanoparticles were further 

analyzed by high resolution-TEM (Figure 3.2). Clearly resolved lattice fringes of 
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TiO2 nanoparticles are observed in the image indicating the crystalline nature of TiO2 

nanoparticles. The interplaner spacing (d-spacing) of [2.93 Å] and [2.83 Å] was 

assigned to [121] and [002] planes of brookite phase of TiO2 [40]. 

3.2.3 TGA analysis 

The as synthesized TiO2 nanoparticle suspension contains huge amount of 

extra proteins and other impurities. To have an idea about the quantitative amount of 

pure TiO2 in the given mass of as synthesized system, thermogravimetric analysis 

(TGA) was performed. TGA plot (Figure 3.3) from as synthesized TiO2 nanoparticles 

show major weight loss at two broad ranges of temperature. The first region was in 

the range of 300
 
- 400 

o
C, corresponding to desorption or release of water vapor and 

some loosely bound organic matter like proteins from the sample. The second region 

occurred in the range of 500 - 600 
o
C that could be attributed to the combustion and 

decomposition of organic matters that are strongly bound to the inorganic sample. 15 

% weight loss occurs during first stage while during second stage again 15 % of 

weight loss takes place. Thus, from the given mass of as synthesized TiO2 a total of 30 

% weight loss recorded after heating up to 600 C. After 650 C no more weight loss 

was recorded, indicating the rest 70 % weight to be only of TiO2. 

 

 

 Figure 3.3: TGA of as synthesized sample of TiO2 nanoparticles, showing the % weight loss 

with respect to the steady increase in temperature. Maximum 30 % weight loss recorded after 

heating up to 700 C, indicates the presence of 70 % pure TiO2 in a given mass of as 

synthesized TiO2.  
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3.2.4 X-Ray Diffraction pattern analysis  

Figure 3.5 shows the XRD patterns performed from drop cast films of aqueous 

TiO2 nanoparticles on a glass substrate. The XRD pattern from as synthesized TiO2 

nanoparticles (curve-1) shows the characteristic Bragg’s reflections of TiO2 and 

matches well with the reported values of brookite phase (indicated by “B”) and β-

phase (indicated by “β”) [40]. XRD pattern recorded from the calcined sample of TiO2 

nanoparticles (curve-2) again shows characteristic Bragg’s reflections of TiO2, 

matching with brookite (indicated by “B”), anatase (indicated by “A”) and β-phase 

(indicated by “β”). Interestingly, calcined sample showed the Bragg’s reflection for 

TiN (2θ = 43.4) [41a] and TiC (2θ = 71.6) [41b] matching with the reported values of 

(2θ = 43.27) and (2θ = 71.9) respectively. Thus, from XRD patterns it could be 

concluded that the as synthesized TiO2 nanoparticles mainly consists of brookite 

phase but after calcination change in crystal structure occurs which results in the 

formation of some anatase phase along with brookite phase of TiO2 with certain 

extent of doping of   “C” “F” and “N” elements and these findings were further 

confirmed by XPS analysis. 

 

 Figure 3.4: XRD patterns of TiO2 nanoparticles synthesized after 48 h of reaction between 

Actinobacter spp. and K2TiF6 salt. Curve-1 represents the XRD pattern recorded from as 

synthesized sample while curve-2 represents the XRD pattern from TiO2 nanoparticles 

calcined at 400 C for 3 h. Calcined sample shows the presence of mixed phase (brookite, 

anatase and β-phase) of TiO2 nanoparticles. 
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3.2.5 X-ray Photo-electron Spectroscopy 

The chemical analysis of TiO2 nanoparticles was carried out by X-ray 

Photoelectron Spectroscopy (XPS) from the as synthesized TiO2 nanoparticles after 

48 h of the reaction between Actinobacter spp. and K2TiF6. The sample was prepared 

on silicon wafer. The C 1s core level spectra (Figure 3.6 A) has three chemically 

distinct components centered at (282.4 eV), (285.0 eV) and (287.3 eV). The lower 

binding energy peak at 282.4 eV is attributed to the presence of aromatic carbon 

present in amino acids from proteins bound to the surface of TiO2 nanoparticles [42]. 

The high binding energy peak at 287.3 eV is attributed to electron emission from 

carbons in carbonyl groups (aldehydic or ketonic carbon) present in proteins bound to 

the nanoparticles surface [43].  

 

Figure 3.5: XPS spectra of as synthesized TiO2 nanoparticles recorded after 48 h of reaction 

between Actinobacter spp. and K2TiF6 salt. The core level spectra was recorded from C 1s 

(A), O 1s (B), N 1s (C) and Ti 2p (D). The raw data is shown in the form of symbols, while the 

chemically resolved components are shown as solid lines and details have been discussed in 

text. 

The C 1s component centered at 285.0 eV is due to electron emission from 

adventitious carbon present in the sample. The O 1s spectrum (Figure 3.6 B) could be 

resolved in to two chemically distinct components centering at 529.6 eV and 531.8 

eV. The O 1s component present at lower binding energy (529.6 eV) can be assigned 
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to the lattice oxygen while the O 1s component present at higher binding energy 

(531.8 eV) is assigned to mixed contributions from surface hydroxide [44] and C=O 

group present in capping proteins. The XPS spectra for N 1s (Figure 3.6 C) could be 

resolved in to three chemically distinct components centering at 398.3 eV, 399.7 eV 

and 401.0 eV. These could be assigned respectively to free N2, neutral amino group 

NH2 and the positively charged ammonium group NH3
+ 

present in the capping 

proteins [45]. Thus, from XPS data of O 1s and N 1s it can be concluded that proteins 

are definitely associated with TiO2 nanoparticles. In (Figure 3.6 D), the Ti 2p 

spectrum could be resolved into two spin-orbit pairs (spin-orbit splitting ~5.7 eV) 

centered at 459.5 eV & 462.3 eV, and 465.0 eV & 467.8 eV. The chemical 

components at 459.5 eV and 465.0 eV could be attributed due to Ti 2p3/2, and Ti 2p1/2 

respectively present in TiO2 and match well with the reported values [46]. The 

chemical components present at higher binding energy (462.2 eV and 467.8 eV) could 

be attributed to unhydrolysed TiF6
2- 

ions. The intensity of chemical components of 

unhydrolysed TiF6
2- 

ions is much lower than the Ti 2p3/2, and Ti 2p1/2, suggesting that 

most of the salt precursor has been transformed in to TiO2.   

 Further, XPS spectra were also recorded after calcination of biosynthesized 

TiO2 nanoparticles at 400 C for 3 h (Figure 3.7). The C 1s spectrum (Figure 3.7 A) 

could be fitted in to three chemically distinct components centering at 285.0 eV, 286.7 

eV and 288.8 eV. Comparing with XPS spectra of C 1s from as synthesized TiO2 

nanoparticle, the lower binding energy component at 282.4 eV disappears after 

calcination, suggesting the removal of proteins containing aromatic amino acids. The 

chemical component present at 285.0 eV could be attributed to the adventitious 

elemental carbon [47-48] existed in pure TiO2 sample [49]. The higher binding energy 

C 1s component (286.7 eV) could be attributed to electron emission from carbons 

present in proteins, bound to the nanoparticles surface, which mainly consist of 

carbonyl groups (aldehydic or ketonic carbon) [43]. A close observation of FTIR 

spectra of calcined TiO2 nanoparticles (discussed later) shows that even after 

calcination of biosynthesized TiO2 nanoparticles at 400 C, weak intensity of protein 

(amide-I and II) bands can be seen. Therefore, this successfully explains the origin of 

C 1s signal at 286.7 eV. The higher binding energy chemical component (288.8 eV) 
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could be attributed to carbon-doped TiO2 sample [19, 27] that may be due to the 

diffusion of the carbon atoms during the thermal treatment. Further, the XPS spectra 

for N 1s core level (Figure 3.7 B) was fitted into two chemically distinct components 

centering at 400.0 eV and 403.2 eV, which could be attributed to the N-doped TiO2 

[50, 51] and formation of oxynitride [51b] respectively. Figure 3.7 D shows the XPS 

spectra from F 1s core level spectra recorded from the calcined sample of 

biosynthesized TiO2 nanoparticles. The F 1s core level spectra could be fitted in two 

chemical components centering at 686.2 eV and 688.0 eV, which can be attributed to 

the F-containing molecules adsorbed on nanoparticle surface, while higher binding 

energy component can be attributed to the F atom
 
doped in TiO2 crystal lattice 

respectively [52]. Doping of F atoms in TiO2 lattice (O-Ti-O) leads to the replacement 

of O-atom by F-atom (O-Ti-F). The doping of “N” “C” and “F” elements in TiO2 

lattice can again be confirmed by Ti 2p spectrum (Figure 3.7 C) recorded from 

calcined TiO2, which could be deconvoluted in to one chemically distinct spin-orbit 

pair (2p3/2) centering at 460.8 eV.  

 

Figure 3.6: XPS spectra of biosynthesized TiO2 nanoparticles calcined at 400 C for 3 h. The 

core level spectra recorded from C 1s (A), N 1s (B), Ti 2p (C) and F 1s (D). The raw data is 

shown in the form of symbols, while the chemically resolved components are shown as solid 

lines and details have been discussed in text. 
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Thus an increase in binding energy (1.2 eV) as compared to pure TiO2 was 

recorded which could be ascribed due to doping of F atoms in TiO2 lattice. As 

mentioned earlier, the C 1s and N 1s XPS spectra indicate the possibility of doping in 

to TiO2 lattice, while XPS spectra from Ti 2p indicate the possibility of “F” doping. 

To reconcile these apparently contradictory results, we propose that in the calcined 

sample all the three elements namely, “C”, “N” and “F” are doped and amongst which 

“F” doping is dominant process. The Ti
4+

 experiences more electron withdrawing 

effect of “F” than the donating effects due to “C” and “N” doping partially explaining 

the shift in Ti 2p binding energy towards higher binding energy side. However, 

further detailed experiments are needed to confirm these results.  Well-established 

reports indicate that N and F co-doped TiO2 particles display enhanced visible light 

photocatalytic activity and higher absorption than individually N or F doped TiO2 

particles [52]. Thus, it can be concluded from XRD pattern and XPS spectra of 

calcined samples of biosynthesized TiO2 nanoparticles that the calcination results in 

doping of certain non metallic (“C” “N” and “F”) atoms into TiO2 crystal lattice.   

3.2.6 UV-visible spectroscopic analysis 

 
 The doping of C and N elements was further supported by UV-visible spectra 

(Figure 3.8) recorded from as synthesized (curve-1) as well as calcined (curve-2) 

samples of biosynthesized TiO2 nanoparticles. UV-vis spectra from as synthesized 

TiO2 nanoparticles show absorbance below 380 nm (UV-region), which corresponds 

to the band gap of 3.3 eV (curve-1), characteristic of brookite phase [12 b] of TiO2, 

which is supported by XRD pattern from as synthesized TiO2 nanoparticles (curve-1). 

However, calcination at 400 ºC for 3 h results in the enhanced absorbance in UV 

region and throughout the visible region (curve-2), corresponding to the band gap of 

2.64 eV.  Therefore a total red shift of 0.7 eV was recorded in the band gap of TiO2, 

which could be attributed to the co-doping of C, N and F atoms in TiO2 lattice. 

Biomolecules present as nanoparticle capping would probably act as source of C and 

N atoms while for F atoms unhydrolysed TiF6
2-

 ions would act as suitable source. 

These atoms would entrap within the TiO2 structure and finally get doped within TiO2 

lattice during calcination.  Thus, it can be said that co-doping of “C,” “N” and “F” 

atoms results in narrowing of band gap and thereby tuning the absorbance towards 
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visible region, thus enhancing the photocatalytic activity of TiO2 nanoparticles in the 

visible-light region [53]. 

 

Figure 3.7: UV-visible spectra recorded from as synthesized TiO2 nanoparticles (curve-1) 

and after their calcination at 400 ºC for 3 h (curve-2). The dashed line (curve-1) and dotted 

line (curve-2) represents the tangents drawn to find out the respective band gap energies.  

3.2.7 FTIR and SDS-PAGE analysis 

Figure 3.8 A and B show the FTIR spectrum of TiO2 nanoparticles 

synthesized extracellularly by Actinobacter spp. In Figure 3.8 A, curve-2 and curve-3 

represent the FTIR spectra recorded respectively from as synthesized and calcined 

(400 C for 3 h) sample of TiO2.   

The FTIR spectra (Figure 3.8 A and B) were recorded from the bio-

transformed reaction products obtained after 48 h of reaction between Actinobacter 

spp. and K2TiF6. In the as synthesized TiO2 nanoparticle sample, clear transmittance 

peaks at 617 cm
-1

 and 1130 cm
-1

 (Figure 3.8 A, curve-2) were observed which have 

been referred to the excitation of Ti-O-Ti vibrational modes in the as prepared TiO2 

nanoparticles [54].  These peaks are absent in the spectra (Figure 3.8 A, curve-1) 

recorded from metal salt precursor (K2TiF6). The peak present at 918 cm
-1

 (Figure 3.8 

A, curve-2) is due to antisymmetric stretching of Ti-O bonds in Ti-O-Ti [54]. All 

these three peaks become very intense after calcination (curve-3) suggesting that 

calcination improves the crystallinity of TiO2 nanoparticles. This result is in 

accordance with the changes in SAED pattern of calcined TiO2 nanoparticles. The 
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curve-1 in Figure A was recorded from metal salt precursor (K2TiF6), which does not 

show any Ti-O vibration band characteristic to TiO2. Apart from these, a strong 

transmittance peak at 1650 cm
-1

 (Figure 3.8 B, curve-2) could be attributed to the 

combination of amide-I and II bands. The appearance of amide-I and II bands 

suggest the presence of proteins in as prepared TiO2 nanoparticles suspension. 

Dampening in the intensity of these bands (I and II) has been observed in spectra 

recorded from the calcined sample (Figure 3.8 B, curve-2), which can be attributed 

to the removal of proteins from the sample except capping proteins. This analysis 

suggests that proteins are associated with the surface of TiO2 nanoparticles.  

 

Figure 3.8: FTIR spectra (A) recorded from as synthesized TiO2 nanoparticles (curve-2) after 

48 h of incubation with Actinobacter spp. and after calcination (curve-3) of as synthesized 

TiO2 nanoparticles at 400 C for 3 h. Curve-1 represents the FTIR spectra recorded from 

metal oxide precursor K2TiF6. Solid lines indicate the characteristic vibrations of TiO2. 

Signatures of amide-I and amide-II bands in FTIR spectra of as synthesized (Figure B, curve-

2) and calcined (Figure B, curve-3) TiO2 nanoparticles. Silver stained SDS-PAGE pattern 

(Figure C) showing the extracellular protein profile of Actinobacter spp. on 12 % resolving 

gel. Lane-1and 3 respectively corresponds to extracellular protein profile of Actinobacter 

spp. in absence and presence of K2TiF6 salt and the extra proteins overexpressed in lane-2 

are marked by arrows.       

Figure 3.8 C shows the SDS-PAGE pattern exhibiting the extracellular protein 

profile obtained from the culture supernatant of Actinobacter spp. in absence (lane-1) 

and presence (lane-2) of K2TiF6. Addition of K2TiF6 to Actinobacter spp. culture was 

seen to induce the release of new protein/s.  On comparing with control (lane-1), it 

can be clearly observed that there are three newly overexpressed proteins (marked by 
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arrows). Thus, from SDS-PAGE pattern, it can be concluded that these three 

overexpressed proteins could have participated in nanoparticle synthesis and capping.   

3.3 Biosynthesis of nanocrystalline ZnO using Actinobacter spp. 

This part of the chapter describes the extracellular bacterial synthesis of ZnO 

nanoparticles at room temperature. The experimental reaction product was analyzed 

by different characterization techniques such as TEM, XRD, XPS, and FTIR etc. 

Preliminary information about the proteins, secreted by Actinobacter spp. involved in 

nanoparticle synthesis and capping has also been presented.   

3.3.1 Experimental Details 

While keeping all the experimental and culture conditions etc. very similar to 

those as explained under 3.2.1 section of this chapter, the reaction between bacterial 

biomass and Zn(CH3COO)2 was carried out for a period of 48 h. The so obtained 

culture supernatant was further analyzed for the presence of ZnO nanoparticles using 

different characterization techniques such as TEM, XRD, FTIR, XPS and HRTEM 

etc. and this is discussed in their respective sections of this chapter. Two control 

experiment were also performed; in one case the biomass alone was tested to the 

presence of ZnO particles, in second, pure zinc acetate (10
-3

 M), kept in solution form 

without adding bacterial biomass for same period of time and at same conditions was 

tested for the formation of ZnO nanoparticles. To identify the bacterial protein(s) 

responsible for hydrolysis of the aqueous Zn(CH3COO)2 into ZnO nanoparticles and 

it’s capping, the extracellular protein profile of the bacterial culture supernatant was 

checked for the induction of new protein/s upon Zn(CH3COO)2  addition. The rest 

experimental procedure was followed very similar to as described in Part-1 of this 

chapter.  

3.3.2 TEM, HRTEM and EDX analysis  

 TEM images of ZnO nanoparticles synthesized by Actinobacter spp. after 48 h 

of incubation with Zn(CH3COO)2 shows a thick population of ZnO nanoparticles 

(Figure 3.9 A and B) in purified as synthesized sample. The particles ranging from 4 

to 10 nm in size were obtained. Particle size distribution was calculated from 100 
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nanoparticles, showing average particle size ~7.0 nm (Figure 3.10 A). Selected area 

electron diffraction (SAED) from as synthesized ZnO nanoparticles (Figure 3.9 C) 

shows clear diffraction spots, suggesting the crystalline nature of particles. The 

diffraction spots were indexed for [101], [102], [103], [104] and [201] crystal planes 

of wurtzite polymorph of ZnO [55].  

 

Figure 3.9: TEM images of as synthesized (A and B) ZnO nanoparticles after 48 h of 

reaction between Actinobacter spp. and Zn(CH3COO)2 mixture. SAED pattern (C) shows the 

crystalline nature of as synthesized particles. Calcination of as synthesized nanoparticles (D 

and E) leads to the formation of aggregates of particles and SAED pattern (F) could be 

indexed on the basis of wurtzite phase of ZnO. 

 

Figure 3.10: Particle size distribution (A) of as synthesized ZnO nanoparticles after 48 h of 

reaction between Actinobacter spp. and Zn(CH3COO)2 mixture, showing average particle size 

7.0 nm. HRTEM images (B) of as synthesized ZnO nanoparticles show the lattice spacings 

matching with wurtzite ZnO.  
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As it has been observed many times earlier that proteins cap the as synthesized 

particles and calcination at 400 C for 3 h burns the excess proteins present in the 

form of matrix. TEM images of calcined ZnO nanoparticles (Figure 3.9 D and E) 

show aggregates of nanoparticles in the form of clusters. Calcination burns the 

capping proteins and aggregation is observed due to the loss. Therefore, in Figure D 

and E particles are not very well dispersed and reveal flake like structures of ~50 nm 

size (Figure 3.9 E). SAED pattern from calcined ZnO nanoparticle (Figure 3.9 F) 

sample shows clear ring pattern, indexed again based on wurtzite phase of ZnO.  

