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Synopsis
Inorganic materials form an integral part of biological systems and exhibit hierarchical
ordering from nanoscale to macroscopic levels1 2. These are mainly composites of bio-macro
molecules and minerals which are vital for structural, physiological and mechanical
functions. Teeth, shells and bones of multicellular organisms are formed by the process of
bio-mineralization. Siliceous materials contribute in radiolarians to structural development.
Magnetosomes in magnetotactic bacteria play a vital role in cell architecture. These materials
are produced by biological systems in required sizes and shapes by the genetic machinery of
living systems. Hence biological systems are aptly called as living nano-factories. With
evolution across geological time scales, biological systems have firmed up the best processes
for synthesis of variety of inorganic biomaterials ranging from nano to macro scales.
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Nanotechnology research thus has multi-disciplinary facets and it is not surprising to note
that it draws inspiration through biomimetic and biological synthesis of materials at the nano
levels. Soil micro-organisms affect their immediate environment by continuously modifying
soil particles through weathering of soil, formation of new minerals, soil aggregation,
biodegradation of organic particles and forming organo-mineral associations. They have also
developed various strategies to respond to stress from pollutants through processes like
biosorption, bioprecipitation, transport across membranes, complexation and oxidation
reduction reactions3. Hence, the recent interest in nanoscience to harness micro-organisms to
synthesize nanomaterials might have significant potential for future technologies. The earliest
report on accumulation of inorganic nanomaterials was about gold in Precambrian algal
blooms4. Later on different bacteria were exploited for intra cellular synthesis of metallic
nanoparticles5 and sulphides6. Since this would require additional treatments for extraction of
nanoparticles, extracellular synthesis was initiated. Fungi produce several enzymes and
metabolites on a large scale. Hence they were an obvious choice for our studies. While most
of the earlier reports in fungal synthesis of nanoparticles were based on potential plant7 or
human pathogens8, we initiated an approach to screen agriculturally important organisms for
nanoparticle synthesis.
The objectives were: Screening and identification of agriculturally important fungi for
synthesis of metal nanoparticles, alloys and composites; characterisation of nanoparticles;
studying possible mechanism of synthesis; applications of nanoparticles in catalysis, heat
conduction, and as antibacterial agents; testing reusability of remnant biomass.
Chapter 1. Introduction
The first chapter of this thesis introduces terminologies used in nanotechnology, and also
gives a brief description on the classification of nanomaterials and their stabilisation.
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Chemical methods provide great versatility in controlling the size, shape and morphology
together with possibilities of scale up. However, the environmental implications of such scale
up involve large volumes of high boiling solvents, boron hydrides, detergents etc. We
therefore decided to follow a biological route for this purpose. The over view of nanoparticle
synthesis by microorganisms, fungi and plants have been discussed with reference to
mechanisms wherever these have been elucidated.
Chapter 2. Materials and Methods
The second chapter consists of the materials and methods which have been employed during
the work of this thesis. The first part deals with screening of agriculturally important fungi for
nanoparticle synthesis and is followed by its molecular identification. General method used
for extracellular cell free filtrate protocol for synthesizing nanoparticles by filamentous fungi
has also been explained. Screening of fungi for nanoparticle synthesis has been carried out
through UV visible spectrophotometric measurements. Molecular identification consisted of
the steps of DNA extraction, PCR amplification, cloning of the amplified fragment in T/A
cloning vector and sequencing with flanking M13 primers. The next part consists of synthesis
of silver, gold, platinum, palladium and silver-gold composite nanoparticles. General
techniques followed throughout this thesis for characterisation of the identity and
morphology of the nanoparticles are: UV visible spectrophotometry, X-ray diffraction,
transmission electron microscopy (TEM), dynamic Light scattering (DLS), atomic force
microscopy for surface roughness measurements, scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS). Surface interactions of capping agents with the
nanoparticles were probed by FT-IR and Raman spectroscopy. The antibacterial activity of
cysteine capped silver nanoparticles, silver nanoparticles produced by biological route and
silver-carbon nanotube hybrid was carried out in liquid media in nutrient broth using model
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organism Escherichia coli. MIC (minimum inhibitory concentration) and MBC (minimum
bactericidal concentration) were determined. Catalytic activity of titania and palladium
coated titania nanoparticles was evaluated in a quartz reactor under UV illumination.
Quantification of hydrogen evolution was done by gas chromatography. Zeta potential
measurements were carried out on cysteine capped silver nanoparticles to assess the surface
charge in order to explain their stability against flocculation over other nanoparticles.
Ultrafiltration of the cell free filtrate was performed to remove excess solvent, and proteins in
the retained fraction were resolved by poly acrylamide gel electrophoresis. Peptide mass
fingerprints of the proteins were obtained by MALDI TOF mass spectrometry and further
processed by MASCOT analysis. For experiments on biocontrol potential of Trichoderma
asperellum biomass, in preventing Pythium induced “damping off” of chilly plantlets, pot
culture studies were performed.
Chapter 3. Results and Discussion
The results and discussion is divided into eleven sections. In the first section, cell free
filtrates of five agriculturally important fungi were screened for silver nanoparticle formation
from silver nitrate by UV visible spectrophotometry. Compared to the other organisms tested,
cell free filtrate of a fungus from Trichoderma genus yielded a sharp well defined surface
plasmon peak at ~410 nm for silver nanoparticles. The fungus was identified as Trichoderma
asperellum by sequencing the Internal Transcribed Spacer region and generating identities
from NCBI database. Subsequently, the synthesized silver nanoparticles were characterised.