These ring patterns were referred for [101], [102], [103], [104] and [201] crystal 

planes, which matches well with the reported values [55]. HRTEM image (Figure 

3.10 B) of as synthesized ZnO nanoparticles show lattice spacings of 1.93 Å and 2.45 

Å, matching well with the wurtzite phase of ZnO (1.91 Å and 2.47 Å) for [102] and 

[101] planes respectively [55]. 

3.3.3 X-ray diffraction analysis 

 Figure 3.11 represents the XRD measurements on dried powders of as 

synthesized (curve-1) and calcined (curve-2) sample of ZnO nanoparticles 

synthesized by Actinobacter spp. after 48 h of exposure with Zn(CH3COO)2.      

 
Figure 3.11: XRD patterns recorded from ZnO nanoparticles after 48 h of incubation of 

Actinobacter spp. with Zn(CH3COO)2. The as synthesized sample (curve-1) and calcined 

(curve-2) samples show the characteristic Bragg’s reflection of wurtzite phase of ZnO 

(indicated by ( ). Spectra from as synthesized ZnO nanoparticles show the presence of some 

unhydrolysed Zn(CH3COO)2  (indicated by ) signature as well. 
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Characteristic Bragg’s diffraction pattern for wurtzite phase of ZnO was 

recorded and marked by ( ). The XRD pattern from as synthesized sample shows 

several Bragg’s reflection identified for zinc acetate (indicated by ) and ZnO 

nanoparticles (indicated by ). The zinc acetate impurity was removed from as 

synthesized sample by dialysis followed by lyophilization and calcination (at 400 C 

for 3 h). After purification and calcination as synthesized sample show characteristic 

crystal planes [100], [002], [102], [110], [103], [112] and [201] for ZnO which match 

well with the reported values [55]. 

3.3.4 X-ray Photo-electron Spectroscopy 

The synthesis of ZnO nanoparticles by Actinobacter spp. was further 

confirmed by XPS, a sensitive technique, to the oxidation state of elements present in 

the sample.  

 
 
Figure 3.12: XPS spectra of biosynthesized ZnO nanoparticles synthesized by reaction 

between Actinobacter spp. and Zn(CH3COO)2 for 48 h. The core level spectra recorded from 

C 1s (A), O 1s (B), N 1s (C) and Zn 2p (D). The raw data is shown in the form of symbols, 

while the chemically resolved components are shown as solid lines and details have been 

discussed in text. 
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Figure 3.12 represents the XPS spectra recorded from as synthesized ZnO 

nanoparticles. The spectra were recorded for different elements such as C 1s, N 1s, O 

1s and Zn 2p. The core level binding energies were aligned with the adventitious 

carbon binding energy of 285.0 eV. The XPS spectra of C 1s (Figure 3.12 A) could be 

fitted in to three components centering at 281.0 eV, 285.0 eV and 288.0 eV which 

could be attributed respectively to the aromatic carbon present in amino acids from 

proteins bound to the surface of ZnO [42], carbons in carbonyl groups (aldehydic or 

ketonic carbon) [43] and from adventitious carbon present in the sample. The N 1s 

core level spectra (Figure 3.12 B) could be fitted into two chemically distinct 

components centering at 397.0 eV and 400.0 eV. The lower binding energy 

component could be attributed to nitrogen in iminic (C=N) groups, while higher 

binding energy component can be attributed to amidic (peptidic) nitrogen in the 

capping proteins [56]. The O 1s core level spectra (Figure 3.12 C) could be fitted into 

three distinct components centering at 528.6 eV, 531.7 eV and 533.9 eV. The lower 

binding energy component could be assigned to the signals coming from surface 

proteins and free oxygen. The other components at 531.7 eV and 533.9 eV correspond 

to O
2-

 ions in ZnO and OH groups at ZnO surface [57].  

 

Figure 3.13: XPS spectra of calcined sample of biosynthesized ZnO nanoparticles 

synthesized by reaction between Actinobacter spp. and Zn(CH3COO)2 for 48 h. The core level 

spectra recorded from O 1s (A) and Zn 2p (B). The raw data is shown in the form of symbols, 

while the chemically resolved components are shown as solid lines and details have been 

discussed in text. 

 
Further, the XPS spectra for Zn 2p core level (Figure 3.12 D) was also fitted in 

to one spin-orbit pair where Zn 2p3/2 and Zn 2p1/2 peak positions were centered at 
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1022.2 eV and 1045.2 eV (spin-orbit splitting 23.0 eV) respectively, matching well 

with the reported values for ZnO [58]. Thus, XPS result strengthens our findings for 

extracellular synthesis of ZnO nanoparticles from Actinobacter spp. The binding 

energy signal of Zn
+
 ions (from zinc acetate) has been reported to be at 1021.4 eV. 

This is very close to Zn signal from ZnO (1021.7) and due to the low resolution of 

instrument the presence of unhydrolysed Zn
2+

 ions probably could not be detected.  

Further, XPS spectra were recorded from calcined sample of bio synthesized 

ZnO nanoparticles (Figure 3.13). The O 1s spectra (Figure 3.13 A) could be fitted into 

two components centering at 529.3 eV and 531.5 eV. The lower and higher binding 

energy components could be again attributed to the free oxygen and O
2-

 ions in ZnO 

respectively [57]. The absence of any peak at 533.9 eV suggests probable removal of 

OH group upon calcination. The Zn 2p core level spectra (Figure 3.13 B) were fitted 

into one spin-orbit pair centering at 1022.2 eV and 1045.2 eV (spin-orbit splitting 

23.0 eV) for Zn 2p3/2 and Zn 2p1/2 in ZnO respectively. 

3.3.5 UV-visible spectroscopic analysis 

 The synthesis of ZnO nanoparticles by the use of Actinobacter spp. was 

further confirmed by UV-visible spectra. Figure 3.15 show the UV-visible spectrum 

(Figure 3.14) recorded from as synthesized (curve-2), calcined sample (curve-3) and 

zinc acetate (curve-1). The bacterial cell supernatant after 48 h of exposure to 

Zn(CH3COO)2 shows the presence of a broad absorbance ranging from 315 nm to 365 

nm (curve-2) whereas the calcined sample shows a clear absorbance band centering at 

365 nm (curve-3), characteristic for ZnO nanoparticles [52].  This absorbance is 

absent (curve-1) in the UV-vis spectra recorded from Zn(CH3COO)2 (precursor), 

suggesting the formation of ZnO nanoparticles due to the reaction of bacterial 

proteins/enzymes with precursor. Presence of broad absorbance bands in case of as 

synthesized ZnO nanoparticle could be assigned to the presence of varying size 

distribution of nanoparticles, which could be seen in TEM images (Figure 3.9 A and 

B). Bulk ZnO shows the absorbance at around 383 nm due to its wide band gap (3.34 

eV), whereas ZnO in form of nanoparticles show blue shift in absorbance due to the 
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increase of its band gap. The as synthesized as well as calcined ZnO nanoparticles 

show clear absorbance in blue region than bulk ZnO. 

 

Figure 3.14: UV-visible spectra recorded from as synthesized ZnO nanoparticles (curve-2) 

and after their calcination at 400 ºC for 3 h (curve-3) showing characteristic absorbance for 

ZnO nanoparticles. The spectra from salt precursor (zinc acetate) showing absence of any 

such absorbance (curve-1).  

 

3.3.6 FTIR and SDS-PAGE analysis 

FTIR spectra recorded from ZnO nanoparticles synthesized by Actinobacter 

spp. after 48h of reaction with Zn(CH3COO)2 have been shown in Figure 3.15 A and B. 

Presence of characteristic Zn-O bond streching signal below 600 cm
-1

 in as 

synthesized (curve-2) and calcined (curve-3) again confirms our assertion of ZnO 

nanoparticle formation [60]. A broad transmittance peak seen in the spectra of as 

synthesized sample (curve-2) at 550 cm
-1

 becomes more intense and clear after 

calcination (curve-3). We believe that the enhancement in crystallinity with 

calcination involves the loss of amorphous proteins precipitated along with the 

particles. The FTIR spectra recorded from Zn(CH3COO)2 salt precursor (curve-1) do 

not show any signature for Zn-O bond vibrations suggesting that the transmittance 

signal at 550 cm
-1

 is due to ZnO. Further, the presence of proteins on nanoparticle 

surface was identified by FTIR (Figure 3.15 B). Presence of a broad transmittance 

peak centering at 1650 cm
-1

, could be attributed to the combination of amide-I and II 

band signals from capping proteins. These bands disappear after calcination (curve-2) 

suggesting the loss of capping proteins. In order to get more knowledge about the 

over expressed proteins responsible for metal ion reduction, proteins form bacterial 



Chapter III                                                                                                                 87   

 

 

Ph. D. Thesis                                     Sanjay Singh                           University of Pune 

cell supernatant were isolated, lyophilized and SDS-PAGE was performed (Figure 

3.15 C) with standard molecular weight marker (lane-M). The proteins synthesized by 

Actinobacter spp. in absence (lane-C) and presence of Zn(CH3COO)2 (lane-T) were 

compared and an overexpression of proteins having molecular weights of ~ 10 and ~ 

15 kDa (marked by arrows in lane-T) was observed.     These low molecular weight 

proteins could be considered as responsible cause for nanoparticle synthesis and 

capping. Therefore, it can be concluded that bacteria under ionic stress conditions, 

secrete some extra proteins, having molecular weights of around 10 and 15 kDa, 

which subsequently try to nullify this adverse environment by changing the toxic form 

of ionic precursors in to insoluble oxide form and precipitate it. 

 

Figure 3.15: FTIR spectra (A) recorded from as synthesized ZnO nanoparticles (curve-2) 

after 48 h of incubation with Actinobacter spp. and after calcination (curve-3) at 400 C for 3 

h. Curve-1, represents FTIR spectra recorded from metal salt precursor Zn(CH3COO)2. 

Figure B, Curve-1 and 2 represents the FTIR spectra recorded from as synthesized and 

calcined sample of ZnO. Silver stained SDS-PAGE pattern (Figure C) showing the 

extracellular protein profile of Actinobacter spp. on 12% resolving gel. Lane-C and T 

respectively corresponds to extracellular protein profile of Actinobacter spp. in absence and 

presence of Zn(CH3COO)2 salt and the extra proteins overexpressed in lane-T are marked by 

arrows.                      

3.4 Photocatalytic Application of Biosynthesized TiO2 and ZnO 

Nanoparticles  

3.4.1 Experimental Details 

 The synthesis processes of TiO2 and ZnO nanoparticles by Actinobacter spp. 

have been described in previous sections (part-1 and 2) of this chapter in detail. The 
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as synthesized nanoparticles contain excess biomolecules in their suspensions. 

Therefore, in order to enhance the crystallinity of biosynthesized TiO2 and ZnO, the 

particles were centrifuged at 15000 rpm for 30 min. followed by calcination of so 

obtained pellets at 400  ºC for 3 h. The crystalline samples of respective oxides have 

been well characterized by TEM, FTIR, XRD XPS and UV-vis spectroscopy 

(described in earlier parts of this chapter). For the study of photocatalytic activity of 

these biosynthesized TiO2 and ZnO nanoparticles for degradation of dye (Methylene 

Blue), different concentrations (0 M, 10
-3 

M and 10
-4 

M) of the sample (TiO2 and 

ZnO) were taken with 10
-5 

M concentration of methylene blue (MB). This reaction 

setup was kept in three different light conditions (dark, sunlight and UV-light). All the 

reactions were performed in quartz tubes. For UV light exposure, reactions were 

performed in the home-made photocatalytic reactor and illuminated with a UV lamp 

source (400 Watts, emission maxima 280 nm, Hanovia, USA) at a distance of 20 cm 

and for solar light exposure, experiments were performed on a bright sunny day (~ 38 

ºC) in an open space between 09:00 to 16:00 hours. The MB degradation during the 

course of reaction (30 min, 60 min, 90 min, 120 min, 150 min, 180 min and 210 min) 

was followed by recording its optical absorbance maxima at 664 nm, while 

establishing a baseline data set with MB solutions exposed directly to various light 

conditions without addition of any TiO2 or ZnO. The optical absorbance of dye during 

the reaction was monitored using Jasco dual beam UV–vis–NIR spectrophotometer. 

The extent of dye degradation was calculated by the following equation:  

                               [(Initial Absorbance) - (Absorbance After Treatment)] 

% Discoloration =                                                                                          X 100 

                                                        Initial Absorbance 

3.4.2 Photodegradation of Methylene blue  

Several reports illustrating the mechanism of MB degradation suggest that 

such a blue-shifted absorption characteristic of N-demethylated derivative(s) of MB 

(Figure 3.16) is observed. A mixture of N-demethylated analogs of MB broadens the 

absorption spectra in the visible region. Absorption bands at 654–648nm (irradiation 

time, 20–30 min), at 620 nm (irradiation time, 60 min), and at 615 nm (irradiation 

time 90 min) are due to Azure B (AB), Azure A (AA) and Azure C (AC) formation 

respectively [36].  
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Figure 3.16: Flowchart showing the mechanism of MB degradation with various levels of N-

demethylation and their corresponding structures under the illumination of sunlight and 

presence of B-TiO2 nanoparticles.   

 

The photodegradation of MB by biosynthesized TiO2 (B-TiO2) nanoparticles 

under different light conditions has been shown in Figure 3.17. Extent of MB 

degradation was estimated from absorbance spectra as intact MB shows strong 

absorbance at 664 nm. Loss of intensity at 664 nm and shift in this peak position was 

considered as degradation of MB. Under dark conditions, little decrease in intensity of 

peak at 664 nm was observed and the extent of degradation was found to be same 

without (Figure 3.17 A) and with (Figure 3.17 B) TiO2 nanoparticles. 

But no shift in absorbance at 664 nm was recorded in either case. When the 

mixture of TiO2 nanoparticles and MB was exposed to UV-light, almost complete 

decomposition of MB was recorded by 240 min of exposure (D). However, little 

degradation in MB was found when it was exposed to UV-light without TiO2 

nanoparticles (Figure 3.17 C). In this case, the absorbance of MB shows blue shift 

(from 664 nm to 615 nm) as well as decrease in intensity of MB absorbance. 

Interesting results were obtained when TiO2 and MB mixtures were exposed to 
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sunlight, rapid degradation of MB was recorded which showed complete degradation 

of MB within 90 min of sunlight exposure (Figure 3.17 F). Although, little decrease in 

intensity was recorded for MB under the exposure of UV light and sunlight without 

B-TiO2 nanoparticles (Figure 3.17 C and E) but no shift in absorbance was recorded, 

suggesting the importance of TiO2 as a photocatalyst. 

 
Figure 3.17: UV-visible spectra of photocatalytically degraded methylene blue dye in 

different light conditions. A, C and E are MB solutions without TiO2 nanoparticles, exposed 

for different time intervals to dark, UV-light and sunlight respectively. B, D and F are MB 

solutions with TiO2 nanoparticles, exposed for different time intervals to dark, UV-light and 

sunlight respectively.    

Thus, it can be concluded that B-TiO2 is an active photocatalyst for the 

degradation of MB under the exposure of UV-light as well as sunlight. Moreover, it is 

more effective under sunlight exposure. Similar to TiO2, ZnO nanoparticles have also 

been employed for photcatalytic degradation of various pollutants such as phenol, 

textile dyes and methyl-orange etc [61]. We have further used biosynthesized ZnO 

(B-ZnO) nanoparticles for MB degradation under the similar experimental conditions 

as it was performed for TiO2.  MB treated with B-ZnO nanoparticles under dark 

conditions, showed negligible degradation (Figure 3.18 A and B) as neither 

significant change in intensity nor shift in absorbance was recorded. 
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Figure 3.18: UV-visible spectra of photocatalytically degraded methylene blue dye in 

different light conditions. A, C and E are MB solutions without ZnO nanoparticles, exposed 

for different time intervals to dark, UV-light and sunlight respectively. B, D and F are MB 

solutions with ZnO nanoparticles, exposed for different time intervals to dark, UV-light and 

sunlight respectively. 

 

Illumination of UV-light was also found to be ineffective to cause degradation of 

MB (Figure 3.18 C and D) as even after prolonged (180 min) exposure of UV-light, 

little degradation was recorded. In this case also, no shift in absorbance of MB was 

recorded. However, exposure of the mixture of ZnO and MB to sunlight resulted in 

complete degradation of MB within 30 min (Figure 3.18 E and F) and the solution 

becomes colorless. In this case the exposure of MB solution to sunlight alone showed 

decrease in intensity (more than under dark and UV-light exposure) but no shift in 

absorbance (Figure 3.18 E). The exposure of MB solution under sunlight with B-ZnO 

showed a rapid decrease in intensity as well as shift in absorbance (Figure 3.18 F). 

These experiments demonstrated that the presence of both ZnO and sunlight is 

essential for the degradation of MB.  

We have discussed till now about the B-TiO2 and B-ZnO mediated degradation of 

MB under different light conditions. A comparative analysis is discussed below, 

keeping in mind two important parameters: 
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1. Shift in MB absorbance 

2. Decrease in intensity at 664 nm. 

Based on these, it was observed that MB alone under dark condition shows no shift in 

absorbance (Figure 3.19 A, curve-1). Mixture of MB with B-TiO2 under the exposure 

of UV-light (Figure 3.19 A, curve-2) shows a significant shift in absorbance from 664 

to 615 nm by 240 min exposure. However, in the presence of sunlight the shift was 

more rapid and recorded from 664 nm to 601 nm within 120 min of exposure. Panel B 

shows the shift in absorbance of MB with B-ZnO under different light conditions. As 

the trend follows, MB alone did not show any shift in absorbance (Figure 3.19 B, 

curve-1). Similarly in the presence of ZnO and UV light the degradation of MB did 

not result in any significant shift (Figure 3.19 B, curve-2). Interestingly, when the 

mixture of MB and B-ZnO exposed to sunlight showed a shift from 664 to 565 nm 

within 180 min. In the following we present a comparison of degradation effects of B-

TiO2 and B-ZnO under different light conditions (Figure 3.20). In sunlight B-ZnO 

shows a shift in MB absorbance (54 nm) within 30 min of exposure while B-TiO2 

treatment reveals a small shift (15 nm) in this time. 

 

Figure 3.19: Shift in absorbance of MB (from 664 nm) in different light conditions. Figure A 

represents the shift in absorbance of MB mixed with B-TiO2 nanoparticles and exposed to 

sunlight (curve-3), UV-light (curve-2) and dark (curve-1). Figure B represents the shift in 

absorbance of MB mixed with B-ZnO nanoparticles and exposed to sunlight (curve-3), UV-

light (curve-2) and dark (curve-1).   

As the exposure time is increased (120 min), B-ZnO particles proceed to show 

a shift of 86 nm in MB absorbance while in B-TiO2 case a shift of only 64 nm is seen.  

The B-ZnO exposure ended in a shift of 99 nm whilst the B-TiO2 treatment left the 64 

nm shift constant. In terms of decrease in intensity under UV-light B-TiO2 leads to a 
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degradation of 54 %, while in B-ZnO case it is only 20 %. On the other hand, in 

presence of sunlight, B-ZnO shows a decomposition capacity of >96 %, while in B-

TiO2 it remains at 64 % by the end of 30 min.                 

 
Figure 3.20: Curves showing % degradation of MB in different light conditions. Figure A 

(curve-1 and 2) show the MB solutions exposed to UV-light without and with B-TiO2 

nanoparticles, whereas curve-3 and 4 show the MB degradation profile exposed to sunlight, 

without and with B-TiO2 nanoparticles respectively. Figure B (curve-1 and 2) show % MB 

degradation under UV-light, without and with B-ZnO nanoparticles respectively, whereas 

curve-3 and 4 show the MB degradation profile when exposed to sunlight without and with B-

ZnO nanoparticles respectively. 

Thus it can be concluded that in UV-light B-TiO2 is a better photocatalyst, 

while B-ZnO does not show any activity in these conditions. In sunlight, though B-

TiO2 shows a better activity as compared to its activity in UV-light, B-ZnO becomes 

far more active and even out performs B-TiO2 under these conditions. 

3.5. Conclusions 

 This chapter illustrates a bacterium (Gram-positive) mediated approach for 

TiO2 and ZnO nanoparticle synthesis under ambient conditions. The so synthesized 

particles were below 10 nm in diameter. As a mechanism, it could be hypothesized 

that the metal ion stressed Actinobacter spp. overexpresses certain proteins/enzymes 

that while trying to minimize the stress convert these ions into their more insoluble 

oxide counterpart. Proteins are also involved in capping and thereby prevent the 

particle from further growth. Calcination results in improvement of material 

crystallinity, which might be due to the loss of amorphous proteins precipititated 

along with the particles. Calcination of B-TiO2 nanoparticles seems to suggest the 
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possible doping of non-metallic elements (C, N and F) that show shift in absorbance 

from UV region to towards visible region due to their band gap narrowing effect. This 

property results in sunlight induced photocatalytic degradation of MB dye where B-

TiO2 nanoparticles showed a comparatively enhanced rate of MB degradation under 

sunlight than UV light. On the other hand B-ZnO nanoparticles were also found to be 

more photocatalytically active under sunlight even when compared to the above B-

TiO2 system. The enhanced MB degradation activity of B-ZnO nanoparticles under 

sunlight illumination can be correlated with its strong absorbance (365 nm) close to 

the visible region of electromagnetic spectrum (Figure 3.14, curve-2). In short, the 

simple method described here successfully demonstrates the production of TiO2 and 

ZnO nanomaterials that may probably be used in multiple applications of 

nanotechnology.   
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Chapter IV 
 

 

A Novel Biological Approach for 
Metal Nanoparticle synthesis and 
their Antibacterial Applications 

 

 
 
 

Metal nanoparticles, due to their shape and size dependent optical properties and various 
biological applications, have become a vital topic of research. Among them, silver 
nanoparticles have been used extensively, especially for antimicrobial activity as most of 
the pathogenic microbes are gaining resistance to present day antibiotics. Several products 
comprising silver nanoparticles starting from toothpastes to refrigerators, washing 
machines and even surgical accessories etc are becoming accessible to the common man. 
Looking towards the vast applications, several methods of their synthesis operating at 
lower cost and biofriendly processes would always be preferred. Therefore, we present in 
this chapter, a simple bio-surfactant mediated method for metal nanoparticle synthesis. 
Silver nanoparticles obtained by this process show monodispersity in shape and size can be 
stored in powder form and exhibit superior antibacterial property. The key step in the 
whole process is the usage of bio-surfactants, which are obtained by yeast-mediated 
process, and hence all the advantages highlighted for biosyntheses in the previous chapters.  

 

The work described in this chapter has been communicated as: Singh, S.; Patel, P.; 

Prabhune, A. A.; Ramanna, C. V.; Prasad, B. L.V. 2008.  
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4.1 Introduction 

Metal and semiconductor nanoparticles have shown important applications in 

catalysis, biosensing, recording media and optics [1]. In the current scenario, the use 

of nanoparticles in biomedical applications such as drug delivery [2], cancer-cell 

diagnostics [3] and therapeutics [4] has given nanotechnology a new dimension. Also, 

scattering properties of spherical gold nanoparticles have been used in cancer cell 

imaging by confocal microscopy [3, 5]. Silver has been known to exhibit strong 

toxicity to a wide range of microorganisms and has been used extensively in many 

antibacterial applications [6]. 

An important stipulation for the bio-applicability of nanoparticles is their 

water dispersibility. Synthesis of water dispersible nanoparticles has been generally 

achieved by using water soluble polymers [7], oligo and polysaccharides [8] as 

capping agents, while, reduction has been carried out by citric acid [9], sodium 

borohydride [10], elemental hydrogen etc [11]. However, it would be advantageous if 

both the reduction of metal ions and capping of subsequent nanoparticles could be 

performed by the same molecule. Several protocols have been reported for such 

synthesis involving the use of amino acids [12], enzymes etc. Willner et al. have 

reported that numerous types of enzymes, such as oxidases, hydroxylases, hydrolytic 

proteins, or NAD(P)
+
 dependent enzymes, may be employed as biocatalysts for the 

synthesis of metal nanoparticles and for the development of optical/electrochemical 

sensors for the respective substrates [13]. Rangnekar et al. have successfully reported 

the reductive synthesis of AuNPs by enzyme α-amylase and simultaneous surface 

functionalization of nanoparticles within the same reaction. Further, the functional 

activity of α-amylase present on the surface of AuNPs was tested and found to be 

retained in this complex [14].  

Biomolecules have been used for nanomaterial synthesis/functionalization and 

its subsequent applications since decades [15]. These nanomaterial-biomolecules 

multifunctional systems could be used as useful tool to mimic the behavior of 

biomolecules in cells and therefore could be helpful to explain the mechanism of 

complex biological processes with a several potential applications. Glycolipid-
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nanoparticles conjugates are recently being developed that are expected to have many 

applications. Three different types of glyconanoparticles have been reported so far 

including gold and silver glyconanoparticles [16], glyco-quantum dots [17] and 

magnetic glyconanoparticles [18]. Glyconanoparticles have unusual physical 

properties due to its quantum size effect [19], which can be used for the detection and 

evaluation of interactions. Several biotechnological and biomedicinal such as anti-

adhesive property [20] of nanoparticle-carbohydrate systems have already been 

reported. Other applications such as carbohydrate interactions [21-26], carbohydrate-

protein interaction [27, 28, 29], as biolabels [15, 19, 29] and some applications in the 

field of materials science [30] have also been published recently. The possible 

applications of glyconanoparticles in various fields of science have been shown in 

Scheme 4.1.  

Three important properties of glyconanoparticles make them suitable model 

systems for different applications. 

1. They are of similar size to many biomolecules and therefore can reproduce or 

mimic the carbohydrate presentation in glycoproteins etc. 

2. They provide a glycocalyx-like surface thus presenting the carbohydrates in a 

globular and polyvalent configuration on their surfaces. 

3. The glyconanoparticles would exhibit unusual physical properties due to their 

quantum size effect [31, 32], which could be used for the detection and evaluation of 

interactions.   

In continuation of our quest for bio-mediated synthesis of nanomaterials (as 

described in previous chapters), in this chapter we present the utility of microbially 

produced sophorolipids (a biosurfactant) for the reduction of metal ions and the 

simultaneous capping of the so formed nanoparticles. Sophorolipids (SL) are a kind of 

microbial extracellular biosurfactants produced by yeasts, such as Candida 

bombicola, Yarrowia lipolytica, Candida apicola, and Candida bogoriensis [34]. 

They are generally present in the form of disaccharide sophoroses linked 

glycosidically to the hydroxyl group at the penultimate carbon of fatty acids. 

Sophorolipids mainly occur as mixtures of close ring (macrolactone form) and open 
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ring (acidic form) structures, which undergo acetylation to various extents at the 

primary hydroxyl group of the sophorose ring [34, 35]. 

 

Scheme 4.1: Schematic representations explaining the potential application of 

glyconanoparticles in the field of Glycobiology, Biotechnology and Material science. (Scheme 

courtesy: reference 33). 

It was probably Gorin et al. [36] who first described sophorolipids, as 

extracellular glycolipids synthesized by the yeast Torulopsis magnoliae. However, 

this strain was incorrectly identified and was actually Torulopsis apicola, currently 

known as Candida apicola. The structure of the hydroxy fatty acid sophoroside 

mixture was elucidated as a partially acetylated 2-O-β-D-glucopyranosyl- D-

glucopyranose unit attached β-glycosidically to 17-L-hydroxyoctadecanoic or 17-L-

hydroxy-Δ9-octadecenoic acid [37]. Within a year, Tulloch et al. also reported a new 

type of sophorolipid from Candida bogoriensis (currently known as Rhodotorula 

bogoriensis). The over all structure of sophorolipid is similar to that produced by 

Candida apicola, but differs in its hydroxy fatty acid moiety as the sophorose unit 

was linked with 13-hydroxydocosaenoic acids. Further, Spencer et al. had reported 
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another sophorolipid secreting yeast species Candida bombicola (initially known as 

Torulopsis bombicola), in which the glycolipids structure and production 

characteristics are nearly same as that of Candida apicola [38]. Recently, Chen et al. 

have reported a new strain for sophorolipid synthesis (Wickerhamiella domericqiae), 

which is identical to the major component of the sophorolipids of C. apicola and C. 

bombicola [39].  

The basic requirement for sophorolipid production is glucose and a fatty acid 

precursor (oleic acid in this case). The biotransformation is a multistep process, where 

first step involves the conversion of fatty acids in to a terminal (ω) or penultimate (ω-

1) hydroxy fatty acid by the action of a membrane bound nicotinamide adenine 

dinucleotide phosphate (a reduced form of NADPH) dependent monooxygenase 

enzyme, cytochrome P450 [40]. In the second step, glucose is glycosidically coupled 

(at position C-1) to the hydroxyl group of the fatty acid by the action of specific 

glycosyltransferase-I. Third step involves the addition of a second glucose to C-2 

position of the first glucose moiety by glycosyltranferase II [41]. The so obtained 

crude sophorolipids are obtained as mixture of acidic and non-acetylated molecules. 

Further, a majority of sophorolipid molecules undergo various extent of esterification. 

All these can be easily converted to the simple acid form by a mild base hydrolysis. 

Silver nanoparticles show excellent toxicity against various microorganisms, 

which make their use for water purification, wound dressings, inhibitor of HIV 

viruses etc. very promising [42]. Silver has been known for its bactericidal activity 

since ancient time [43]. Also, recent research has shown the antibacterial property of 

silver nanoparticles (AgNPs) [44]. It has been hypothesized that silver has high 

affinity towards sulfur and phosphorus, which might be the probable reason for 

antibacterial action. Proteins present on the bacterial cell membrane contain sulfur in 

abundance and react with silver nanoparticles, which in turn cause malfunction of 

these proteins [44a, 45]. Also, Ag
+
 ions have been reported for their affinity towards 

phosphorous moieties in DNA, resulting in inactivation of DNA replication. These 

Ag
+
 ions can also react with sulfur-containing proteins/enzymes and lead to inhibition 

of respective proteins/enzymes [46].  
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In this chapter, we describe the synthesis of sophorolipid by Yeast (Candida 

bombicola) and its detailed characterizations using FTIR and NMR spectroscopy 

techniques. Further, the acidic form of the sophorolipid was used for synthesis of 

stable and nearly monodispersed gold and silver nanoparticles. Most important aspect 

of this novel method for nanoparticle production involves the usage of sophorolipid in 

form of reducing as well as capping agent. These nanoparticles were analyzed by 

different characterization tools such as UV-visible spectroscopy, TEM, FTIR, XRD 

and TGA etc. Further, the sophorolipid and sophorolipid reduced silver nanoparticles 

were used for evaluation of their antibacterial property against both Gram-positive 

and Gram-negative bacterial species. It has been reported that sophorolipid show 

better bactericidal activity against Gram-positive than Gram-negative bacterial 

species. However, after formation of silver nanoparticles, where sophorolipids are 

present on the nanoparticle surface, it showed antibacterial activity against both 

Gram-positive as well as Gram-negative bacterial species. Interestingly, OA-SL-

AgNPs showed bactericidal property even with the concentration of 1 µg/mL against 

Gram-negative bacteria. Loss of cell membrane (as the reason for antibacterial 

activity) integrity was proved by lipid peroxidation reaction and AFM imaging of 

bacterial cell topography.  
4.2 Biotransformation of oleic acid into sophorolipid using (Candida 

bombicola) 

 This part of chapter illustrates about the procedure involved in production of 

oleic acid derived sophorolipid (OA-SL) molecules by yeast Candida bombicola 

(ATCC No. 22214) and its characterizations. This yeast species was issued from 

National Center of Industrial Microorganisms (NCIM) at the National Chemical 

Laboratory Pune on a MGYP-A (maltose, glucose, yeast extract, peptone and agar) 

slant. This slant was maintained at 4 °C.  

4.2.1 Experimental Details 

Seeds of Candida bombicola were inoculated in 10 mL of freshly prepared 

MGYP nutrient medium and incubated for 24 h at 30 ºC under shaking condition (200 

rpm). This pre-inoculum was added to 90 mL of MGYP nutrient medium in a 500 mL 
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Erlenmeyer flask and incubated for 48 h at 30 ºC on a shaker (200 rpm). Cells were 

harvested by centrifugation at 5000 rpm for 10 min. Cell pellets were washed twice 

with Millipore water under sterile condition. Finally these cell pellets were 

redispersed in sterile solution of 10 % glucose with 2 mL of oleic acid (dispersed in 2 

mL of ethanol) and the flask was kept on a shaker (200 rpm) at 30 ºC for 96 h. As a 

result of reaction between the yeast biomass with glucose and oleic acid, a brown and 

viscous liquid (crude-sophorolipid) settled at the bottom of the flask. The crude-

sophorolipid was separated by pipette from the biomass and extracted with ethyl 

acetate. Anhydrous sodium sulfate was added to the ethyl acetate to remove the 

residual water. Then the sample was filtered and ethyl acetate was removed under 

vacuum. The unconverted oleic acid was removed by several times washing with n-

hexane. This crude sophorolipid (a mixture of lactonic and acidic form) was refluxed 

for 15 min in 5M-NaOH solutions, which was neutralized with 2N-HCl (up to pH = 

6). Further, it was extracted with n-butanol, evaporated till dryness and finally washed 

with ether and dried under vacuum. The so obtained product contains acidic form of 

sophorolipid [47] and was characterized by FTIR, NMR and Mass spectroscopy.  

4.2.2 Sample characterizations 

Mass spectroscopy (EI, 70 eV, direct inlet system) was carried out on a 

Finnigan MAT-1020 spectrometer. Elemental analysis data were obtained on a 

Thermo Finnigan Flash EA 1112 Series CHNS Analyser.
1
H and 

13
C NMR 

spectroscopy measurements were carried out on Bruker AC 200 MHz or Bruker DRX 

400 MHz spectrometers, and TMS was used as internal standard.  

4.2.3 FTIR spectra analysis  

The FTIR spectrum of purified sophorolipid derived from biotransformation 

of oleic acid by Candida bombicola is shown in Figure 4.1 recorded from 400 cm
-1

 to 

4000 cm
-1

. The spectra show a broad band centering at around 3340 cm
-1

, which could 

be attributed to the O-H streching mode [48]. Generally, non-hydrogen bonded of free 

hydroxyl group absorbs strongly in the 3700-3584 cm
-1

 region, while due to 

intramolecular hydrogen bonding this band shifts towards lower wavenumber 

(between 3550-3200 cm
-1

). Therefore, it can be concluded that there is certain amount 
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of hydrogen bonding involved within the sophorolipid molecules. The asymmetrical 

stretching (asCH2) and symmetrical stretching (sCH2) of methylene occur at 2922 and 

2852 cm
−1

, respectively confirming the presence of methylene group backbone [48]. 

The 3006 cm
-1

 band could be assigned to C-H streching vibration of alkene (C=C-H) 

[49]. A very sharp transmittance band present at 1077 cm
-1

 could be assigned to the 

C-O stretch of C-O-H groups from the sugar molecules [50]. A weak band present at 

1460 cm
-1

 can be attributed to the C-O-H in plane bending of carboxylic acid (-

COOH) group present in the acidic form of sophorolipid [48].   

 

Figure 4.1: FTIR spectra recorded from powder of purified sophorolipid molecules 

synthesized by the reaction between oleic acid and Candida bombicola in presence of 

glucose. Panel A and B are the magnified regions of spectra ranging from 450-2000 cm
-1

 and 

2000-4000 cm
-1

 wavenumbers respectively. Spectra showing characteristic transmittance 

bands for sophorolipid molecules, described in detail in text. 

4.2.4 
1
H NMR spectra analysis 

1
H and 

13
C NMR spectroscopy measurements were carried out on Bruker AC 

200 MHz or Bruker DRX 400 MHz spectrometers, and TMS was used as internal 

standard. The 1
H NMR spectra of purified sophorolipid was taken in CDCl3 and 

assigned to a typical glycolipids-type pattern. The protons of glucose-H-1' and 

Glucose-H-1'' were identified at 4.46 (d, J = 7.8 Hz, 1H), 4.61 (d, J = 7.8 Hz, 1H) 

ppm. The signals of protons from –CH=CH– groups were found at 5.31–5.39 (m, 2H) 

ppm, from -CH3 group at 2.02-2.03 ppm and multiple signals at 1.25-1.46 (m, 19H) 

and 1.57–1.64   (m, 4H). The above given resonant values for proton match well with 

the reported values [51 b, d]. 
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Figure 4.2: 

1
H NMR spectra recorded from the purified sophorolipid molecules synthesized 

by the reaction between oleic acid and Candida bombicola in presence of glucose, sample 

was dissolved in CDCl3.  

4.2.5 Mass spectra analysis 

 

Figure 4.4: Mass spectra recorded from the purified sophorolipid molecules synthesized by 

the reaction between oleic acid and Candida bombicola in presence of glucose. The most 

intense peaks (m/z=645.5 and 661.5) correspond to the sodium and potassium salts of 

sophorolipid molecules.      
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Ions corresponding to the sodium and potassium salt of sophorolipids were 

obtained at 645.47 and 661.45 respectively. The so calculated molecular weight (~ 

621) of sophorolipid corresponds to the unacetylated (6’ and 6’’=H) product of 

sophorolipid [52]. These were the most intense peaks in the spectra suggesting the 

presence of pure sophorolipid molecule. Thus the molecular structure is confirmed as 

it has shown in Figure 4.4 (inset). MS (ESI): m/z  = 645.47 (100 %, [M + Na]
+
); 

661.45 (52%, [M + K]
+
). Anal. Calculated for C30H54O13: C, 57.86; H, 8.74. Found: 

C, 57.60; H, 9.05. 