The reaction was completed in 5 days. Diffraction peaks corresponding to FCC lattice of
silver were obtained. Average particle size from Scherrer formula was 17 nm. This agreed
well with TEM data (obtained after 6 months of synthesis) where most of the particles were
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within 10 to 18 nm. The hydrodynamic diameter due to the hydrated capping molecules
obtained from dynamic light scattering, was 35.4 nm.
Gold nanoparticles synthesised by the similar route showed the surface plasmon peak at 570
nm but with varied morphologies. In transmission electron microscopy, while most of the
particles were spherical with average diameter of 15 nm, careful observation revealed that
three or more spherical particles fused to form nanotriangles (~30 nm edge length). Merger of
nanotriangles and fusion of spherical nanoparticle with the edges of the nanotriangles resulted
in bigger triangles (~100 nm edge length). These bigger triangles fused to form stacks of
aligned triangles, hexagonal prisms and other exotic structures. Surface roughness as
measured by AFM revealed that the nanotriangles were optically flat. It is worth mentioning
that, this was the first detailed demonstration of evolution of morphology by TEM in a
biological synthetic process. Platinum and palladium nanoparticles were also synthesised.
The next few sections deal with composite materials made through this route. Precursor salts
of gold and silver were added in different proportions and the progress of reaction was
studied by UV visible spectrophotometry. The plasmon peaks of gold and silver appear at
570 and 410 nm, respectively, as mentioned in the previous sections. No separate peak at the
respective plasmon peak positions for either gold or silver could be seen. For all the ratios of
gold and silver used, absorbance maxima were found between 531 nm to 561 nm. EDS data
revealed that gold always got incorporated in higher proportions in the composites compared
to silver over and above the initial concentration ratios. EDS line scans showed the
coexistence of gold and silver. From single absorbance maxima and coexistence of gold and
silver, it may be assumed that uniform alloying took place. However, in uniform alloys
obtained by citrate mediated reduction9, initial ratios reflect in the final ratios of
incorporation, which was not the case in the present study. Earlier reports on biological routes
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support such inconsistencies in the initial and final ratios of gold and silver 10 11. Mahl et al 12
have observed similar varying ratios of gold and silver, as one proceeded from the interior of
the particle to the periphery. The interior of the particle was richer in gold, with progressive
increase in silver approaching the periphery. The more noble nature of gold makes it easier to
be reduced compared to silver in presence of biological reducing agents and hence its higher
rate of incorporation particularly as we approach the core, which is formed early in the
reaction.
Deposition of silver on multi walled carbon nanotube (MWCNT) surfaces to obtain a
composite Ag-CNT was also achieved by this method. TEM images revealed the presence of
silver on the nanotube surface. Rare occurrences of silver in the lumen of the tube were also
observed in the shape of nanorods. For studying antibacterial activity, dispersibility of the
carbon nanotubes needed to be improved. Thus, carboxyl groups were introduced on the
nanotube surface by treatment with concentrated nitric acid (f-Ag-CNT). With the presence
of functional groups on the nanotube surface, silver deposition was improved remarkably, as
evident from the electron dense bodies on the CNTs, which are of much lighter contrast in
TEM images. The identity of silver, coated on the surface as well as that within the lumen
was established by Energy- filtered TEM. The minimum inhibitory concentration and
minimum bactericidal concentration of the silver coated CNTs against E.coli BW 25113 was
3.24 µg/ml and 7.56 µg/ml, respectively for an initial inoculum of 105 -106 cfu/ml. Pristine
MWCNT or Ag-CNT (without surface carboxyl groups prior to silver deposition) did not
inhibit bacterial growth.
Nanocrystalline titania and titania with dispersed palladium (Pd-TiO2) nanoparticles were
synthesised by the cell free filtrate in one step process using precursors titanium isopropoxide
and palladium chloride. In order to improve crystallinity of the samples, these were further
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calcined for 4 hours at 350ºC. In XRD most intense peaks that appeared were assigned to
diffraction from the (101), (004), (200), (211), (204) and (301) planes of anatase TiO2
(JCPDS 21-1272), implying the development of single phasic TiO2 having pure anatase
phase. No peak corresponding to reflection from Pd metal could be observed in the XRD
patterns due to extremely small percentage of loading. From peak broadening the average
crystallite size of the TiO2 and Pd-TiO2 nanoparticles were calculated to be 5 nm and 7 nm,
respectively. This was in good agreement with TEM data, where oblong particles within 510 nm were observed. From HRTEM of Pd-TiO2 lattice fringes of 111 plane of palladium
were observed along with 101 planes of TiO2. Introduction of palladium did not alter the
band gap of TiO2 which remained at 3.2 eV. 50 mg of the both the catalysts were used to
check for evolution of hydrogen under UV illumination with 10 ml water and 5 ml methanol
used as sacrificial reagent. While TiO2 yeilded 1.193 µmoles/mg/hr the same for Pd-TiO2 was
3.14 µmoles/mg/hr. These values were higher than reported earlier from the similar system
using indium titanate and commercial titania (P25)13. The extracellular proteins present in the
fungal extract are primarily responsible for reducing aqueous PdCl2. The macromolecules
may provide hydrolyzing as well as a size confining template for the synthesis of TiO2 or PdTiO2 nanoparticles.
The plausible mechanisms of nanoparticle synthesis were explored by different spectroscopic
techniques. Cell free filtrate prior to nanoparticle formation assigned as (a) and that after
nanoparticle formation assigned as ‘(b)’ (nanoparticles being removed by centrifugation)
were analysed by FTIR spectroscopy. The main observations were summarized as follows:
1.Stretching vibrations of S-H shifted to lower wave numbers in (b) compared to (a), 2.