4.2.6 
13

C NMR spectra analysis 

For further confirmation of molecular structure of sophorolipid 
13

C NMR 

spectra measurement was performed, which showed that the resonance signals of –

CH2– groups present in fatty chain moiety were found at 22.1- 37.8 ppm, two carbons 

from –CH=CH– group in fatty acid chain moiety at 130.9 ppm, glucose-C-1' and 

glucose-C-1'' at 102.5 and 104.7 ppm, glucose-C-6' and glucose-C-6'' at 62.8, 63.1 

ppm [51d]. The signal at 179.9 ppm proves the presence of acid group present in the 

sophorolipid. [51d]. 

 

Figure 4.3:
 13

C NMR spectra recorded from the purified sophorolipid molecules synthesized 

by the reaction between oleic acid and Candida bombicola in presence of glucose, sample 

was in CDCl3. The detailed description has been provided in text.     
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4.3 Use of sophorolipid for silver nanoparticle synthesis  

This part of chapter describes about the reduction of Ag
+
 ions into Ag

0
 by the 

use of oleic acid derived sophorolipids (OA-SL) by the use of yeast Candida 

bombicola. Here OA-SL acts as both reducing as well as capping/stabilizing agent in 

AgNPs synthesis. The obtained silver nanoparticles (OA-SL-AgNPs) were 

characterized with different techniques such as UV-visible spectroscopy, TEM, FTIR 

spectroscopy, XRD, TGA etc.   

4.3.1 Experimental Details  

In a typical experiment, 100 mL of 10
-3

 M aqueous AgNO3 solutions was 

taken with 10
-3

 M OA-SL. To this solution, 1 mL of 1M KOH solution (pH ~11) was 

added and was allowed to boil for about 5-10 minutes. The colorless solution turned 

yellow, which indicated the formation of OA-SL-AgNPs. In order to prove that the 

reduction occurred only at alkaline pH, control experiment was set up in which the 

above reaction was carried out without the addition of KOH. It was observed that 

AgNPs formation did not occur under neutral and acidic conditions. In another control 

experiment the above reaction was performed with AgNO3 and KOH without the 

addition of SL and it was again observed that even after prolonged boiling there was 

no formation of AgNPs. This clearly indicates the crucial role of SL as a pH 

dependent reducing agent for the synthesis of AgNPs. The OA-SL-AgNPs were 

dialyzed followed by centrifugation at 15000 rpm for 30 min, in order to remove 

unreduced Ag
+
 ions and free OA-SL molecules. This purified OA-SL-AgNPs were 

further used for different characterizations. 

For oleic acid capped AgNPs (OA-AgNPs) synthesis, 100 mL of 10
-3

 M of 

AgNO3 was added to the 10
-3

 M of oleic acid (taken in equal volume of water-ethanol 

mixture). Further, 0.01 grams of NaBH4 was added to this solution. The solution color 

immediately becomes dark yellow, indicated the formation of OA capped AgNPs. 

This solution of OA-AgNPs was further, dialyzed to remove unreduced Ag
+
 ions, 

oleic acid and excess borohydride. Thus, so obtained OA-AgNPs were used for 

various characterizations and bactericidal experiments. 
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4.3.2 UV-visible spectra analysis 

The UV-visible spectra were recorded from different conditions of OA-SL-

AgNPs synthesis (Figure 4.5). Curve-1 is UV-vis spectra recorded from boiled 

solution of OA-SL with AgNO3 at neutral pH, showing the absence of surface 

plasmon resonance (SPR) characteristic for AgNPs. Further, AgNO3 solution boiled 

under alkaline pH without OA-SL also showed absence of any SPR (curve-2). After a 

substantial optimization of the experimental parameters, reduction of silver ions was 

concluded successfully by heating equimolar (10
-3

 M) silver nitrate and OA-SL in 

alkaline solution (1M KOH). The reduction was very rapid (2-5 min) as indicated by 

the formation of yellow color (Figure 4.5, inset) with a clear and characteristic SPR 

(at 410 nm) for AgNPs (curve-3) [53]. Therefore, it is clear that alkaline medium is 

necessary for the reduction of AgNPs by OA-SL. The conditions are very similar to 

the famous Tollen’s reagent. Thus, we hypothesize that OA-SL acts as reducing as 

well as stabilizing agent for AgNPs synthesis, resulting in to the formation of a layer 

of OA-SL capping on the surface of AgNPs (inset). These OA-SL-AgNPs were 

isolated in form of stable powder either by simple centrifuging and air-drying or 

lyophilization till dryness.     

 

Figure 4.5: UV-visible spectra recorded from heated solution of OA-SL with AgNO3 in 

absence (curve-2) and presence (curve-3) of alkaline medium. Curve-1 represents the spectra 

recorded from the heated solution of AgNO3 in alkaline medium without OA-SL molecules. 

Curve-3 shows the typical SPR centering at 410 nm, characteristic for silver nanoparticles. 

Inset shows the colour of solution after heating the OA-SL with AgNO3 in alkaline medium. 

Also, the cartoon image of probable arrangement of OA-SL on AgNPs surface is shown.     
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4.3.3 TEM analysis 

Transmission electron microscope images taken from as synthesized and 

purified solution of OA-SL-AgNPs (Figure 4.6 A and B) shows the nearly uniform 

distribution of particles varying from ~ 10 - 25 nm in diameter.  

 

Figure 4.6: TEM images taken from heated and purified solution of OA-SL with AgNO3 in 

presence of alkaline medium. Particle size distribution (C) shows the average particle size of 

~ 15 nm. SAED pattern shows the ring pattern, which is indexed for [111], [200], [220] and 

[311] planes of silver (B). 

   Particle size distribution was plotted taking 100 nanoparticles into account 

(Figure 4.6 C), which showed average particle size at ~ 15 nm. Selected area electron 

diffraction pattern shows the ring pattern suggesting polycrystalline nature of OA-SL-

AgNPs. These ring patterns were indexed on the basis of FCC silver (inset B) [54]. 

4.3.4 X-Ray Diffraction pattern analysis 

 
Figure 4.7: XRD pattern obtained from a solution cast film of aqueous OA-SL-AgNPs on 

glass surface. The Bragg reflections arising from the film are indexed with respective crystal 

planes.  
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XRD pattern recorded from the drop cast film of aqueous solution of purified 

OA-SL-AgNPs showed the signature of characteristic Bragg’s reflexions for 

crystalline silver as observed in Figure 4.7. The diffraction peaks were indexed for 

[111], [200], [220] and [311] crystal planes of silver [54]. The XRD peaks appear to 

be broadened, suggesting the presence of very small (few nanometers) particles 

constituting the major population of OA-SL-AgNPs.   

4.3.5 FTIR and NMR spectra analysis 

  The nature and mode of OA-SL capping on nanoparticle, was checked by 

FTIR and NMR spectra. The FTIR spectra (Figure 4.8) were recorded after the 
purification of OA-SL-AgNPs (curve-2) as described in experimental section and it 

was compared with the FTIR spectra of pure OA-SL molecules (curve-1). The regions 

of interests i.e. carbonyl region (region-I) and olefinic region (region-II) are marked 

and enlarged in the accompanying panels. 

 

Figure 4.8: FTIR spectra recorded from purified OA-SL molecules (curve-1) and OA-SL-

AgNPs (curve-2). The region of interest (I and II) is enlarged in accompanying panels. 

Detailed explanations have provided in the text. 

The –C=O stretch at 1709 cm
-1 

(region-I, curve-A) in pure OA-SL is shifted to 

1574 cm
-1

 (region-I, curve-2) indicating its binding to the AgNPs surface. The 

association of  –C=C– with the AgNPs surface is evident from the region-II (curve-2) 

where olefinic–H stretching frequency at 3004 cm
-1

 is absent [49].
 
Therefore, it can be 

hypothesized that both the carbonyl and olefinic-H functional groups are significantly 

involved in AgNPs capping/stabilization, whereas the sophorose unit present in OA-
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SL molecules remains free and thus render OA-SL-AgNPs dispersible in aqueous 

medium.   

 

Figure 4.9: 
1
H NMR spectra taken pure OA-SL molecules (curve-2) and AgNPs capped with 

OA-SL molecules (curve-1). Spectra shows the downfield shift of δ = 0.16 ppm of the olefinic 

protons of OA-SL molecule after AgNPs synthesis. 

Also, probably –CH2OH functional group present in glucose act as reducing 

agent for Ag
+
 ions in to Ag

0
. Further, the binding of OA-SL molecules to AgNPs 

surface through –C=C– is also supported by 
1
H NMR spectroscopy (Figure 4.9). The 

spectra (curve-1) clearly show a downfield shift of δ = 0.16 ppm of the olefinic proton 

(δ = 5.22 ppm) as compared to that in pure OA-SL molecule (δ = 5.38 ppm) (curve-2) 

[55]. Also, the possibility of binding of some OA-SL molecules to AgNPs surface 

through –COOH functional group cannot be ruled out. However, it could be 

concluded that in either case (–COOH or –C=C– group binding to nanoparticle 

surface), the hydrophilic disaccharide units form the exterior of AgNPs making them 

water dispersible.  

4.3.6 Thermogravimetric Analysis (TGA) 

Thermo gravimetric analysis (TGA) was performed on dried powders of OA-

SL-AgNPs to calculate the amount of OA-SL molecules present with AgNPs. TGA 

spectra carried out on OA-SL-AgNPs shows a weight loss in two major regions 

(Figure 4.10).  
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Figure 4.10: TGA analysis performed on dried powders of OA-SL-AgNPs showing two major 

regions of weight loss. 

The first region is around 200 
o
C (~10 % weight loss) and the second region 

around 330 
o
C (~ 10 % weight loss), which could be ascribed to the evaporation of 

residual water vapor and sophorolipid (capping) molecules present in the sample 

respectively. Thus, a total of 20 % weight loss in form of sophorolipid was recorded 

and rest 80 % of weight could be assigned to AgNPs. Based on simple estimation a 

population constituting the particles of ~ 15 nm diameter may require ~16 % of 

capping molecule for stabilization [57]. Whereas in our case the weight loss in form 

of capping (OA-SL) molecule is slightly higher (20 %), which could be attributed to 

the dense packing of OA-SL molecules on AgNPs surface or formation of 

multilayers. 

4.3.7 Advantages of OA-SL-AgNPs over OA-AgNPs  

Oleic acid (OA), a precursor for sophorolipid, has been used as a capping 

agent for AgNPs synthesis (OA-AgNPs) [55c]. Therefore, it becomes necessary to 

compare the two systems for AgNPs synthesis. Oleic acid capping on AgNPs surface 

depends on the solvent environment, which has been described in detail by Efrima’s 

group [49]. They concluded that in aqueous environment the binding of oleic acid to 

AgNPs surface takes place through the double bond while in organic environment the 

–COOH group participates in the binding. The disadvantage of OA capped AgNPs 
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(OA-AgNPs) is the formation of irreversible aggregates. Also, an exogenous reducing 

agent needs to be added to accomplish the reduction. However, OA-SL-AgNPs can be 

easily obtained in form of powder by simple centrifugation/lyophilization. Figure 4.11 

shows the UV-visible spectra recorded from as synthesized OA-SL-AgNPs (curve-a), 

redispersed powders of OA-SL-AgNPs (curve-b), as synthesized OA-AgNPs (curve-

c) and redispersed powders of OA- AgNPs (curve-d). It is very clear from UV-visible 

spectra that after redispersion of powders of OA-SL-AgNPs little aggregation is 

noticed with no change in position of SPR (at 410 nm) than as synthesized OA-SL-

AgNPs. However, redispersed powders of OA-AgNPs (curve-d) showed a broad 

absorbance (at 400 nm) with diminished intensity, suggesting irreversible 

aggregation. Also, the redispersed OA-AgNPs powder showed a greenish color (inset, 

vial-d) than the bright yellow color (inset, vial-b), displayed by the redispersion of 

OA-SL-AgNPs indicating that OA-AgNPs undergo irreversible aggregation after 

powder formation. Oleic acid, being a fatty acid, is not very much soluble in water, 

while after its modification in form of sophorolipid (OA-SL), it becomes readily 

soluble in aqueous environment. This makes it further advantageous for bio-

applications. 

 

Figure 4.11: UV-visible spectra recorded from as synthesized OA-SL-AgNPs (curve-a) and 

as synthesized OA-AgNPs (curve-c) show a clear SPR peak, characteristic to AgNPs. UV-

visible spectra recorded from redispersed powders of OA-SL-AgNPs (curve-b) show no 

change in SPR position, while redispersed powders of OA-AgNPs (curve-d) resulted in to 

irreversible aggregation with a broad and diminished absorbance. Respective pictures of 

redispersed powder dispersions of OA-SL-AgNPs (inset-b) and OA-AgNPs (inset-d) is shown 

in inset. 



Chapter IV                                                                                                                           

 

 

Ph.D. Thesis                                      Sanjay Singh                           University of Pune 

118 

4.4 Antibacterial activity of OA-SL-AgNPs and OA-SL 

 On the basis of above discussion, it is clear that AgNPs synthesized capped 

with OA-SL is superior to only OA capping. Therefore, it becomes important to 

further evaluate the advantage of OA-SL-AgNPs over OA-AgNPs and for the same 

we have chosen the antibacterial activity comparison between the same.  Therefore, 

this part of the chapter gives a brief description about the antibacterial activity of OA-

SL-AgNPs against Gram-negative as well as Gram-positive bacterial spp. A 

concentration dependent antibacterial activity of OA-SL-AgNPs and OA-SL has been 

described. The probable bactericidal mechanism has been elucidated by lipid 

peroxidation experiment.  

4.4.1 Experimental Details 

4.4.1.1 Test of Antibacterial properties 

Before performing the antibacterial experiment, the as synthesized OA-SL-

AgNPs were dialyzed with 12.5-kDa dialysis membrane for 24 h against copious 

amount of deionized water in order to remove excess SL and unreduced Ag
+ 

ions 

present in nanoparticle solution. The OA-SL-AgNPs, OA-SL etc were autoclaved for 

20 min. Bacillus subtilis (ATCC 6633, Gram positive bacterium), Staphylococcus 

aureus (ATCC 2079, Gram-positive bacterium) and Pseudomonas aeruginosa (ATCC 

2207, Gram-negative bacterium) were used for preliminary antibacterial tests of OA-

SL alone, following agar-well diffusion method (AWDM) as well as standard dilution 

micromethod. Pre-inoculums of the above-mentioned bacterial strains were inoculated 

separately in 100 mL of Luria Bertini medium and incubated (30 °C, 200 rpm) for 24 

h in order to perform further experiments. For AWDM, 75 µL of the above said three 

bacterial strains were separately mixed gently in three different warm (~ 45 °C) and 

molten Luria-Bertini-Agar solutions (20 mL). These solutions were then poured in 

three different sterile plates. Wells (~ 7 mm in diameter) were punched in each agar 

plate using a sterile stainless steel borer. Each well was filled with 100 µL of different 

concentrations (0.5 %, 1 % and 10 %) of OA-SL. The plates were incubated at 30 °C 

for 24 h and photograph was taken with a digital camera with a resolution of 2-mega-

pixel.  
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Antibacterial tests of purified OA-SL and OA-SL-AgNPs were performed 

using standard dilution micromethod. The concentration of as synthesized and 

purified OA-SL-AgNPs were considered as 100 µg/mL, assuming almost complete 

reduction of 10
-3

 M (108 µg/mL) of Ag
+
 ions into AgNPs. Based on this the OA-SL-

AgNPs were diluted to 5 µg/mL, 10 µg/mL, 20 µg/mL, 40 µg/mL, 60 µg/mL, 80 

µg/mL and 100 µg/mL with sterile Millipore water. Bacillus subtilis was added to 

each of these dilutions of SL-AgNPs, at a concentration of 10
6
 CFU/mL and 

incubated for 12 h under shaking conditions (200 rpm). Aliquots of 100 µL were 

taken at different time intervals from the above mixture (Bacillus subtilis and OA-SL-

AgNPs) and plated on Luria-Bertini-Agar plate. The plates were kept for 24 h at 30 

°C and bacterial colonies were counted manually. Simultaneously, 100 µL samples 

was withdrawn from each of the above solutions and drop casted on a freshly peeled 

off mica chips, dried under dust free environment at room temperature, for AFM 

analysis. For antibacterial activity assessment against Gram-negative bacterial 

species, OA-SL-AgNPs were diluted to 5 µg/mL, 10 µg/mL, and 20 µg/mL, rest all 

the experimental conditions were kept same except the bacterial species, as 

Pseudomonas aeruginosa was taken instead of Bacillus subtilis. 

Percentage of bacterial cell survival was calculated according to the following 

formula… 

                                  % Cell survival = 100 (Ne/Nc)…………………………….(1) 

       Where, Ne = Number of living bacterial colony on the examination plate 

                   Nc = Number of living bacterial colony on the control plate  

 

While performing antibacterial tests for purified OA-SL against Bacillus subtilis and 

Pseudomonas aeruginosa, a range of sophorolipid concentrations (0.25 µg/mL, 0.50 

µg/mL, 0.75 µg/mL and 1.0 µg/mL) was taken with bacterial species with a 

concentration of 10
5
 CFU/mL. Aliquots of 100 µL were taken at different time 

intervals from the above solutions (bacteria and OA-SL) and plated on Luria-Bertini-

Agar plate. The plates were kept for 24 h and incubated at 30 °C. The bacterial 

colonies were then counted manually. Simultaneously, 100 µL samples was 
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withdrawn from each of the above solutions and drop casted on freshly peeled off 

mica chips, dried under dust free environment at room temperature, for AFM analysis. 

4.4.1.2 Lipid Peroxidation (LPO) Reaction  

Formation of malondialdehyde (MDA) was used as an index to measure lipid 

peroxidation. MDA was quantified based on its reaction with thiobarbituric acid 

(TBA) to form a pink MDA-TBA adduct [57], which shows absorbance at 532 nm. 1 

mL of bacterial cells treated with OA-SL-AgNPs was mixed with 2 mL of 10 % 

(wt/vol) trichloroacetic acid, and the solids were removed by centrifugation at 11,000 

rpm for 35 min and then for an additional 20 min to ensure that the SL-AgNPs, cells, 

and precipitated proteins were completely removed. Three milliliters of a freshly 

prepared 0.67 % (wt/vol) TBA (Sigma Chemical Co.) solution was then added to the 

supernatant. The samples were incubated in a boiling water bath for 10 min and 

cooled, and finally the absorbance at 532 nm was measured on Jasco V-570 

UV\Vis\NIR spectrophotometer operated at a resolution of 2 nm. 