Bending vibrations of S-H bonded to CH2 underwent drastic reduction in (b) compared to (a)
indicating change of chemical environment around the S-H bond. 3.The spectrum of the
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solution (b) exhibited an additional weak feature at ~970cm-1 identified to be the wagging
mode of trans-ethylenic moiety which was absent in (a). Absence of this feature in the
spectrum of solution (a) clearly indicated the formation of C=C bond after the reduction
process. From the discussions above, it was evident that biomolecule containing an amino
acid with S-H bond plays a key role in reducing AgNO3 to silver nanoparticles. Since
methionine does not contain thiol group, cysteine was implicated in reduction of silver ions to
silver. Raman spectroscopy revealed selective enhancements of C=O bond of carboxylate
ions and Ag-N bonds. This was indicative of bonding of nano silver with these groups. As a
follow up of this finding, it was observed that stable nano silver sols were produced when
silver nitrate and cysteine (cys-Ag nps) was allowed to react in the ratio 1:0.1.The stability
ensued from protonation of amine groups of cysteine at the prevailing pH of 3.8 (IEP of
cysteine is 5.02). This was also reflected in the positive zeta potential values for cysteine
capped nanoparticles at the aforementioned ratio. At a higher concentration of cysteine the
reaction with silver nitrate was too fast and the nucleation centres coalesced, in spite of the
low pH and protonated amine groups. At lower concentrations the pH of the solution was
close to the isoelectric point. Hence, enough positively charged amine groups on cysteine
were not present to stabilise the silver nanoparticles, which got agglomerated and settled due
to gravity in 2 days. Bonding of cysteine to silver occurred through carboxyl, thiol and amine
groups as revealed by XPS and Raman spectroscopy. Average particle size estimated from
XRD was 17 nm, while, the size distribution from TEM was between 8 to 18 nm. The
particles were embedded in an amorphous network of capping molecules. Hydrodynamic
diameter estimated from DLS was 110 nm. Antibacterial activity of the cysteine capped
nanoparticles and those synthesised by the cell free filtrate were comparable. However, cysAg nps remained in solution only for a month as against the dispersibility of 1 year for
nanosilver from cell free filtrate of T. asperellum.
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To investigate the role of proteins, ultrafiltration of the cell free filtrate was done to
concentrate biomolecules present therein. The concentrated cell free filtrate would hereafter
be referred to as the retentate. Simultaneously, the cell free filtrate was also dialysed to
remove smaller molecules lower that 10kDa (cofactors and other metabolites). Both the
dialysed filtrate and the retentate did not yield silver nanoparticles on incubation with silver
nitrate. However replenishment with 0.1 mM of NADH restored nanoparticle formation
ability. Controls containing NAD along with dialysed filtrate or retentate did not yield
nanoparticles. Thus, the role of NADH in particular was confirmed. Similarly controls with
water and without retentate or dialysed filtrate yielded a low intensity feature centred around
430 nm compared to the well-defined SPR peak for silver with retentate or dialysed filtrate
with NADH. Through a gel based approach, 5 proteins present in the retentate were found to
synthesize silver nanoparticles in presence of NADH. Identities of these proteins were
obtained by MALDI TOFF. The proteins resolved in the gel did not yield nanoparticles in a
concentration dependent manner. Bands with concentration higher than that of the
aforementioned five proteins did not show colour development in the same incubation time.
In order to check the specificity of nanoparticle formation by the retentate in presence of
NADH as adjudged from UV Visible spectrophotometry, a set of commonly used proteins in
the laboratory such as bovine serum albumin, chymotrypsin, lysozyme and casein
hydrolysate were similarly treated with silver nitrate and NADH. These proteins did not yield
a defined plasmon peak characteristic of silver nanoparticles at comparable protein
concentrations.
The biomass that remained, after being suspended in water for 3 days, was tested for its
ability to act as a bio-control agent in soil against pathogenic Pythium sps. While disease
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incidence in infected control was 70%, the same in disease inoculated but Trichoderma
treated seeds was only 16.7%.

Summary and conclusions
Different types of nanoparticles could be synthesised by cell free filtrate of Trichoderma
asperellum at room temperature without using any other external reducing or capping agent.
The silver nanoparticles remained in solution for more than a year at room temperature.The
photocatalytic activity of titania and palladium coated titania nanoparticles in generating
hydrogen by way of photocatalytic water splitting was the first ever report in literature for
nanomaterials synthesised by this route. MIC and MBC of silver nanoparticles against E.coli
was 3.24 µg/ml and 7.56 µg/ml for a starting inoculum of 107-108 cfu/ml, while silver
nanoparticles formed on carbon nanotubes exhibited the same MIC and MBC values at lower
starting inoculum of 105-106 cfu/ml. It was established that cysteine was one of the key
reducing agents. Capping of the nanoparticles took place by carboxylate amino and thiol
groups when cysteine was the sole reducing and capping agent. In the cell free filtrate
however, thiol groups did not participate in capping. In this case, carboxylate and amino
groups were responsible for efficient capping. It was proposed that peptide linkages
underwent cleavage in the reductive milieu of the cell free filtrate and free amino and
carboxyl groups are released. Later, this was also verified by from MALDI TOF data where a
vacuolar protease was detected. However, the pH of the medium was in between 6.4 to 7.2
and hence, this protease was not fully functional. Silver sol was produced by the reaction of
0.1 mM of cysteine with 1 mM of AgNO3 and was stable for over a month. On a comparative
note, MIC and MBC values of Ag-nps synthesized via fungal route were slightly lower by
1.08 g/ml than those of cysteine capped Ag-nps. The small difference in antibacterial

efficacies of the two systems is again attributed to the difference in the nature of their capping
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molecules that played a significant role. The particle sizes were also comparable in the two
cases, signifying that the products synthesized by cysteine and that obtained by fungal route
mimic each other in terms of morphology and properties. The maximum stability of the sol
that could be synthesized using cysteine was over 1month as against over 1 year (in darkness)
for sols synthesized by T. asperellum.14 This underlined the applicability and significance of
biosynthesis. It was demonstrated that 5 proteins from the cell free filtrate were involved in
nanoparticle formation in presence of NADH. In the same gel, proteins that were in higher
concentrations did not give colour development with silver nitrate and NADH. Non-specific
proteins (ones commonly used in the lab) did not exhibit this phenomenon under same or at
higher concentrations in the presence of NADH. Though NADH might have been the redox
active molecule, but in the absence of a bio-macromolecule nanoparticle formation was
hindered. Thus, a cysteine mediated mechanism and a NADH dependent protein mediated
mechanism were established. The biomass retained after nanoparticle synthesis could be
formulated in talc and manure and was used as a bio-control agent in soil.
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Introduction
The prefix nano is derived from the Greek word “nanos” meaning dwarf and refers to matter of
size in the order of one billionth of the corresponding unit. At the nanometre-scale the number of
atoms gets highly restricted. For example, there are 479 atoms of gold in a 3 nm gold particle
stabilized by glutathione. This is calculated to be 58% less than bulk gold of the same order of
magnitude [1]. Matter restricted to this dimension is known to reveal novel properties for reasons
explained later. This idea of atom by atom manipulation of matter was first put forth by Richard
Feynman in a lecture entitled “There is plenty of room at the bottom” in 1959. However
advancements in this field awaited the development of tools for atomic level investigations
which came with the invention of the scanning tunnelling microscope in 1981. Meanwhile, Eric
Drexler began to develop his ideas about molecular nanotechnology (MNT) and was inspired
when he came across Feynman’s lecture in 1979. Drexler, not knowing the earlier coinage of the
term nanotechnology by Prof Norio Taniguchi in 1974, used it in his book “Engines of Creation:
The Coming Era of Nanotechnology” (1986). What Drexler went on to describe in this book,
later gained recognition as molecular nanotechnology (MNT). Though nanotechnology is hailed
as the technology of the future, nano-scale systems have been optimised in nature, through
billions of years of evolution. Hence cells, cellular compartments, nucleic acids and proteins can
be harnessed to fabricate functional nanostructures and mesoscopic architectures of organic and
inorganic materials.
The interest in nano-materials springs from the fact that they exhibit unique properties compared
to the bulk. Tailoring the length scale of materials and the structural arrangement of atoms at the
nanometer level, leads to variation of properties or introduction novel properties compared to the
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bulk. The appearance of new properties can be explained as follows. Atoms have singly
occurring discrete energy levels. In crystalline materials many discrete energy levels which are
too close together to be resolved, form energy bands. Within a band the number of energy levels
is of the order of, the number of atoms in the crystal. Electrons can take on any energy level
within an unfilled band. So although electrons are actually restricted to these energies, they
appear to be able to take on a continuum of values [2].
Band structure of matter and electronic transitions with-in the levels in the energy bands
determine properties of materials. At nanometre scales, the reduction in the number of atoms
results in the band structure transforming to more quantized energy levels. Hence this
transformation has an important bearing on the properties. Thus, study of nano-materials also
gives an insight as to how the properties evolve from the molecular or atomic level to the bulk.
Further, the reduction in size, leads to confinement of the electronic motion and affects the
physical and chemical properties of the material [3], [4].
One of the readily discernible characteristics in case of certain metal nanoparticles is their
colour. The colour of metal nanoparticles originates from the surface plasmons i.e. coherent and
collective oscillations of the surface electrons [3], [4], [5]. The excitation of the surface plasmons
by the electromagnetic field at an incident wavelength where strong resonance occurs, results in
intense light scattering and an enhancement of local electromagnetic fields [6]. Thus an intense
surface plasmon resonance band results in spectroscopy. In gold and silver nanoparticles, this
lies in the visible range explaining the colours they exhibit. In case of semiconductor
nanoparticles quantum size effects are well studied. The energy level spacing for the spherical
nanoparticles is predicted to be inversely proportional to the square of the radius of the
nanoparticle [7]. Thus with decreasing size, the effective band-gap energy of semiconducting
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nanoparticles increase, effecting the blue shift, in observed absorption and emission spectra.
Besides optical properties, the small size of nanoparticles results in the large surface to volume
ratio of the corresponding material, compared to their bulk counter parts.
Large surface energy, greater number of atoms on the surface, spatial confinement and reduced
imperfections, lead to the manifestation of a host of novel properties. In case of metal
nanoparticles, phenomenon like surface plasmon resonance (SPR), enhanced Raleigh scattering,
surface enhanced Raman scattering, quantum size effects in semiconductors and super
paramagnetism in magnetic materials, endow host of specific advantages over their bulk
counterparts. Greater availability of surface area facilitates a number of applications such as
catalysis [8], drug delivery [9, 10] and energy storage [11]. Therefore nanomaterials are
considered building blocks of next generation of optoelectronics, electronics, and various
chemical and biochemical sensors [12, 13].
Nanotechnology has resulted in the convergence of the angstrom, nano and micro scale worlds
through harnessing of principles of physics, synthetic capabilities of chemistry and structural and
functional properties of biological systems. Nature, perfected by evolution, has made precision
guided nanostructures like DNA, proteins, membranes, filaments and cellular components. These
biological nanostructures consist of simple molecular building blocks of limited chemical
diversity arranged into vast numbers of complex three-dimensional architectures and dynamic
interaction patterns. Nature has evolved the ultimate design principles for nanoscale assembly by
supplying and transforming building blocks such as atoms and molecules into functional nanostructures and utilizing templating and self-assembly principles, thereby providing systems that
can self-replicate, self-repair, self-generate, and self-destroy. Cellular nanostructures such as the
photosynthetic reaction center, the ribosome, linear and rotary molecular motors, DNA
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replication complex, membrane channels etc have been studied in vitro and ex vivo. They form
examples of living and functioning at the nanoscale [14].