4.4.2 Preliminary antibacterial test of OA-SL 

 The preliminary and comparative antibacterial activity of pure OA-SL was 

assessed against Bacillus subtilis, Staphylococcus aureus and Pseudomonas 

aeruginosa by agar well diffusion method (Figure 4.12).  

 

Figure 4.12: Luria-Bertini-Agar plates showing zone of inhibition of different bacterial 

colonies (B. subtilis, S. aureus and P. aeruginosa) against different concentrations of pure 

OA-SL molecules. Pure OA-SL molecules show a clear zone of inhibition against gram-

positive bacterial species (A and B) and feeble zone of inhibition against gram-negative 

bacterium (C). 
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A well-defined zone of inhibition was observed at all the concentrations of 

OA-SL tested against Gram-positive bacteria: Bacillus subtilis (Figure 4.12; Plate A) 

and Staphylococcus aureus (Figure 4.12; Plate B), while there was faint zone of 

inhibition seen only at 10 wt % OA-SL in case of Gram-negative bacteria: 

Pseudomonas aeruginosa (Figure 4.12; Plate C). The difference in bactericidal 

activity could be related with the cell membrane differences amongst Gram-positive 

and Gram-negative bacterial strains. Gram-negative bacterium is characterized by 

extra coating of lipopolysaccharides (LPS) and a thin layer of peptidoglycan, while in 

Gram-positive bacterium only a thick peptidoglycan layer constitutes the major part 

of their cell membrane. It seems peptidoglycan layer is more susceptible to OA-SL 

destruction, which is the outermost and abundant layer in case of Gram-positive 

bacterial species. However, cell membrane of Gram-negative bacterial species have 

an extra coating of LPS over a thin peptidoglycan layer, thus probably making their 

cell membrane more resistant to OA-SL molecules. It has already been reported that 

pure OA-SL is not very effective against Gram-negative bacteria [51 b] and our 

results are in accordance with this. In contrast, silver is known to be a broad-spectrum 

anti-bactericidal agent [58]. Thus it remains to be seen whether OA-SL capping on 

AgNPs (OA-SL-AgNPs) would impart any effect on the latter’s anti-bacterial activity. 

To address this, antibacterial activity of SL-AgNPs was carried out with Bacillus 

subtilis (Gram-positive) and Pseudomonas aeruginosa (Gram-negative). 

4.4.3 Antibacterial test of OA-SL-AgNPs against Gram-positive and 

Gram-negative bacteria 

 The Gram-positive (B. subtilis) and Gram-negative (Pseudomonas 

aeruginosa) bacterium were exposed to different concentrations of OA-SL-AgNPs for 

12 h. Samples were taken at different time intervals and plated on luria-bertini-agar 

plates. Number of bacterial colonies was counted manually after 24 h of incubation at 

30 ºC. Figure 4.13 A and B shows the percentage cell survival of B. subtilis and it is 

very clear that at lower concentrations (1 µg/mL, 5 µg/mL and 10 µg/mL) OA-SL-

AgNPs showed 28 %, 30 % and 20 % of bacterial cell survival within 3 h of exposure. 

Also, exposure of OA-SL-AgNPs to B. subtilis up to 12 h showed almost similar cell 
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survival with little decrease. However, OA-SL-AgNPs concentration at 20 µg/mL and 

above showed almost complete inhibition of bacterial cell survival, as less than 0.6 % 

cell survival was recorded with in 1 h of exposure (Figure 4.12 B).  

Other higher concentrations showed further decrease in cell survival finally 

leading to as less as 0.16 % survival after 12 h of exposure with 100 µg/mL of OA-

SL-AgNPs. The same results are presented in Figure 4.15 and 4.16 in the form of 

photos of Luria-Bertini-agar plates with grown B. subtilis after the treatment with 

different concentrations of OA-SL-AgNPs. Similarly, different concentrations of OA-

SL-AgNPs (1 µg/mL, 5 µg/mL, 10 µg/mL and 20 µg/mL) were incubated with P. 

aeruginosa for 12 h.    

 

Figure 4.13: Percentage of viable B. subtilis colonies after the treatment with different 

concentrations (1 µg/mL, 5 µg/mL and 10 µg/mL in Figure 4.12 A and 20 µg/mL, 40 µg/mL, 

60 µg/mL, 80 µg/mL and 100 µg/mL in Figure 4.12 B) of OA-SL-AgNPs for different time 

intervals. Plates were incubated at 30 ºC for 24 h before colony counting. 

 

Figure 4.14: Percentage of viable P. aeruginosa colonies after the treatment with different 

concentrations (1 µg/mL, 5 µg/mL and 10 µg/mL and 20 µg/mL) of OA-SL-AgNPs for 

different time intervals. Plates were incubated at 30 ºC for 24 h before colony counting. 
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At different time intervals aliquots of 100 µL were plated on luria-bertini-agar 

plates. These plates were incubated at 30 ºC for 24 h and finally bacterial colonies 

were counted manually (Figure 4.17). The percentage survival was calculated 

according to the formula described above (equation No. 1).  It is clear from Figure 

4.14 that OA-SL-AgNPs showed enhanced bactericidal activity against P. aeruginosa. 

Bacterial cell survival was reduced by 99.8 % with in 3 h of exposure with 1 µg/mL 

concentrations of OA-SL-AgNPs. 

 

Figure 4.15: Photos of viable B. subtilis colonies after the treatment with different 

concentrations (1 µg/mL, 5 µg/mL and 10 µg/mL) of OA-SL-AgNPs for different time 

intervals. Plates were incubated at 30 ºC for 24 h before taking the photo. 

 

This concentration showed further more reduction in bacterial cell survival 

(0.10 %, 0.01 % and 0.0 %) after 6 h, 9 h and 12 h respectively. Further, with 5 

µg/mL concentrations of OA-SL-AgNPs exposed to P. aeruginosa for 3 h showed 

0.03 % cell survival. Other concentration of OA-SL-AgNPs (10 µg/mL and 20 

µg/mL) showed almost 100 % killing of P. aeruginosa with in 3 h of exposure. The 

Luria-Bertini-agar plates showing the viable colonies of B. subtilis and P. aeruginosa 

exposed to different concentrations of OA-SL-AgNPs are displayed in Figure 4.15, 

4.16 and 4.17. 
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Figure 4.16: Photos of viable B. subtilis colonies after the treatment with different 

concentrations (20 µg/mL, 40 µg/mL, 60 µg/mL, 80µg/mL and 100µg/mL) of OA-SL-AgNPs 

for different time intervals. Plates were incubated at 30 ºC for 24 h before colony count.  

 

 
 

Figure 4.17: Photos of viable P. aeruginosa colonies after the treatment with different 

concentrations (1 µg/mL, 5 µg/mL, 10 µg/mL and 20 µg/mL) of OA-SL-AgNPs for different 

time intervals. Plates were incubated at 30 ºC for 24 h before colony count.    
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Thus, from this experiment, it is clear that OA-SL-AgNPs even at lower 

concentrations show enhanced antibacterial activity against B. subtilis as well as P. 

aeruginosa.  

4.4.4 AFM image analysis 

In order to get information about the bacterial cell morphology we performed 

contact mode AFM imaging of B. subtilis after the treatment with OA-SL-AgNPs.  

 
 

Figure 4.18: AFM images of B. subtilis cells where A, B and C are height mode, deflection 

mode and 3D image taken from untreated bacterial cells. D, E and F are height mode, 

deflection mode and 3D image taken from OA-SL-AgNPs treated bacterial cells incubated for 

3 h. G, H and I are AFM image taken from OA-SL-AgNPs treated bacterial cells incubated 

for 12 h.   

Figure 4.18 A, B and C respectively represents the height mode, deflection 

mode and 3- dimensional (3D) image of height mode of untreated B. subtilis cells 

(control). Figure D, E and F represents the height, deflection and 3-dimensional image 

of height mode of 3 h OA-SL-AgNPs treated B. subtilis cells. Figure G, H and I 

represents the height, deflection and 3-dimensional image of height mode of 12 h 
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treated B. subtilis cells with OA-SL-AgNPs. A clear difference can be seen in the 

morphology of B. subtilis cells after the treatment of OA-SL-AgNPs than untreated 

cells. A smooth cell surface morphology and well intact B. subtilis cells can be 

observed when cells are not treated with OA-SL-AgNPs (Figure 4.18 A, B and C). 

After the incubation of 3 h, cells started showing the formation of pits and grooves on 

their cell membrane leading to a roughening of cell morphology (Figure 4.18 D, E and 

F). Interestingly, after the incubation of B. subtilis cells with OA-SL-AgNPs for 12 h, 

complete disintegration of cell membrane can be seen, as most of the cytoplasmic 

materials has come out which can be attributed to the high contrast materials present 

over bacterial cells (Figure 4.18 G, H and I). Shedding of bacterial flagella could also 

be seen after OA-SL-AgNPs treatment, as compared to healthy cell (Figure A).  

 

Figure 4.19: AFM images of P. aeruginosa before (A, B and C) and after (D, E and F) the 

treatment with OA-SL-AgNPs. Figure A and D are height mode image, B and E are deflection 

mode image, while C and F are 3-D image.  

Further, the AFM images of P. aeruginosa were also taken, which can clearly 

resolve the differences between live and dead bacteria (Figure 4.19). All the 

experimental conditions were same as described for B. subtilis. Figure 4.19 A, B and 

C taken from untreated P. aeruginosa, showing healthy cells with smooth and intact 

cell membrane. Figure 4.19 D, E and F are from OA-SL-AgNPs treated P. aeruginosa 

cells. Compared to untreated cells treated bacterial cells showed reduced cell 

dimensions with rough and ruptured cell membrane. The images from treated P. 

aeruginosa cells also show rough background than untreated cells, which could be 
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attributed to the oozed out cytoplasmic material and OA-SL-AgNPs. Due to the 

release of cytoplasm, bacterial cell shrinks and thus smaller cell dimensions could be 

seen after OA-SL-AgNPs treatment.  
4.4.5 Analysis of Lipid peroxidation assay 

It has been reported that AgNPs leads to the formation of free radicals, which 

finally interact with bacterial cell membrane followed by peroxidation of lipids and 

thus produce malondialdehyde (MDA). Therefore, we have performed lipid 

peroxidation experiment to confirm the bactericidal mechanism. The bacterial cell 

supernatant (B. subtilis, treated with OA-SL-AgNPs) after boiling with TBA showed 

a distinct peak (Figure 4.20 A, curve-2) centering at ~ 532 nm, suggesting the 

presence of MDA. Thus, formation of this pink color MDA-TBA adduct gratified our 

hypothesis of bacterial cell killing due to the generation of AgNPs mediated free 

radical generation. However, a weak absorbance could also be seen in case of 

untreated B. subtilis call supernatant (Figure 4.20 A, curve-1), which can be attributed 

to the formation of some MDA due to their normal biochemical processes and 

environmental change.    

 

Figure 4.20: (A) Lipid peroxidation experiment is shown by UV-visible spectra recorded from 

adduct formed by TBA and MDA released from OA-SL-AgNPs treated (treated, curve-2) and 

untreated (curve-1) Bacillus subtilis cells. (B) UV-visible spectra recorded from adduct 

formed by TBA and MDA released from OA-SL-AgNPs treated (treated, curve-2) and 

untreated (control, curve-1) P.  aeruginosa cells. The inset shows the color of respective 

solution (Figure B). 

 



Chapter IV                                                                                                                           

 

 

Ph.D. Thesis                                      Sanjay Singh                           University of Pune 

128 

Similarly, for Gram-negative bacterial cell (P. aeruginosa) (ATCC-2207) 

membrane damage was also confirmed by lipid peroxidation reaction and shown in 

figure 4.20 B. Curve-1 (Figure 4.20 B) shows the UV-visible spectra recorded from 

untreated bacterial cell supernatant while curve-2 was recorded from OA-SL-AgNPs 

treated bacterial cell supernatant, which is showing a strong absorbance at 532 nm, 

characteristic for MDA-TBA adduct (formation of pink colour solution). The 

respective solution color has shown in inset. 

Further, experiments were performed where only OA-SL was checked for its 

bactericidal activity taking the amount of OA-SL present on nanoparticle surface 

(based on TGA calculations), which did not result into any decrease in bacterial 

colony count (results have not shown for brevity). Thus, it can be suggested that main 

causative for bactericidal activity of OA-SL-AgNPs is the AgNPs.  

For the mechanism behind the antibacterial activity of AgNPs, two main 

hypotheses have been put forward. One is the ability of silver to cause pore formation 

in bacterial cell membrane through the formation of reactive oxygen species (ROS) in 

the vicinity of bacterial cell membrane and thus increase cell permeability and cell 

death [59, 60]. The second one is related to the thin layer of Ag
+
 ions, present on the 

nanoparticle surface or their slow release from the AgNPs itself, that interact with 

DNA and various cellular enzymes by coordinating to electron donating groups such 

as thiols, corboxylates, amides, hydroxyls, imidazoles, indoles etc [61, 62]. While the 

damage of cell membrane leads to the disruption of respiratory chain reactions the 

interaction of silver ions with DNA inhibits cell division, [61, 62], which ultimately 

leads to cell death. 

The ROS have been postulated to attack polyunsaturated phospholipids 

present in bacterial cell membrane through lipid peroxidation (LPO) reaction process. 

This would then pave the way for interaction of silver ions released from OA-SL-

AgNPs or the OA-SL-AgNPs themselves with the essential molecules of cells like 

DNA and enzymes inhibiting the cell division etc. and finally to their death. 

The increased activity of OA-SL-AgNPs against Gram-negative bacteria may 

be attributed to the constitutional differences in the cell membrane of Gram-positive 

and Gram-negative. The Gram-negative bacteria are characterized with a thin 
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peptidoglycan layer supported externally by an outer membrane made up of 

lipopolysaccharides and phospholipids. The OA-SL capping may support a favorable 

interaction between these lipopolysaccharides/phospholipids and OA-SL capped 

AgNPs. The presence of porin proteins in this outer layer probably allows a better 

passage of silver ions inside the bacterial cell once the AgNPs are close to the outer 

layer. The thin peptidoglycan layer is then accessible to OA-SL-AgNPs making it 

more susceptible to ROS attack and thus more vulnerable. Conversely, the 

peptidoglycan layer of Gram-positive bacteria is thicker and hence less vulnerable to 

the ROS thus requiring more amounts of OA-SL-AgNPs for their killing. 

4.4.6 Antibacterial test of OA-AgNPs  

As we have discussed the advantages of OA-SL-AgNPs over OA-AgNPs in 

previous section of this chapter, we also performed bactericidal activity of oleic acid 

capped AgNPs in similar experimental set up as described above. Bactericidal kinetics 

was followed up to 12 h. As it is clear from Figure 4.23 that almost 99.7 % 

bactericidal activity was recorded after incubating the B. subtilis cells with 20 µg/mL 

concentration of OA-AgNPs.  

 
 

Figure 4.23: Percentage of viable B. subtilis colonies after the treatment with different 

concentrations (20 µg/mL, 40 µg/mL, 60 µg/mL, 80 µg/mL and 100 µg/mL) of OA-AgNPs for 

different time intervals. Plates were incubated at 30 ºC for 24 h before colony counting. 
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With further increased concentrations of OA-AgNPs (from 40-100  µg/mL) 

showed decrease in bacterial cell survival (< 0.15). Corresponding photographs of 

Luria-Bertini-agar plates are shown in Figure 4.24. Although, almost similar 

bactericidal activity was shown by as synthesized solutions of OA-AgNPs and OA-

SL-AgNPs the stability and storage of OA-SL-AgNPs in form of powder makes it 

better than OA-AgNPs. Also, OA-SL acts as reducing and capping agent both while 

for OA-AgNPs synthesis, an external reducing agent (NaBH4) is required. 

 

Figure 4.24: Photos of viable P. aeruginosa colonies after the treatment with different 

concentrations (25 µg/mL, 50 µg/mL, 75 µg/mL and 1 µg/mL) of OA-AgNPs exposed for 12 h. 

Plates were incubated at 30 ºC for 24 h before colony count and photograph.    

4.5 Use of OA-SL for synthesis of gold nanoparticles  

This part of chapter describes the room temperature synthesis of AuNPs with 

the use of OA-SL molecules that act as reducing as well as stabilizing/capping agent. 

These AuNPs were characterized with UV-visible spectroscopy, FTIR spectroscopy 

and TEM. 

4.5.1 Experimental Details  

The OA-SL molecules (1 Х 10
-4

 M) were added to a solution of HAuCl4 (1 Х 

10
-4

 M) and incubated for 12 h. The development of purple color indicated the 

formation of AuNPs. Dialyzing with 12-kDa molecular weight cut-off dialysis 
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membrane for 24 h, further purified this AuNP solution and characterizations were 

performed on this purified AuNPs solutions. 

4.5.2 UV-visible spectra analysis  

 

Figure 4.25: UV-visible spectra recorded from purified solution of OA-SL reduced AuNPs. 

UV-visible spectra shows characteristic SPR band for AuNPs at 520 nm.   

The UV-visible spectra (Figure 4.25) recorded from OA-SL mediated 

reduction of Au
3+ 

ions to Au
0
 leading to the formation of OA-SL capped AuNPs (OA-

SL-AuNPs). The solution colour changes from colorless to purple color. The surface 

plasmon resonance band at ~ 521 nm, characteristic to AuNPs [54], can be seen. This 

type of SPR pattern indicates the presence of spherical nanoparticles in the solution. 

4.5.3 FTIR spectra analysis 

  The FTIR spectra (Figure 4.26) recorded from purified OA-SL molecules 

(curve-1) and OA-SL-AuNPs (curve-2) displays a clear difference between the two 

spectra, which is marked and enlarged in the accompanying panels. Panel-I represents 

the carbonyl region (1400 cm
-1

 to 1800 cm
-1

) and panel-II shows the olefinic and 

methylene region (2700 cm
-1

 to 4000 cm
-1

). Panel-I, curve-1 shows the presence of 

two distinct transmission peaks centering at 1710 cm
-1

, which could be attributed to 

the  –C=O stretch [48]. This peak gets shifted after AuNPs synthesis to 1636 cm
-1 

suggesting the involvement of carbonyl group in nanoparticle capping. Also, on 
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magnifying panel-II, clear transmittance peak centering at 2926 cm
-1

 and 2848 cm
-1

 

(curve-1) is seen which corresponds respectively to asymmetrical streching and 

symmetrical streching of methylene groups [48]. 

 

Figure 4.26: FTIR spectra recorded from purified OA-SL samples (curve-1) and OA-SL-

AuNPs sample (curve-2). Carbonyl region (panel-I) and olefinic region (panel-II), marked by 

circle, is enlarged in the accompanying panels. Details have provided in text.  

FTIR spectra recorded after AuNPs synthesis (curve-2) showed almost no 

appreciable shift in transmittance peak positions for asymmetrical streching (2929 cm
-

1
) and symmetrical streching (2852 cm

-1
) of methylene groups, suggesting that these 

functional groups are not involved in nanoparticle synthesis/capping. Also, in panel-

II, curve-1 shows a typical transmittance band at 3004 cm
-1

, which corresponds to the 

=C-H streching vibrations [48]. However, the complete disappearance of this band in 

panel-II, curve-2, suggests its active participation in nanoparticle synthesis/capping.     