Nanomaterials and their synthesis is at the heart of development of nano-sciences along with
tools for their characterisation. They are synthesized using two approaches, top down and bottom
up [15]. In the top-down approach nanoparticles are synthesized by physically slicing or by
abrasion of the bulk material till the desired size is achieved. This approach was practiced by
Neanderthal man almost 300,000 years ago in Paleolithic period, when human race first learnt to
fabricate tools [16]. In the course of evolution human being has mastered this art by being able to
realize structures of sub-micron level using different sophisticated techniques such as laser
induced chemical etching, ball milling etc [17, 18]. The bottom-up approaches mainly involve
chemical and biological methods to make nanostructures and nanoparticles. These processes
involve controlled condensation of solute molecules that are formed during a chemical reaction.
The restriction of the condensation or growth, leads to the formation of particles of desired size
and shape [19]. Size, shape and crystallinity determine the optoelectronic, physical and
electronic properties. Hence size and shape selective synthesis has been a challenge in
nanoscience. Although various physical and chemical modes of synthesis are extensively used to
synthesize mono-disperse nanoparticles, they suffer from drawbacks of using high boiling toxic
solvents and harsh reaction conditions. Hence development of clean, biocompatible, nontoxic,
and eco-friendly methods for nanoparticle production is worth the effort. Though biological
methods are environmentally benign and cost effective, they also have some shortcomings of
being time consuming, involve steps of culturing microbes and it is difficult to control size and
shape. However recent work on optimising culture conditions, pH, incubation temperature, time,
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concentration of metal ions, and the amount of biological material has progressed to give hope in
the implementation of these approaches for large scale production of nanomaterials.

1.1 Classification of nanomaterials
Nanoscaled materials are usually categorized as materials having structured components with
atleast one dimension less than 100 nm. Smaller nanoparticles containing 104 or less atoms are
referred to as nanoclusters. These clusters are of interest because they explain the transition from
atomic properties to bulk material properties. Nano-clusters are further classified as explained
below
a) Van der Waals nanoclusters
Inert gas atoms form nanoclusters that are weakly bound by the Van der Waals force. The longrange atomic attraction is due to the induced dipole force.
b) Ionic nanoclusters
Ionic nanoclusters are formed from ions attracted by electrostatic force. NaCl is a typical
example of an ionic cluster. The electrostatic bonds in ionic clusters are around 2-4 eV per atom.
This is ten times as strong as the bond of a Van der Waals nanocluster.
c) Metal nanoclusters
Metal nanoclusters are more complicated in their bonding. Some metals bond primarily by outer
valence sp electrons. Others bond with d orbitals below the valence orbitals. Because of variation
in bonds of metal clusters, the strength can vary from about 0.5 to 3 eV per atom [20]. Metal
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nanocluster of certain number of atoms possessing extraordinary stability originating from either
atomic or electronic shell closing are known as magic clusters [21].

Stabilisation of metal nanoparticles
Nanoparticles have large surface energy and hence coalesce to give thermodynamically favoured
bulk particle. In absence of counteractive repulsive forces the Van der Waals forces between the
two metal nanoparticles would lead to coagulation. Hence for spatial confinement of the particles
in nano range it is essential to stabilize the particles. This can be achieved by either electrostatic
or steric stabilization [22, 23] by using a capping agent such as polymer [24, 25], surfactant [26],
solid support [27] or ligand [28] having suitable functional groups.

1.2 Overview of biological synthesis of nanoparticles
In multicellular living organisms inorganic materials form an integral part of hard tissues. These
tissues can be termed as bio-composites containing structural bio-macromolecules and some 60
different kinds of minerals which are necessary for

variety of structural, mechanical, and

physiological functions [29]. Not only multicellular organisms but also unicellular organisms
such as bacteria and algae synthesize inorganic materials, both intra-cellularly and extracellularly [30]. Of the many examples in nature a few are magnetotactic bacteria which
synthesize magnetite particles [31], [32, 33], diatoms and radiolarians that synthesize siliceous
materials [34], and S-layer bacteria that synthesize gypsum and calcium carbonate as surface
layers [35]. These bioinorganic materials are not only complex both in structure and function, but
also exhibit exquisite hierarchical ordering from the nano-meters to macroscopic length scales.
Achieving this type of ordered synthesis and organization is a far cry as far as laboratory-based
synthetic protocols are concerned.
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At the same time mounting pressure to develop green chemistry for eco-friendly methods of
nanomaterial synthesis has motivated researchers to tap the potential of biological systems. It is
interesting to note that biotechnological applications for remediation of toxic metals have long
employed microorganisms such as bacteria [36, 37] and yeast [38]. The process of detoxification,
whether by reduction of the metal ions or by formation of insoluble complexes with the metal ion
(eg., metal sulfides) may yield nanomaterials. However the possibility of using such
microorganisms for deliberate synthesis of the same is a far more recent application than
bioremediation.
Among microbes, which include bacteria, actinomycetes (both prokaryotes) and algae, yeasts,
and fungi (eukaryotes), bacteria have received the most attention for the biosynthesis of
nanoparticles [39-43].
1.2.1a Intracellular synthesis of nanoparticles by bacteria
The various mechanisms employed by microbes for the detoxification of metal ions and
consequent synthesis of nanomaterials include alteration of solubility and toxicity by oxidation
or reduction, lack of specific metal transport system, biosorption, extracellular complexation or
precipitation of metals, bioaccumulation and efflux systems. Intracellular accumulation of
nanoparticles by bacteria was observed during recovery of precious metals from mine wastes and
leachates. The release of such intracellularly synthesized nanoparticles requires additional
processing steps such as ultrasound treatment or reaction with suitable detergents. Though this
may be a disadvantage but bio-matrixed metal nanoparticles could also be used as catalysts in
various chemical reactions [44]. It was further seen that this helped in retaining the nanoparticles
in bioreactors for continuous usage.
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In a series of papers, Tanja Klaus and co-workers showed that when metal-resistant bacterium,
Pseudomonas stutzeri AG259 (isolated from a silver mine), when challenged with high
concentrations of silver during growth, intracellular formation of crystalline silver nanoparticles
upto 200 nm in size, resulted [41]. Most of the nanoparticles were found to be composed of
elemental silver while occasional formation of Ag2S was observed. Joerger, Klaus and Granqvist
showed that heat treatment of the nano silver embedded bacterial biomass yielded hard coatings
of a cermet resistant to mechanical scratching with a knife. The optical properties of this material
could be tailored by varying the silver loading factor [42, 45]. The cermet material was
composed primarily of graphitic carbon and up to 5% by weight (of the dry biomass) of silver
[45].
Bacterial activity has been implicated in deposition of mineral ores. Pedomicrobium-like
budding bacteria in the Alaskar placer, reported in iron and manganese oxide deposition process
was shown to accumulate gold [46]. Bacillus subtilis168 reduced water soluble Au3+ ions to Au0
of octahedral morphology inside the cell walls with dimensions of 5–25 nm [47] [48].
Interestingly, heterotrophic sulphate-reducing bacterial (SRB) enrichment from a gold mine was
used to destabilize gold (I)–thiosulfate complex [(Au(S2O3)2]3– to elemental gold (<10 nm) in the
bacterial envelope releasing H2S as end product of metabolism [49]. In Fe(III) reducing
bacterium, Geobacter ferrireducens, gold was precipitated intracellularly in periplasmic space
[50]. Similarly, in anaerobic conditions, in the presence of hydrogen gas, iron(III)-reducing
mesophilic bacterial resting cells of Shewanella algae reduced Au3+ ions at 25oC forming
particles within 10–20 nm in the periplasmic space (pH 7.0) and with 15–200 nm on bacterial
surfaces (pH 2.8) [51]. As in the case of Gram-negative bacteria that produce membranous
vesicles containing outer membrane proteins, lipopolysaccharides and phospholipids to protect
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itself against toxic chemicals, interaction of Plectonema boryanum UTEX485 with Au(S2O3)23–,
promoted the accumulation of gold nanoparticles with 10–25 nm diameter in size, and cubic
morphology in membrane bound vesicles. Nanoparticles <10 nm were found to cluster inside the
cell. Additionally precipitation of ~10–25 nm particles occurred in solution along with admixed
AuS nanoparticles. The interaction of P. boryanum UTEX485 with AuCl4−, resulted in
precipitation of octahedral gold platelets of 91 nm to10 μm in solution and with size <10 nm
inside the bacterial cells [49, 52]. E. coli DH5α mediated bio-reduction of chloroauric acid to Au
nanoparticles was reported [53]. The accumulated particles on the cell surface were mostly
spherical with a small number of crystals having other morphologies of triangles and quasihexagons. These cell-bound nanoparticles have been reported for promising applications in
realizing the direct electrochemistry of hemoglobin and other proteins [53]. Similarly, the bioreduction of trivalent gold was also reported in photosynthetic bacterium, Rhodobacter
capsulatus, which showed bio-sorption capacity of 92.43 mg HAuCl4/g dry weight in the
logarithmic phase of its growth [54].

The carotenoids and NADPH-dependent enzymes

embedded in plasma membrane and/or secreted extracellularly were found to be involved in the
bio-sorption and bio-reduction of Au3+ to Au0 on the plasma membrane and extracellular space
[54].
Bio-sorption and bio-reduction of Ag+1 on cell surface was also reported in Lactobacillus sp.
A09 at 30oC, pH 4.5 in 24 h [55]. Normally, silver toxicity was alleviated by small periplasmic
silver binding proteins and by efflux pumps which propels the incoming metals and protects the
cytoplasm from toxicity [56] [57]. It is believed that the organic matrix associated with the
biomass contains silver-binding proteins. The amino acid moieties of these proteins, serve as
nucleation sites for the formation of silver nanoparticles. Silver peptides were found to have the
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capability to precipitate silver from aqueous solution of silver ions and form face-centered cubic
(fcc) structured silver crystals [58]. Not only terrestrial bacteria but also an airborne Bacillus sp.
isolated from the atmosphere was also found to reduce Ag+ ions to Ag0. This bacterium
accumulated metallic silver of 5–15 nm in size in the periplasmic space of the cell [59].
In an interesting study, Nair and Pradeep demonstrated that bacteria not normally exposed to
large concentrations of metal ions may also be used to grow nanoparticles [60]. These authors
showed that Lactobacillus strains present in buttermilk, when exposed to silver and gold ions,
resulted in the production of nanoparticles within the bacterial cells [60]. The exposure of lactic
acid bacteria present in the whey of buttermilk to mixtures of gold and silver ions was also used
to form nanoparticles of alloys of gold and silver [60]. The UV-visible spectra of the bacterial
colloids after exposure to pure silver and gold ions as well as a mixture of the two ions, revealed
surface plasmon peaks that were at 547,439, and 537 nm for Au, Ag and Au0.75Ag, respectively.