4.5.4 TEM and XRD pattern analysis 

TEM images of OA-SL-AuNPs reveal the formation of spherical shaped 

nanoparticles. Particles having size of ~ 10 nm could be seen on TEM grid (Figure 

4.27).  TEM image showed the presence of AuNPs clusters and this could be assigned 

to the interactions between OA-SL molecules, which bring OA-SL-AuNPs close to 

each other and thus it looks like aggregate. Based on UV-vis spectra it can be 

suggested that this aggregation occurs on the TEM grids due to solvent evaporation. 

The SAED pattern (Figure 4.27 C) obtained from OA-SL-AuNPs were indexed on the 

basis of FCC structure of crystalline gold [63]. XRD pattern (Figure 4.26 D) also 
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showed the characteristic Bragg’s reflexion, indexed for the [111], [200], [220] and 

[311] planes of crystalline gold [63]. 

 

 Figure 4.27: TEM images (A and B), SAED (C) and XRD pattern (D) taken from purified 

sample of OA-SL-AuNPs. SAED pattern shows clear ring patterns, indexed for different 

planes of crystalline gold. XRD pattern also shows Bragg’s reflexions, characteristic to gold.  

4.6 Conclusions 

 Successful biotransformation of OA in to corresponding SL by the use of C. 

bombicola and their potentiality for the synthesis of water soluble metal nanoparticles 

(AgNPs and AuNPs) have been described in this chapter. The so synthesized 

sophorolipid molecules were completely characterized by FTIR, NMR and Mass 

spectroscopy. This molecule has shown its ability to act as capping agent for magnetic 

(Co) nanoparticles too [47]. However, here it has been used as capping/stabilizing 

agent as well as reducing agent for the production of AuNPs and AgNPs, thus 

expanding its utility. Conversion of water insoluble oleic acid molecules in to water-

soluble sophorolipid molecules is the crucial point, which thereby renders the 

nanoparticles capped by them, fairly water-soluble. While doing so, the sophorolipid 

molecules adjust themselves in a manner where they attach to the nanoparticle surface 

very often through their olefinic functional group and by –COOH functional groups. 

However, among all these cases their sophorose moiety is exposed towards exterior 

aqueous medium thereby making the whole nanoparticle system hydrophilic. Another 
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advantage of this molecule, which makes it even more interesting, is its ability to 

derive the AgNPs in the form of powder and further its redispersiblity with diminutive 

aggregation, which is not the case with oleic acid capped AgNPs.  

As OA-SL and AgNPs both are well known bactericidal agent, another 

advantage of OA-SL capped AgNPs is their synergistic antibacterial activity against 

Gram-negative (P. aeruginosa) and Gram-positive (B. subtilis and S. aureus) bacterial 

species. It has been well established in reports that OA-SL alone is not very effective 

against Gram-negative bacterial species, but after incorporation with AgNPs, it 

showed improved bactericidal potential (~ 99.5 % bacterial killing within 3 h) against 

a pathogenic bacterium (P. aeruginosa). Almost similar bactericidal activity was 

observed against gram-positive bacterial species. AFM image and LPO experiments 

suggest free radicals mediated cell membrane damage, which thereby causes cell 

death. As from AFM images, cell membrane damage followed by leakage of 

cytoplasmic material could be seen very obviously.  

Glycolipid-nanoparticle conjugates are receiving great attention these days for 

their potential applications in various fields. The method presented here are probably 

the easiest to obtain such lipid-nanoparticle conjugates. Further experiments need to 

be performed to evaluate their possible applications in other fields also.     
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Chapter V 
 

 

In vitro Cytotoxicity and Genotoxicity 
Assessments of Bio-inspired 

Nanomaterials 
 

 

 
Nanoparticles are being extensively used in medical field especially as diagnostic and 
therapeutic tools to better understand, detect and treat human diseases. Therefore, 
understanding toxicity effects of nanoparticles is imperative before their clinical uses. We 
have discussed several new procedures for the synthesis of AuNPs, AgNPs, TiO2 NPs and 
ZnO NPs. These nanomaterials could have some important applications that may make 
them to come in contact with mammalian cells. Therefore, cytotoxicity (MTT assay) and 
genotoxicity (COMET assay) experiments have been performed on the nanomaterials 
prepared by us and the results are described in this chapter. MTT results have proved the 
biocompatability of OA-SL-AuNPs, OA-SL-AgNPs, B-TiO2 NPs and B-ZnO NPs up to 
the concentration of 10-4 M, 10-4 M, 10-3 M and 10-6 M respectively. COMET assay, being 
a very sensitive technique to detect DNA damage, showed that at higher dose (10-3 M or 
above) of nanoparticles DNA damage occurs. We found all the nanomaterials (except B-
ZnO) to be not genotoxic up to a much higher concentration (up to 10-4 M), whereas, B-
ZnO resulted with DNA damage even at 10-5 M.  
    

The work described in this chapter has been communicated as: Singh, S.; Britto, V. 

D.; Dhawan, A.; Prasad, B. L. V. 2008. 
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5.1 Introduction 

The biological responses that the nanoparticles may evince when they come in 

contact with cells have been briefly described in chapter I. As mentioned there, it 

looks imperative that any new nanoparticle system that has been obtained by a 

method different from those existing, needs to be treated with caution and has to be 

thoroughly evaluated from toxicological perspectives. 

Here in this chapter, we present our result of cytotoxicity and genotoxicity 

effects of the nanoparticles generated by us. The cell lines used for such evaluation 

have been considered based on the possible application and hence the potential 

increase in contact of the nanoparticles with the respective cells.  

Among the frequently used nanomaterials, gold nanoparticles display several 

features, which make them best for different biomedical applications starting from 

ease of synthesis [5], higher stability [6], well known surface chemistry, which helps 

in surface modification with secondary tags such as peptides and antibodies etc. [7]. A 

cytotoxicity study by Connor et al. [8] shows that gold nanoparticles are taken up by 

human leukemia cells but are not necessarily toxic to cellular functions. Further, Pan 

et al. [9] reported size dependent cytotoxicity of gold nanoparticles, where 15 nm 

AuNPs were found to be nontoxic whereas 1.4 nm and 1.2 nm AuNPs resulted in 

rapid cell death by necrosis and apoptosis respectively. Shukla et al. [10] have also 

reported that AuNPs are non cytotoxic. They reduce the production of reactive 

oxygen and nitrite species and thus are non-immunogenic and biocompatible. Some 

reports suggest that AuNPs functionlized with cationic side chains are likely to be 

toxic to mammalian and bacterial cells due to their strong electrostatic attraction to 

the negatively charged bilayer [11]. Shape and size dependent uptake of AuNPs into 

cells followed by their localization in vesicles [12] or nucleus, in case of very small 

AuNPs [13] has been reported but cytotoxicity has not been observed. 

Cytotoxicity studies and effect of AgNPs on L929 fibroblasts proliferation 

have been reported by Yu et al. [14] stating that AgNPs are biocompatible at lower 

concentrations but not at higher concentrations due to the oxidation of Ag
0
 into Ag

+
 

ions. Further, Hussain et al. [15] have shown that AgNPs (10-50 µg/mL) are highly 
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cytotoxic to BRL3A rat liver cells, which induces increase in LDH (lactate 

dehydrogenase) release from the cells and subsequently decrease in mitochondrial 

function. Cytotoxicity of AgNPs was mediated through oxidative stress as significant 

decrease in GSH (glutathione) level and increase in ROS (reactive oxygen species) 

level was recorded. Recently Lee et al. [16] have studied the biocompatability of 

single AgNPs in zebra fish. They found that individual AgNPs could passively diffuse 

into developing embryos via chorion pore canals, create specific effects on embryonic 

development, and selectively generate particular phenotypes in a dose dependent 

manner.   

Another group of nanomaterials that have found their way into majority of 

applications include oxides such as TiO2, ZnO, Fe2O3 (in cosmetics and sunscreens) 

SiO2, (as dental fillings) etc. Oxides are the thermodynamically most stable forms of 

most of the metals. Some of the metal-oxides (TiO2, ZnO and SiO2) have been 

approved by the Food and Drug Administration (FDA). Sayes et al. [17] have 

successfully reported that cytotoxicity of TiO2 nanoparticles does not depend on 

surface area but on phase composition as anatase polymorph showed 100 times more 

toxicity than equivalent amount of rutile TiO2. Further, Long et al. [18] have studied 

the neurotoxicity of TiO2 nanoparticles (P25) on nerve cells (microglea and neurons) 

and reported that P25 was non-toxic to isolated N27 neurons but stimulates BV2 

microglea to produce ROS and damages OS-sensitive neurons in culture of brain 

striatum. Jeng et al. [19] have reported a comparative cytotoxicity study of different 

oxide nanoparticles (TiO2, ZnO, Al2O3, Fe3O4 and CrO3) and found ZnO extremely 

toxic to Neuro 2A cells at lower concentrations (50-100 µg/mL). However, other 

oxides showed no significant toxicity even at higher doses (~ 200 µg/mL).  

On the basis of above discussion and details presented in chapter I, it is 

sufficient to say that being minute enough to be internalized by a wide variety of 

mammalian cell types the nanoparticles are able to cross the cell membrane [20]. The 

uptake of nanoparticles has been reported to be size dependent [12] and occurs 

through specialized cells by endocytosis or phagocytosis. Inside the cells, 

nanoparticles are stored in certain locations (such as inside vesicles, mitochondria) 

and are able to exert toxic response. Particles with smaller size carry larger surface 
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area and thus would involve in generation of a substantial amount of ROS, which play 

a major role in nanoparticle toxicity [22]. Generation of ROS mediated oxidative 

stress and decline in antioxidant levels finally leads to inflammation and fibrosis [23]. 

Numerous reports have been published dealing with cytotoxicity/biocompatability of 

different nanomaterials but seldom research has been done in the field of genotoxicity 

of nanomaterials. The assessment of DNA damage is essential since it is the blue print 

of life and many chemicals/xenobiotics manifest their toxicity in form of genetic 

insults, leading to serious consequences. In this regard, Dunford et al. [24] studied 

genotoxicity of human fibroblast cells and reported that TiO2/ZnO nanoparticles from 

sunscreen were found to induce generation of free radicals and catalyzed DNA 

damage both in cell free system and in vitro.        

In this chapter we describe the cytotoxicity and genotoxicity effects of 

sophorolipid reduced gold nanoparticles (OA-SL-AuNPs), sophorolipid reduced silver 

nanoparticles (OA-SL-AgNPs), biosynthesized TiO2 (B-TiO2) and biosynthesized 

ZnO (B-ZnO) nanoparticles. MTT assay was performed to study the cytotoxicity, 

whereas COMET assay was undertaken for genotoxicity evaluation. Before going to 

the details, the basic information and principles of MTT assay and COMET assay are 

briefly described here. The synthesis protocol and detailed characterization of B-TiO2 

and B-ZnO nanoparticles have been discussed in previous chapters. Calcined samples 

(400 ºC for 4 h) of B-TiO2 and B-ZnO nanoparticles were used for toxicity studies. A 

comparative discussion about cytotoxicity and genotoxicity effects of SL-AuNPs and 

SL-AgNPs on A431 cells (human epithelial carcinoma cell line) has been provided. 

The cytotoxicity and genotoxicity of pure OA-SL have also discussed in detail. 

Further, a comparative analysis of B-TiO2 and B-ZnO nanoparticles for their 

cytotoxicity and genotoxicity on HepG2 (human liver carcinoma) cells have been 

discussed in detail.  

5.1.1 MTT Assay 

MTT [3-(4,5-dimethylthiazoyl-2-yl)-2,5-diphenyltetrazolium bromide], a pale 

yellow dye is converted into formazan, a violet colored compound by the activity of 

succinate dehydrogenase of mitochondria (Figure 5.1). Since the conversion takes 
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place in living cells, the amount of formazan produced is directly correlated with the 

number of viable cells present. The MTT assay was done following the method of 

Mosmann [27] with slight modification. The molecular structure structure of MTT 

dye and formazan crystals has been provided in Figure 5.1. 

Figure 5.1: Reduction of MTT dye with functional mitochondrial dehydrogenase enzyme in to 

water insoluble formazan crystals. 

5.1.2 COMET Assay 

COMET assay, also known as Single Cell Gel Electrophoresis (SCGE) assay, 

is a powerful and sensitive technique for the detection of DNA at the level of 

individual eukaryotic cell. It can be applied to prokaryotic cells too with the same 

sensitivity and precision. It was first investigated by Singh et al. in 1988.  

 

Figure 5.2: Comet pattern from a healthy cell nucleus (A) and EMS treated cell nucleus (B). 

EMS (ethyl methyl sulphonate) is a well-known genotoxic material. EMS treated cell exhibit 

broken pieces of DNA has migrated from the head in form of tail (known as tail DNA). 

Untreated cell exhibit well intact DNA in form of head.   

 

This technique has gained popularity as a standard technique for evaluation of 

DNA damage/repair, biomonitoring and genotoxicity testing. In brief, it involves the 

encapsulation of cells in a low-melting-point agarose suspension, lysis of the cells in 

neutral or alkaline (pH >13) conditions and electrophoresis of the lysed cells. Finally, 
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visual analysis was performed after staining of DNA and fluorescence was monitored 

to determine the extent of DNA damage. This can be performed by manual scoring or 

automatically by software. Three different parameters were used as indicators of DNA 

damage – Olive Tail Moment (OTM; arbitrary units), Tail DNA (%) and Tail Length 

(mm). These parameters have been described in detail [28,
 
29]. The OTM is defined 

as the distance between the center of mass of the tail and the center of mass of the 

head, in micrometers, multiplied by the percentage of DNA in the tail and is 

considered to be most sensitive as both the quality and quantity of DNA damage are 

taken into account.    

5.2 Toxicity responses of HepG2 cell towards OA-SL-AuNPs and 

OA-SL-AgNPs   

This part of the chapter describes the MTT assay and COMET assay for 

cytotoxicity and genotoxicity assessment of OA-SL-AuNPs and OA-SL-AgNPs 

respectively.  

5.2.1 Experimental Details  

5.2.1.1 Materials  

EMS (ethyl methyl sulphonate) (CAS No. 62-50-0), normal melting point 

agarose, low melting point agarose and ethidium bromide (EtBr) were purchased from 

Sigma chemicals (St. Louis, MO). Ca
+
 and Mg

+
 ion free phosphate buffer saline 

(PBS) were purchased from Hi-Media (Mumbai, India). All other chemicals were 

obtained locally and were of analytical reagent grade. EMS, a well-known mutagen 

[29c] was taken as positive control in this study. 

5.2.1.2 Synthesis of OA-SL-AuNPs and OA-SL-AgNPs 

The method for synthesis of OA-SL-AuNPs and OA-SL-AgNPs has been 

provided in chapter IV along with detailed characterizations. These nanoparticles 

were dialyzed for 24 h against millipore water using a dialysis bag of 12.5-kDa cutoff 

in order to remove excess sophorolipid, unreduced metal ions and other impurities. 

Further, this nanoparticle solution was concentrated up to 10
-2

 M by centrifugation. 

This solution was considered as stock solution. Further lower dilutions of SL-AuNPs 



Chapter V  

 

 

 Ph.D. Thesis                                  Sanjay Singh                             University of Pune 

147 

and SL-AgNPs for treatment of HepG2 cells were prepared by diluting the stock 

solution.  

5.2.1.3 Cell lines  

HepG2 (human hepatic carcinoma) cell line was used for cytotoxicity and 

genotoxicity study of OA-SL-AuNPs and OA-SL-AgNPs. The HepG2 (ATCC No. 

HB-8065) cell line was initially procured from National Center for Cell Sciences, 

Pune, India and has been maintained further in Industrial Institute of Toxicology 

Research, Lucknow, India. The cells were maintained in Complete Modified Eagle 

Medium (CMEM) supplemented with 10 % Fetal Bovine Serum (FBS), 1 mM sodium 

pyruvate, 2 mM glutamine, 50 U/mL penicillin, 50 mg/mL streptomycin and 100 mM 

non-essential amino acids. Cells were cultured for 3-4 days (80 % confluency) before 

the assay.  

5.2.1.4 Sample Preparation for MTT assay 

The above-mentioned stock solution (10
-2

 M) of OA-SL-AuNPs and OA-SL-

AgNPs were used to make the working nanoparticle suspension by serial dilution 

method. 100 µL of stock solution of OA-SL-AuNPs or OA-SL-AgNPs was diluted to 

1 mL, thus giving a working nanoparticle suspension of 10
-3

 M. This solution was 

further diluted in a similar way. Thus, different OA-SL-AuNPs or OA-SL-AgNPs 

concentrations ranging from 10
-4

, 10
-5

, 10
-6

, 10
-7

, 10
-8

 and 10
-9 

M were made in 

Incomplete Modified Eagle’s Medium (IMEM).  

 5.2.1.5 MTT assay 

In brief, cells (10,000-15,000 cells/well in 100 µL of medium) were seeded in 

a 96 well plate and allowed to adhere for 24 h at 37 °C in 5 %-CO2 95 % air 

atmosphere. Medium was replaced with serum free medium (IMEM) containing 

different concentrations of OA-SL-AuNPs or OA-SL-AgNPs ranging from 10
-4

 M to 

10
-9

 M and incubated for 3 h at 37 °C. The treatments were discarded and 100 µL 

serum free medium and 10 µL MTT (5 mg/mL) in PBS were added to each well and 

re-incubated for another 1 h at 37 °C. The reaction mixture was carefully discarded 

and 200 µL of DMSO was added to each well and mixed thoroughly. After 10 min, 

the absorbance was read at 530 nm, using Multiwell Microplate Reader (Biotek, 
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USA). The untreated sets were also run parallel under the identical conditions and 

served as control. The relative cell viability in percentage was calculated as:  

           (A530 of treated samples/A530 of untreated samples) x 100. …………….(1) 

The data presented are the mean ± SD from three independent experiments. 

5.2.1.6 Morphological analysis 

Morphology of cells before and after the OA-SL-AuNPs or OA-SL-AgNPs 

treatment was examined under the phase-contrast inverted microscope (Leica 

Germany). The changes in the cells were quantified using automatic image analysis 

software Leica Q Win 500, hooked up with the inverted phase-contrast microscope. 