No peak due to Ag colloid in the alloy could be visible. While plasmon for gold could be
observed at 547 nm respectively, that for the mixed alloy was centered at 537 nm. By using a
series of time-dependent UV-visible spectroscopy and TEM measurements, Nair and Pradeep
concluded that the nucleation of the silver and gold nanoparticles occurred outside the bacterium
(presumably on the cell surface through sugars and enzymes in the cell wall), following which
the metal nuclei are transported into the cell where they aggregated and grew to larger-sized
particles. The presence noble metal nanocenters is known to enhance Raman spectroscopic
signatures and this feature was used by the authors to probe the internal chemical environment
the bacteria [60].
Thus the general mechanism of intracellular accumulation of nanoparticles involves electrostatic
interactions of the positively charged metal ions with negative charge on the cell wall. Cell wall
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bound enzymes or chemical groups reduce the ions to metallic particles which then diffuse
through the cell wall and get capped in the periplasm or cytoplasm.
1.2.1b Extracellular synthesis of nanoparticles by bacteria
When the cell wall localized reductive enzymes or soluble secreted enzymes or secreted
biomacromolecules are involved in the reductive process of metal ions then metal nanoparticles
are formed extracellularly. The extracellularly produced nanoparticles can be easily purified, in a
cost-effective manner. They can be produced in large-scale and have wider applications in
optoelectronics, electronics, bio-imaging and sensor technology than intracellular accumulation.
Rhodopseudomonas capsulata, a prokaryotic bacterium was found to reduce Au3+ to Au0 at room
temperature [61]. At pH 7.0 the synthesized spherical gold nanoparticles were in the size range
of 10–20 nm. Change in the pH of the solution resulted in various sizes and shapes of gold
nanoparticles. At pH 4.0, triangular gold nanoparticles also appeared along with spherical
nanoparticles. These triangular and spherical nanoparticles were in the size range of 50–400 nm
and 10–50 nm respectively. Optimization of conditions for the synthesis of anisotropic gold
nanostructures with different concentrations of gold ions were also reported [61]. Here, cell-free
extract of R. capsulatus when added with lower concentration of gold ions produced spherical
gold nanoparticles in the size of 10–20 nm. But highly networked structures of gold nanowires
with 50–60 nm were synthesized with higher concentrations of gold ions. Sodium dodecyl
sulphate-polyacrylamide gel electrophoretic (SDS–PAGE) analysis revealed the involvement of
one or more proteins (14–98 kDa) in the bioreduction and capping the gold nanoparticles.
Among hyper-thermophilic and mesophilic dissimilatory Fe(III) reducing bacteria and archea
like Pyrobalaculum islandicum, Thermotoga maritime, S. algae, G. sulfurreducens and
Pyrococcus furiosus, gold was precipitated by reducing gold(III) to metallic gold in the presence
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of hydrogen as electron donor. The precipitation occurred extracellularly due to the presence of
Au(III) reductases near the outer cell surfaces of Fe(III) reducers [50]. Husseiny et al. (2007)
[62] demonstrated that P. aeruginosa (ATCC 90271, strain1 and strain 2) synthesized gold
nanoparticles extracellularly with particle size distribution in the order of 40±10 nm, 25±15 nm
and 15±5 nm respectively. As the particle size increased, the colour was found to be shifted from
pink to blue due to the SPR of gold nanoparticles. Furthermore, the dried powder of B.
megaterium D01 was also used to reduce gold salts into monodispersed gold nanoparticles and
dodecanethiol was used as capping ligand to stabilize the particles at 26oC. TEM analysis
revealed the effect of thiol on the shape, size and dispersity of gold nanoparticles. The presence
of thiol during biosynthesis resulted in the formation of small spherical gold nanoparticles with
1.9±0.8 nm in size [63]. Silver nanoparticles were also found to be produced by dried cells of
Aeromonas sp. SH10, which reduced [Ag(NH3)2]+ to Ag0 in 4 h with an average diameter of ~6.4
nm. These particles were monodispersed and uniform in shape and remained stable for more than
6 months without aggregation and precipitation [64]. The culture supernatant of bacterial
members of Enterobacteriaceae such as Klebsiella pneumonia, E. coli and Enterobacter cloacae
were also found to rapidly synthesize silver nanoparticles in the size range from 28.2 nm to 122
nm with an average size of 52.5 nm. With the addition of piperitone, silver ion reduction was
partially inhibited, which implicated the involvement of nitrate reductase enzymes in the
reduction process [65]. Similarly, the culture supernatant of non-pathogenic bacteria, B.
licheniformis was used for the extracellular synthesis of silver nanoparticles of ~50 nm [66].
Barud et al also demonstrated the formation of homogeneous silver containing bacterial cellulose
(BC) membranes obtained from BC hydrated membranes of Acetobacter xylinum cultures soaked
on silver ion with triethanolamine solution [67].
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Recently, it has been found that the HIV-1 virus binds exclusively to silver nanoparticles in the
size range of 1–10 nm. Morganella sp., a silver resistant bacterium isolated from the insect gut
belonging to Enterobacteriaceae was reported to produce nanoparticles of 20±5 nm in size with
spherical morphology and characteristic d-spacing of 2.02 Ǻ for the [200] plane [68]. Three gene
homologues namely silE, silP and silS were identified in silver-resistant Morganella sp. On the
basis of partial nucleotide sequencing silE, silP and silS homologues were identified as
periplasmic silver binding protein, cation-transporting P-type ATPase and two-component
membrane sensor kinase involved in silver resistance mechanism.
A template driven strategy has been widely explored for nanomaterial synthesis. Bacteria exhibit
a variety of well defned morphologies like bacillus, coccus, spirillum, fusiform bacilli and star
shaped bacteria. Synthesis of template driven hollow microspheres/rods has been realized for
metals like Au, Ag, Cu, Fe and Pt. These hollow structures possess superior catalytic properties
than their solid counter parts. They can be potentially used in SERS, photoelectronic device, gas
adsorption etc.