5.2.1.7 COMET assay 

In a typical experiment, cells (70,000-80,000 cells/well in 1 mL of medium) 

were seeded into two separate 12 well plates and allowed to adhere for 24 h at 37 °C 

in the atmosphere of 5 %CO2 95 % air. From both the plates medium was replaced 

with serum free medium (IMEM) containing OA-SL-AuNPs or OA-SL-AgNPs 

ranging from 10
-4

 M to 10
-9 

M concentrations and incubated for 3 h at 37 °C. After 

incubation, the medium was replaced with PBS and washed thoroughly.  Now cells 

were gently harvested with 0.4 mL of 0.025 % trypsin (in PBS). The effect of trypsin 

was nullified by adding 0.3 mL of CMEM (supplemented with 10 % FBS) and 

collected in Eppendorf tubes. Additionally wells were rinsed with 0.3 mL of PBS and 

collected in to same Eppendorf tube. The COMET assay was performed according to 

the method described by Singh et al. with slight modification [28]. In brief, cell 

pellets were obtained by centrifugation (5000 rpm, 5 min), which were again 

resuspended in 100 µL of PBS. To this 100 µL of 1 % LMPA (low melting point 

agar) was added, mixed well at 37 
o
C and finally layered on top of the end-frosted 

slides that were precoated with 1 % normal melting point agarose. Now cover slips 

(24 mm х 60 mm) were placed on top of the slides and were kept at 4 °C. After 5 min 

the cover slips were removed and 100 µL of 0.5 % LMPA was again layered on top of 

the slides before placing the cover slips back and keeping the slides at 4 °C again. 

After overnight lysis at 4 °C in freshly prepared lysing solution (2.5 M of NaCl, 100 

mM of EDTA, 10 mM of Tris, pH 10 and 1 % Triton X-100, pH 10), slides were kept 
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in an electrophoretic unit (Life Technologies, Gaithersburg, MD), filled with chilled 

and freshly prepared electrophoresis buffer (1 mM Na2EDTA and 300 mM NaOH, pH 

~13). The slides were left (in the electrophoresis solution) for 30 min to allow 

unwinding of DNA. Following the unwinding, electrophoresis was performed for 30 

min at 0.7 V/cm using a power supply from Techno Source (Mumbai, INDIA). To 

prevent DNA damage from stray light, if any, all the steps starting from single cell 

preparation were performed under dimmed light. After electrophoresis, the slides 

were immediately neutralized with 0.4 M of Tris buffer (pH 7.5) for 5 min and the 

neutralizing process was repeated three times for 5 min each. The slides were then 

stained with ethidium bromide (20 mg/mL: 75 µL per slide) for 10 min in dark. After 

staining, the slides were dipped once in chilled distilled water to remove the excess 

stain and subsequently, fresh cover slips were kept over them. 

The slides were examined within 3-4 h, using an image analysis system 

(Kinetic Imaging, Liverpool, UK) attached to a fluorescent microscope (Leica, 

Germany). The images were transferred to a computer through a charge coupled 

device camera and analyzed using Komet 5.0 software. All the experiments were 

conducted in triplicates and the slides were prepared in duplicates. Twenty-five cells 

per slide equaling 150 cells per group were randomly captured at a constant depth of 

the gel, avoiding the cells present at the edges and superimposed comets.  

5.2.1.8 Statistical analysis 

Data were analyzed using Analysis of Variance (ANOVA). The level of 

statistical significance was set at P < 0.05 and P < 0.01 wherever required. 

5.2.2 In vitro toxicity of OA-SL reduced nanoparticles 

OA-SL-AuNPs and OA-SL-AgNPs have mostly proposed to be used as drug 

delivery agents and for treatment of cancerous tissues. During this process, liver 

would be the most frequent organ to encounter these nanoparticles. These 

nanoparticles may accumulate within liver which being the major organ involved in 

metabolism, would be the most frequent to encounter these nanoparticles. These 

nanoparticles may accumulate within the liver and thus elicit a concentration 

dependent immune response. Therefore, looking at all the above-mentioned 
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possibilities, we have chosen HepG2 cells (equivalent to human liver cells) and 

observed the cytotoxic and genotoxic responses of nanoparticles on them. 

5.2.3 MTT Assay of OA-SL-AuNPs 

As it is very clear from Figure 5.3 that lower concentrations of OA-SL-AuNPs 

(10
-5

, 10
-6

 and 10
-9

 M) show negligible toxicity to HepG2 cells as more than 75 % 

mitochondrial activity and hence cell survival was recorded. This finding could also 

be confirmed by the phase contrast microscope images of HepG2 cells taken after the 

incubation of OA-SL-AuNPs (Figure 5.4). Figure 5.4 D, E and F are HepG2 cell 

images taken after the treatment of 10
-5

, 10
-6

 and 10
-9

 M concentrations of OA-SL-

AuNPs respectively, which show cell morphology similar to untreated (Figure 5.4 A) 

HepG2 cells. HepG2 cells with elongated and well intact morphology adhered to the 

culture plate surface could be seen even after OA-SL-AuNPs treatment.            

 

Figure 5.3: Statistical data representing the % Mitochondrial Activity of human hepatic 

carcinoma (HepG2) cells after treatment with different concentrations of OA-SL-AuNPs for 3 

h. Details are discussed in text.  

 

The phase contrast image taken from the HepG2 cells treated with 10
-3

 M of 

OA-SL-AuNPs showed no viable cells, as only black spots accompanied with cell 

debris could be seen and therefore concentration above 10
-4

 M was not taken for the 

experiments. These black spots could be attributed to the aggregates of OA-SL-

AuNPs. The optical image of HepG2 cell treated with 10
-4

 M OA-SL-AuNPs (Figure 
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5.4 C) shows a little change in cell morphology, which could be attributed to 

cytotoxic effect of OA-SL-AuNPs as the corresponding MTT result shows ~ 72 % of 

cell survival. Therefore, it could be concluded here that OA-SL-AuNPs in 

concentrations below 10
-4

 M are not toxic. However, HepG2 cells treated with 10
-4

 M 

concentration of OA-SL-AuNPs showed little toxicity and 10
-3

 M resulted in 

complete disintegration of cells.  

 
 
Figure 5.4: Optical micrographs of HepG2 cells treated with different concentrations of OA-

SL-AuNPs exposed for 3 h. Figure B, C, D, E and F are images of HepG2 cells after 3 h 

treatment with 10
-3

 M, 10
-4

 M, 10
-5

 M, 10
-6

 M and 10
-9

 M of OA-SL-AuNPs. Figure A shows 

the morphology of untreated (control) cells of HepG2 cells incubated for 3 h.  

5.2.4 COMET Assay of OA-SL-AuNPs 

 Further, the genotoxicity of OA-SL-AuNPs on HepG2 cells was also 

performed employing COMET assay. Though, MTT assay results show that 

nanoparticles below 10
-4

 M concentration do not show any significant toxicity, it 

becomes important that we study the genotoxic effects of the same concentration. The 

cytotoxicity is a way to record the immediate response of cells comes in contact with 

a foreign material whereas the genotoxicity reveals a long-term response. Thus, it is 

important that we investigate the genotoxicity of those concentrations that do not 

actually show any cytotoxicity. Figure 5.5 A shows the OTM pattern from the DNA 

of HepG2 cells after the treatment with different concentrations of OA-SL-AuNPs (0 

M, 10
-4

 M, 10
-5

 M, 10
-6

 M and 10
-9

 M) for 3 h. All concentrations below 10
-4

 M (10
-5
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M, 10
-6

 M and 10
-9

 M) do not show any significant increase in OTM (0.87 unit, 0.86 

unit and 0.89 unit) when compared with control cell OTM (0.87 unit). However, 

OTM pattern of HepG2 cells treated with 10
-4

 M of OA-SL-AuNPs shows an increase 

in OTM (1.28 unit) as compared to control (0.87 unit). From the analysis by ANOVA, 

this dose was not found to be significantly toxic.  This suggests that even though 

slight DNA damage occurs at this concentration, it is very minute and cannot be 

considered as toxic. This is again confirmed by the comet pattern of the cell DNA 

(Figure b) showing the entire cell DNA present in the head. 

 

Figure 5.5: COMET results obtained from 3 h exposure of HepG2 cells with different 

concentrations of OA-SL-AuNPs. Two comet parameters, % tail DNA (A) and olive tail 

moment (B) were considered as measure of DNA damage. Figure a, b, c, d and e are images 

of comet showing the pattern of DNA after the exposure of 0 M, 10
-4

 M, 10
-5

 M, 10
-6

 M and 

10
-9

 M concentration of OA-SL-AuNPs to HepG2 cells respectively.  

Similarly, % tail DNA pattern of HepG2 cells treated with different 

concentrations (Figure 5.5 B) was also analyzed. The concentrations (10
-5

 M, 10
-6

 M 

and 10
-9

 M) showed almost similar % tail DNA pattern (6.29 unit, 6.12 unit and 6.72 

unit) as compared to control (6.08 unit). Further, the so obtained comet pattern from 

the HepG2 cells treated with different concentration of OA-SL-AuNPs showing well 



Chapter V  

 

 

 Ph.D. Thesis                                  Sanjay Singh                             University of Pune 

153 

intact head and complete absence of DNA fragments in form of tail (Figure 5.5 b, c, d 

and e), suggesting that these doses are not genotoxic However, OA-SL-AuNPs at 10
-4

 

M concentration show increase in % tail DNA (9.02 unit) when compared with 

control (6.08 unit). This increase in % tail DNA pattern was also found non-

significant when analyzed with ANOVA. From comet pattern of cell DNA (Figure 5.5 

b), it is clear that 10
-4

 M concentration of OA-SL-AuNPs show little DNA damage, as 

most of the DNA is intact in the form of comet head and looks similar to control 

COMET pattern (Figure a). This result again confirms our MTT observation. 

As per COMET assay guidelines [30] and based on our MTT observations, 

concentrations of OA-SL-AuNPs above 10
-4

 M were not used. Also, the nanoparticle 

suspensions of 10
-3

 M or above were not stable rather it was forming the aggregates 

and settled on bottom of the vessel. Further, it may not be necessary to study the 

genotoxicity, if the cells are already dead due to cytotoxicity.    

5.2.5 MTT Assay of OA-SL-AgNPs 

Within similar experimental conditions, MTT assay of OA-SL-AgNPs was 

also performed on HepG2 cells.  Figure 5.6 shows the cytotoxicity (MTT assay) 

response of HepG2 cells after 3 h treatment with different concentrations of OA-SL-

AgNPs (10
-4

 M, 10
-5 

M, 10
-6

 M and 10
-9

 M). However, the lower OA-SL-AgNPs 

concentrations (10
-5

 M, 10
-6

 M and 10
-9

 M) showed ~ 90 % cell survival, which can 

again be correlated with the optical images showing cell morphology (Figure 5.7 D, E 

and F) with untreated (Figure 5.7 A) cells. HepG2 cells treated with these lower 

concentrations of OA-SL-AgNPs showed almost similar morphological 

characteristics to untreated cells.  

HepG2 cells showed ~ 58 % cell survival when exposed to 10
-4

 M OA-SL-

AgNPs concentration. This was further justified by the phase contrast micrograph of 

HepG2 cells treated 10
-4

 M OA-SL-AgNPs (Figure 5.7 C). Cells with regular 

morphology could not be seen; instead black aggregates (AgNPs) and damaged cell 

remains are quite visible. The concentration above 10
-4

 M was not taken because at 

these concentrations OA-SL-AgNPs showed formation of aggregates and settled over 

the cell surface and led to the cell death (Figure 5.7 B). The aggregates could also be 
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seen with the HepG2 cells treated with 10
-4

 M OA-SL-AgNPs (Figure 5.7 C). Here 

these aggregates are lesser in number, which could be clearly correlated with the 

lesser amount (10
-4

 M) of OA-SL-AgNPs added. 

 

Figure 5.6: Statistical data representing the % Mitochondrial activity of HepG2 cells after 

treatment with different concentrations of OA-SL-AgNPs for 3 h. Highest concentration (10
-3

 

M) of OA-SL-AgNPs shows toxicity to the cells, while rest other concentrations do not show 

toxicity. Details are discussed in text. 

 

 

Figure 5.7: Optical micrograph image of HepG2 cells treated with different concentrations of 

OA-SL-AgNPs exposed for 3 h. Figure B, C, D, E and F are images of HepG2 cells after 3 h 

treatment with 10
-3

 M, 10
-4

 M, 10
-5

 M, 10
-6

 M and 10
-9

 M of OA-SL-AgNPs. Figure A shows 

the morphology of untreated (control) cells of HepG2 cells incubated for 3 h.  

Therefore, it can be concluded that OA-SL-AgNPs below 10
-4

 M are fairly 

biocompatible to HepG2 cells. However, at 10
-4

 M and above concentrations they 
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show considerable cytotoxicity. Thus, OA-SL-AgNPs with the concentration below 

10
-4

 M could be safely used for different bioapplications.   

5.2.6 COMET Assay of OA-SL-AgNPs 

  In order to investigate the effect of OA-SL-AgNPs on DNA of HepG2 cells, 

COMET assay was performed in a similar way as was done with OA-SL-AuNPs. 

Here also two COMET parameters (olive tail moment and % tail DNA) were 

considered for genotoxicity evaluation.  

Figure 5.8 A shows the percent tail DNA of HepG2 cells after 3 h of treatment 

with different concentrations of OA-SL-AgNPs (10
-4

 M, 10
-5 

M, 10
-6

 M and 10
-9

 M). 

The lower concentrations of OA-SL-AgNPs (10
-5

 M, 10
-6

 M and 10
-9

 M) showed 

almost similar % tail DNA (7.49 unit, 6.05 unit and 6.25 unit) and COMET pattern as 

untreated cells (6.26 unit). However, 10
-4

 M concentration of OA-SL-AgNPs caused 

an increase in % tail DNA (9.52 unit) as compared to untreated cells (6.26 unit). This 

increase in % tail DNA was found to be non-significant when analyzed with ANOVA. 

This suggests that 10
-4

 M concentration of OA-SL-AgNPs causes little DNA damage 

but this dose cannot be considered as genotoxic. These results could again be 

correlated with MTT assay results, obtained after 3 h incubation of HepG2 cells with 

OA-SL-AgNPs (10
-4

 M). The COMET pattern of HepG2 cells treated with 10
-4

 M 

concentration of OA-SL-AgNPs (Figure 5.8 b) also showed well intact DNA head 

with very little amount of DNA in the form of tail. 

Further, OTM patterns were analyzed after 3 h incubation of HepG2 cells with 

OA-SL-AgNPs. Here also, lower concentrations (10
-5

 M, 10
-6

 M and 10
-9

 M) showed 

almost similar amount of OTM (1.01 unit, 0.86 unit and 0.89 unit) as was recorded for 

untreated cells (0.83 unit). Whereas HepG2 cells treated with 10
-4

 M of OA-SL-

AgNPs showed increased amount of OTM (1.55 unit) as compared to untreated cells 

(0.83 unit), which is again non significant under ANOVA analysis. These results were 

further supported by COMET pattern obtained from respective OA-SL-AgNPs treated 

HepG2 cells (Figure 5.8 a, b, c, d and e). Therefore, it could be said that OA-SL-

AgNPs are non-cytotoxic and non-genotoxic to HepG2 cells up to 10
-4

 M 

concentration and can be used safely for different applications. 
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Figure 5.8: COMET results obtained from 3 h exposure of HepG2 cells with different 

concentrations of OA-SL-AgNPs. Two comet parameters, % tail DNA (A) and olive tail 

moment (B) was considered as measure of DNA damage. Figure a, b, c, d and e are image of 

comet showing the pattern of DNA after the exposure of 0 M, 10
-4

 M, 10
-5

 M, 10
-6

 M and 10
-9

 

M concentration of OA-SL-AgNPs to HepG2 cells respectively.  

 

On comparing MTT data of OA-SL-AuNPs and OA-SL-AgNPs, it was 

observed that 10
-4 

M concentration OA-SL-AgNPs showed only ~ 58 % cell viability 

while OA-SL-AuNPs showed ~ 72 %. Further, with 10
-4

 M of OA-SL-AgNPs showed 

more amount (3.26 unit) of % tail DNA (with comparison to control) than OA-SL-

AuNPs (2.94 unit). Moreover, the same concentration (10
-4

 M) showed more 

difference in OTM (0.72 unit) with control than with OA-SL-AuNPs (0.41 unit). Even 

at lower concentration (10
-5

 M) of OA-SL-AgNPs showed increased % tail DNA 

(1.23 unit) and OTM (0.18 unit) than OA-SL-AuNPs which showed (0.21 unit) and 

(0.0 unit) respectively when compared with their respective controls. Thus, among 
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OA-SL-AgNPs and OA-SL-AuNPs, OA-SL-AuNPs could be considered as more 

biocompatible. As it well known that AgNPs undergo frequent oxidation than AuNPs 

(low reduction potential of Ag than Au) and thus leading to the formation of Ag
+
 ions, 

which thereby show the toxicity to the cells.   

5.2.7 MTT Assay of OA-SL molecules 

 In order to completely understand the toxicity of OA-SL-AuNPs and OA-SL-

AgNPs, toxicity study of OA-SL molecules becomes essential, as it is the only 

capping molecule present on nanoparticle surface. It is the capping molecule on 

nanoparticle surface, which first come in contact with cells. The details about the 

synthesis and characterization of these OA-SL molecules have provided in chapter IV.  

Figure 5.9 shows the cytotoxicity response of HepG2 cells to different 

concentrations of OA-SL molecules exposed for 3 h. The lower concentrations (10
-4

 

M, 10
-5

 M, 10
-6

 M, 10
-7

 M, 10
-8

 M, 10
-9

 M) show ~ 90 % of cell survival, which could 

again be confirmed by cell morphology images (Figure 5.10). Optical images of cells 

treated with these concentrations of OA-SL molecules show well-adhered and 

elongated cell morphology. Although, some cells of rounded morphology could also 

be seen, but their population is very less and this could be assigned to the normal cell 

death after completion of their cell cycle, which could be seen in untreated cell plate 

too. However, 10
-3

 M concentration of OA-SL molecules is cytotoxic as only ~ 18 % 

of cell survival is recorded. The corresponding cell morphology can be seen in Figure 

5.10. It is very clear that cells have lost their normal elongated structure (as untreated 

cells exhibit these properties) and showing rounded morphology, indicating the dead 

cells. Also, cell number under a given area is reduced significantly, indicating the 

detachment of living cells from petriplate surface. Therefore it could be concluded 

that below 10
-4

 M concentrations of OA-SL molecules are quite biocompatible 

whereas above this concentration are highly cytotoxic.      
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Figure 5.9: Statistical data representing the % Mitochondrial activity of HepG2 cells after 

treatment with different concentrations of OA-SL molecules (10
-4

 M, 10
-5

 M, 10
-6

 M, 10
-7

 M, 

10
-8

 M, 10
-9

 M) for 3 h.  

 

 
Figure 5.10: Optical images of OA-SL treated HepG2 cells for 3 h. Untreated cells (A), cells 

treated with 10
-3

 M (B), 10
-4

 M (C), 10
-5

 M (D), 10
-6

 (E) and 10
-9

 M (F) concentration of OA-

SL for 3 h. 

5.2.8 COMET Assay of OA-SL molecules 

To further elucidate the effect of OA-SL molecules on the DNA of HepG2 

cells, COMET assay was performed. Experimental setup was same as described 

earlier COMET experiments. Figure 5.11 show the extent of DNA damage in HepG2 
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cells by OA-SL molecules in terms of % tail DNA (Figure 5.11 A) and OTM (Figure 

5.11 B).     

 
 

Figure 5.11: Statistical representation of two COMET parameters, % tail DNA (A) and olive 

tail moment (B) obtained after 3 h exposure of HepG2 cells to different concentrations of OA-

SL. Figure a, b, c, d, e and f are image of comet showing the pattern of DNA after the 

exposure of 0 M, 10
-3

 M, 10
-4

 M, 10
-5

 M, 10
-6

 M and 10
-9

 M concentration of OA-SL to HepG2 

cells respectively. 

Almost no increase in % tail DNA (compared with control) was recorded 

when the cells were incubated with different concentrations of OA-SL molecules (10
-3

 

M, 10
-4

 M, 10
-5

 M, 10
-6

 M and 10
-9

 M) for 3 h. Similarly, no increase in OTM was 

obtained when compared with control (untreated) HepG2 cells (Figure 5.11 B). These 

findings were again confirmed from COMET images (Figure 5.11 a, b, c, d, e and f) 

obtained from HepG2 cells treated with different concentrations (control, 10
-3

 M, 10
-4

 

M, 10
-5

 M, 10
-6

 M and 10
-9

 M). Although, COMET assay result suggests that OA-SL 

molecules are non-genotoxic to HepG2 cells even at 10
-3

 M concentration, whereas 

MTT result showed cytotoxicity at this dose. The possible explanation to this 
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contradictory result could be considered as its activity at the cell membrane only. 

Sophorolipids are well known for membrane destabilization and thus causes increased 

permeabilization [32]. Therefore, it can be hypothesized that sophorolipids (10
-3

 M) 

are interacting with the cell membrane and thus causing damage to that, which 

thereby causes cell death due to the leakage of intracellular materials. However, the 

genetic materials (DNA etc.) remains unaffected from sophorolipid attack, as it is 

covered with nuclear membrane.   

5.3 Toxicity responses of A431 cell towards biosynthesized TiO2 and 

ZnO nanoparticles 

This part of the chapter deals with the toxicity evaluation of biosynthesized 

TiO2 and ZnO nanoparticles on A431 cells. Biosynthesized TiO2 and ZnO 

nanoparticles were checked for their cytotoxicity (MTT assay) and genotoxicity 

(COMET assay). Since, these oxide nanoparticles are frequently being used as an 

active ingredient in modern day cosmetics, they may come in contact with skin cells 

and affect them. Therefore, we have chosen skin cell line (A431) to study the toxicity 

of biosynthesized TiO2 (B-TiO2) and biosynthesized ZnO (B-ZnO) nanoparticles. A 

comparative toxicity assessment is described herein. 

5.3.1 Experimental Details 

5.3.1.1 Materials  

All the materials used were same as described earlier. 

5.3.1.2 Synthesis of B-TiO2 and B-ZnO nanoparticles 

The synthesis and characterizations of these oxide nanoparticles have already 

been discussed in chapter III. Calcined sample was used for various toxicity 

experiments. A stock solution of 10
-2

 M was prepared in DMEM and further dilutions 

were made by serial dilutions as described earlier part of this chapter. 

5.3.1.3 Cell lines 

A431 cell line was used for the cytotoxicity study of B-TiO2 and B-ZnO 

nanoparticles. The A431 cell line (ATCC No. CRL-1555) was initially procured from 
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National Centre for Cell Sciences, Pune, India and after then it has been maintained at 

Indian Institute of Toxicological Research, Lucknow, India. The cells were 

maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 % 

Fetal Bovine Serum (FBS), 1 mM sodium pyruvate, 2 mM glutamine, 50 U/mL 

penicillin, 50 mg/mL streptomycin and 100 mM non-essential amino acids. DMEM 

was purchased from GIBCO. Cells were cultured for 3-4 days (80 % confluency) 

before the assay. For MTT assay, the cells were seeded in 96 well plates at a density 

of 10,000-15,000 cells/well in 100 µL of complete medium. The cells were incubated 

for 24 h in a humidified incubator at 37 
o
C and in the atmosphere of 5 %-CO2 95 % 

air. After incubation, the complete medium was discarded and 100 µL of freshly 

prepared B-TiO2 and B-ZnO (different concentration) in DMEM were added to each 

well.  

5.3.1.4 Sample Preparation for MTT and COMET assay 

A stock solution of 10
-2

 M of B-TiO2 was made by sonication of the 8.0 mg of 

B-TiO2 in 10 mL of sterile millipore water. Sonication was performed with a pulse of 

1 min, thrice and with a time interval of 30 sec at 15 Watt. This stock solution was 

further diluted to make other lower concentrations of B-TiO2, described earlier. 

Similarly, 8.1 mg of B-ZnO nanoparticle in 10 mL of serum free DMEM was 

sonicated in a similar manner as for B-TiO2 nanoparticle sample preparation.  

5.3.1.5 MTT assay 

In brief, cells (10,000-15,000 cells/well in 100 µL of medium) were seeded in 

a 96 well plate and allowed to adhere for 24 h at 37 °C in 5 %-CO2 95 % air 

atmosphere. Medium was replaced with serum free medium (DMEM) containing 

different concentrations of B-TiO2 and B-ZnO nanoparticles ranging from 10
-2

 M to 

10
-9

 M and incubated for 3 h at 37 °C. The treatments were discarded and 100 µL 

serum free medium and 10 µL MTT (5 mg/mL) in PBS were added to each well and 

re-incubated for another 1 h at 37 °C. The reaction mixture was carefully discarded 

and 200 µL of DMSO was added to each well and mixed thoroughly. After 10 min, 

the absorbance was read at 530 nm, using Multiwell Microplate Reader (Biotek, 

USA). The untreated sets were also run parallel under the identical conditions and 
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served as control. The relative cell viability in percentage was calculated as described 

in equation (1). The data presented are the mean ± SD from three independent 

experiments. 

5.3.1.6 COMET Assay 

Comet assay was performed as described earlier, except the cell line used here 

was A431 and DMEM was used as the culture medium.  

5.3.1.7 Statistical Analysis 

Data were analyzed using Analysis of Variance (ANOVA). The level of 

statistical significance was set at P < 0.05 and P < 0.01 wherever required. 

5.3.2 MTT Assay of B-TiO2 and B-ZnO nanoparticles 

Figure 5.12 represents the cytotoxicity (MTT assay) results of B-TiO2 (Figure 

A) and B-ZnO (Figure B) nanoparticles on A431 cell lines after incubation for 3 h. 

 

Figure 5.12: Statistical data representing the % Mitochondrial activity of A431 cells after 

treatment with different concentrations of (10
-3

 M, 10
-4

 M, 10
-5

 M, 10
-6

 M, 10
-7

 M, 10
-8

 M, 10
-9

 

M)  B-TiO2 and B-ZnO  for 3 h.  
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A slight fall in cell viability (25 %) was observed in the case of highest 

concentration (10
-3 

M) of B-TiO2 nanoparticles after 3 h of incubation (Figure 5.12 

A). When these results were compared with MTT results from B-ZnO nanoparticles 

(Figure 5.12 B), huge reduction in cell viability (40 %) was observed at the similar 

dose (10
-3 

M) of B-ZnO nanoparticles. Thus, at this point of time (from MTT results), 

it can be concluded that biosynthesized B-TiO2 nanoparticles are more biocompatible 

than biosynthesized B-ZnO nanoparticles. However, other lower concentrations (10
-4

 

M, 10
-5

 M, 10
-6

 M and 10
-9

 M) showed similar cell viability pattern. These findings 

were further confirmed by genotoxicity (COMET assay) results, described below. 

5.3.3 COMET Assay of B-TiO2 and B-ZnO nanoparticles 

Interesting results were observed when COMET assay was performed in order 

to get information about the effect of these oxide nanoparticles on DNA of human 

skin cell lines. Although, slight increase in % tail DNA (Figure 5.13 A) was recorded 

(1.27 unit) in case of highest concentration (10
-3 

M) of B-TiO2 nanoparticles (10
-3

 M) 

it did not show any significance when analyzed using ANOVA (p < 0.05). Therefore 

this dose cannot be considered as genotoxic. Other concentrations (10
-4 

M, 10
-5 

M, 10
-

6 
M and 10

-9 
M) as expected gave almost negligible increase in % tail moment values 

(0.31, -0.12, -0.04 and -0.02 unit) when compared with control. This observation was 

again confirmed with the comet images taken from cells after exposure to various 

concentrations of B-TiO2 nanoparticles (Figure 5.15 A-F), which showed a well intact 

comet head containing almost all the DNA and therefore absence of any DNA in tail. 

A few DNA fragments could be seen in COMET image (Figure 5.15 B) taken from 

A431 cells exposed to 10
-3

 M of B-TiO2 nanoparticles, which could be easily 

correlated with the little increased % tail DNA and OTM values obtained at this dose.   

Exposure of A431 cells to different concentrations (10
-4 

M, 10
-5 

M, 10
-6 

M, 10
-

9 
M and 10

-12 
M) of B-ZnO nanoparticles (Figure 5.14 B) on the other hand show 

increase in % tail DNA (1.82, 1.13, 1.03, 0.72 and 0.25 unit) and two doses (10
-4

 M 

and 10
-5

 M) were found to be significantly genotoxic, when analyzed by ANOVA (p 

< 0.05). Respective comet images, taken from cells exposed to 10
-4 

M and 10
-5 

M of 
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B-ZnO nanoparticles (Figure 5.14 I and 5.14 J respectively); also confirm the 

significant DNA damage. 

 
 

Figure 5.13: Statistical data representing the two important COMET parameters: olive tail 

moment (A) and % tail DNA (B) obtained after 3 h exposure of A431 cells to different 

concentrations of B-TiO2 nanoparticles.  

     

 
 

Figure 5.14: Statistical data representing the two important COMET parameters: olive tail 

moment (A) and % tail DNA (B) obtained after 3 h exposure of A431 cells to different 

concentrations of B-ZnO nanoparticles. 

Although, very less fragments of DNA could be seen as tail (Figure 5.14 I and 

5.14 J), a smaller DNA head seen suggest to loss of DNA. The concentration above 

10
-4

 M was not taken for experiment as it resulted in apoptosis (Figure 5.14 H) and 

according to COMET assay guidelines this concentration should not be considered for 

the comet experiment. Again, slight increase in OTM values (0.38, 0.14, 0.0, 0.0, 0.0 

unit) was obtained when A431 cells were exposed to different concentrations (10
-3 

M, 

10
-4 

M, 10
-5 

M, 10
-6 

M and 10
-9 

M) of B-TiO2 nanoparticles (Figure 5.13 A). But even 

the highest concentration (10
-3

 M) was not of any significance when analyzed using 
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ANOVA (p < 0.05). This result was further confirmed by respective COMET images 

(Figure 5.15 B to F). In contrast, B-ZnO nanoparticles show significant increase in 

OTM (0.28 unit) at the concentration (Figure 5.14 A) of 10
-4 

M when analyzed using 

ANOVA (p < 0.05). Other concentrations (10
-5 

M, 10
-6 

M, 10
-9

 M and 10
-12 

M) of B-

ZnO also showed increase in OTM values (0.18, 0.13, 0.14 and 0.03 unit), which did 

not show any significance when analyzed using ANOVA (p>0.05). Corresponding 

COMET images shown in Figure 5.14 I to L further supported this result. 

 

Figure 5.15: COMET images showing DNA damage of A431 cells after exposure to different 

concentrations of B-TiO2 (Control (A), 10
-3 

M (B), 10
-4 

M (C), 10
-5 

M (D), 10
-9 

M (E) and 10
-12 

M (F)) and B-ZnO (Control (G), 10
-3 

M (H), 10
-4 

M (I), 10
-5 

M (J), 10
-9 

M (K) and 10
-12 

M (L)).   

After the comparative analysis of cytotoxicity (MTT) and genotoxicity 

(COMET) data, it can be concluded that B-TiO2 nanoparticles are more biocompatible 
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than B-ZnO nanoparticles as the former did not show any significant toxicity 

(cytotoxicity and genotoxicity) to human skin cell lines up to a concentration of 10
-3

 

M. However, B-ZnO nanoparticles were found significantly genotoxic even at a 

concentration of 10
-4

 M. One important point could be noticed here, which would 

signify the importance as well as sensitivity of COMET assay over MTT assay. On 

the basis of MTT results, B-ZnO nanoparticles (10
-4

 M) could be considered as 

nontoxic, whereas COMET result revealed that this concentration is highly genotoxic. 

Thus, it could be hypothesized that smaller particles of B-ZnO could be internalized 

by cells through their pores of membrane and further could reach into the nucleus 

through nuclear pores. Further, these B-ZnO nanoparticles could lead to the 

generation of ROS within the nucleoplasm, leading to fragmentation of DNA.  

5.4 Conclusions 

 This chapter describes the cytotoxicity and genotoxicity evaluation of 

sophorolipid reduced Au and Ag nanoparticles against human liver carcinoma cell 

lines (HepG2 cells). Also, toxicity study of biosynthesized TiO2 and ZnO 

nanoparticles have been conducted on human skin cell lines (A431). Sophorolipid 

reduced Au and AgNPs showed biocompatability up to the concentration of 10
-4

 M, 

which is considerably higher than the reported values. Among OA-SL-AuNPs and 

OA-SL-AgNPs, the former showed better biocompatibility within the same 

concentration exposed to cells. Therefore, they can be safely used for different 

bioapplications. Further, B-TiO2 showed better compatibility with skin cell line than 

B-ZnO up to a concentration of 10
-3

 M, thus suggesting the use of B-TiO2 

nanoparticles for various skin related applications, whereas B-ZnO could be 

recommended to be used below 10
-5

 M.   

We would like to add a note with caution here that these were the general 

observation and conclusions on the basis of in vitro experiments, where “the body” is 

replaced by “a single mammalian cell” but the scenario could be different within in 

vivo experimental conditions. Moreover, the risk of any potentially toxic substance is 

not only a function of hazard but also chance of exposure. At the current scenario, it 

would be premature to conclude that nanoparticles are completely unsafe or 
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biocompatible, rather additional systematic studies are required before toxicity 

relationships can be understood in more complex human system at the molecular 

level. Also, future research should concentrate more to engineer relatively safer 

nanomaterials for clinical applications.    
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This chapter contains conclusions of the salient features of the work described in 
this thesis and the scope for future potential developments in this field. 
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6.1 Summary of the work 
 

The work presented in this thesis mainly focuses on biological methods for the 

synthesis of nanomaterials and their toxicity evaluation. All this has been described in 

different chapters and the summary for each chapter has been described here.  

The bacterium Actinobacter spp. was isolated as a contaminant from a mixture 

of K4Fe(CN)6 and K3Fe(CN)6 left open for one week. It has been used for the 

synthesis of different technologically important nanomaterials such as Si/SiO2 

nanocomposites, TiO2 and ZnO nanoparticles under environmentally benign 

conditions. The known chemical and physical methods for synthesis of these 

nanomaterials involve high temperature and pressure. In contrast to that the method 

we report is an attractive alternative to such methods. Elemental silicon embedded 

within SiO2 matrix (Si/SiO2 nanocomposites) has several applications in photonic 

devices. We have shown that two proteins reductases and hydrolases secreted by the 

bacteria probably lead to the reduction of Si
4+

 to Si
0
 and subsequently to SiO2. Other 

oxides (TiO2 and ZnO) have also been extensively used for different applications and 

probably are the first ones to be used at market level as photocatalytic and UV-

absorbent agents. Since visible light mediated photocatalytic technology has attracted 

much attention in the recent research trend, a successful attempt has been performed 

by simultaneous doping of C, N and F elements into the biosynthesized TiO2 (B-TiO2) 

lattice. Doping made this material a potential agent for photocatalytic degradation of 

methylene blue dye under sunlight illumination. A comparative study between doped 

B-TiO2 and B-ZnO (biosynthesized ZnO) is also presented, which suggested B-ZnO, 

as better visible light phaotocatalyst than titania. 

Glycolipid (sophorolipid) mediated synthesis of gold and silver nanoparticles 

have also been reported. Yeast (Candida bombicola) mediated synthesis/capping of 

this bio-surfactant, which has been employed successfully to obtain these 

nanoparticles in powder form, which could be completely redispersed in aqueous 

medium. The silver nanoparticles thus synthesized exhibited enhanced bactericidal 

activity against both Gram-positive and Gram-negative bacterial species. As most of 

the pathogenic microbes are gaining resistance to most of the available antibiotics, 
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silver nanoparticles have been used extensively especially as antimicrobial agent. The 

simple method for the synthesis of silver nanoparticles makes a cheap and best 

alternative to the antibiotics.  

Toxicity studies of nanomaterials are very hot topics of research now days, as 

people are more concerned towards the possible short term and long term risk of 

nanoparticles. The fast developing field of nanoscience has also provoked researchers 

to look towards the potential environmental and biological effects of nanoparticles. 

We have also made an attempt to evaluate cytotoxicity as well as genotoxicity of the 

above-mentioned bio-mediated/biosynthesized metal and metal-oxide nanoparticles. 

These materials were found to be biocompatible up to the millimolar concentrations 

(except B-ZnO). B-ZnO nanoparticles showed DNA damage even at 10
-5

 M 

concentrations.    

6.2 Scope for future work 

 One of the most challenging aspects of microbial synthesis of nanomaterials is 

to identify the proteins/enzymes and their subsequent DNA fragment, which actually 

governs the biochemical pathway. This would lead to synthesis of respective 

nanomaterials in bulk quantity and thus biotechnologists would be able to fulfil the 

industrial needs.  

Sophorolipid molecules, by virtue of the presence of glucose moieties are 

expected to be able to cross the blood brain barrier. Therefore, quantum dots 

conjugated with these molecules could be used as potential agents for imaging as well 

as drug delivery in brain. Silver nanoparticles synthesized by biological means or 

conjugated with biomolecules can serve as good wound healing agents. To further 

improve on this idea, these nanoparticles could be incorporated into suitable matrices 

such as polymers to acts as wound dressing agents or can be formulated into creams 

for topical applications. 

The toxicity evaluation of nanomaterials can be further studied in depth at the 

genetic level where the genes involved in the process can be identified in order to put 

forth well-accepted mechanism. 
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Microbiological Media 

 
 

1) Luria Broth 

 
Tryptone  1 % 

 

Yeast Extract  0.5 % 

 

NaCl   0.5 % 

 

D/W   100 mL 

 

pH   7.2 

 

2) Luria Broth Agar 

 
Tryptone  1 % 

 

Yeast Extract  0.5 % 

 

NaCl   0.5 % 

 

Agar   2% 

 

D/W   100 mL 

 

pH   7.2 

 

3) MGYP 

 
Malt Extract  0.5 % 

 

Glucose   1 % 

 

Yeast Extract  0.3 % 

 

Peptone  0.5 % 

 

D/W   100 mL 
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