1.2.2 Biosynthesis of nanoparticles using fungi
Fungi are more advantageous compared to other microorganisms in many ways. Fungal mycelial
mesh can withstand flow pressure and agitation and other conditions in bioreactors or other
chambers compared to plant materials and bacteria. These are fastidious to grow and easy to
handle. The extracellular secretions of reductive proteins are more and can be easily handled in
downstream processing. Since the nanoparticles precipitated outside the cell are devoid of
unnecessary cellular components, they can be directly used in various applications.
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1.2.2a. Intracellular synthesis of nanoparticles using fungi
Intracellularly formed nanoparticles may have a more controlled growth than extracellularly
formed ones. The size limit may be related to the particles nucleating inside the organisms.
Mukherjee et al. (2001a) demonstrated the use of eukaryotic microorganisms in the biological
synthesis of gold nanoparticles using Verticillium sp [69]. Gold nanoparticles were reported on
the surface and on the cytoplasmic membrane of fungal mycelium with ~20 nm in diameter.
These nanoparticles had well-defined dimensions and good dispersity. On TEM analysis,
ultrathin sections of fungal mycelia showed spherical and few triangles and hexagonal
nanoparticles on cell wall and quasi-hexagonal morphology on cytoplasmic membrane.
Trichothecium sp. was found to accumulate gold nanoparticles intracellularly [70]. In addition,
Verticillium luteoalbum produced gold nanoparticles in 24 h. When V. luteoalbum was incubated
at pH 3.0, spherical particles of <10 nm diameter resulted but with pH 5.0 spheres and rods were
also observed along with triangular and hexagonal morphologies [71, 72]. Phoma PT35 was able
to selectively accumulate silver [73] and Phoma sp.3.2883 was a biosorbent suited for preparing
silver nanoparticles [74]. Fungal biomass of Verticillium sp. upon exposure to aqueous silver
nitrate solution resulted in the accumulation of silver nanoparticles below the fungal cell surface
with a negligible amount in solution [75] [76]. Vigneshwaran et al. (2007) also showed that the
use of Aspergillus flavus resulted in the accumulation of silver nanoparticles on the surface of its
cell wall when incubated with silver nitrate solution for 72 h. The average particle size was
found to be 8.92 nm [77].
1.2.2b Extracellular synthesis of nanoparticles using fungi
Extracellular synthesis of nanoparticles is regarded as a hassle free procedure since downstream
processing is not required. Mostly, fungi are regarded as the organisms that produce
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nanoparticles extracellularly because of their enormous secretory components, which participate
in the reduction and capping of nanoparticles. Shankar et al.[74] found an endophytic fungus,
Colletotrichum sp. isolated from the leaves of geranium plant (Pelargonium graveolens), which
rapidly reduced gold ions to zero-valent gold nanoparticles [78]. They were spherical in shape
and polydispersed. Glutathiones that bind either through free amine group or through cysteine
residues were reported as capping agents of gold nanoparticles [79]. Transmission electron
microscopic analysis showed that the size of the gold particles were in the range of 8–40 nm.
Similarly, fungus Trichothecium sp. when cultured in static condition, reduced Au3+ to form gold
nanoparticles [70]. TEM images showed a variety of shapes like of triangular and hexagonal
gold nanoparticles with highly polydispersed spheres and rod-like structures. The average size of
these gold nanoparticles was found to be 5–200 nm. The release of some loosely bound specific
enzymes or proteins by the fungal mat of Trichothecium sp. in the solution was involved in the
synthesis of nanoparticles of different morphology. Bhainsa and D’Souza (2006) reported the use
of A. fumigatus in the production of monodispersed silver nanoparticles of size 5–25 nm within
10 min of silver nitrate addition. This is one of the fastest reduction by a biological process and
even comparable with physical and chemical processes [80]. Extracellular synthesis of silver
nanoparticles of pyramidal morphology was reported in white rot fungus Phaenerochaete
chrysosporium when challenged with silver nitrate. Environmental scanning electron
microscopic (ESEM) analysis revealed that silver nanoparticles were in the size range of 50–200
nm located on the surface of the mycelium. This was taken as an indirect demonstration of the
presence of reductase enzymes on the surface of the mycelium, which reduced silver ions to
silver nanoparticles [81]. Also, Basavaraja et al. (2008) demonstrated that when culture filtrate of
F. semitectum was treated with silver ions, reduced it to silver nanoparticles with size range of
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10–60 nm and with spherical morphology [82]. This was found to be stable for many weeks.
Similarly, A. niger isolated from soil produced spherical silver nanoparticles of size ca. 20 nm in
diameter. Elemental spectroscopy demonstrated the presence of fungal proteins for the
stabilization of nanoparticles. The reduction of Ag+ ions had occurred by the action of nitratereductase enzyme and quinone involved in extracellular electron transfer [83]. In addition, F.
solani, a phyto-pathogenic fungus of onion produced polydispersed spherical silver nanoparticles
in the range of 16-23 nm [84]. The fungal filtrate of Phoma glomerata showed the synthesis of
spherical silver nanoparticles in the range of 60–80 nm when challenged with silver nitrate [85].
Fungal proteins by white rot fungus, Coriolus versicolor, have been used as bioreducing and
biocapping agents to produce extra- and intracellular silver nanoparticles in alkaline condition
[86]. TEM analysis showed that the shape of the silver nanoparticles was spherical. The
diameters of the extracellularly and intracellularly formed nanoparticles were 25–75 nm and
444–491 nm respectively. Recently, a rhizospheric fungus, Penicillium fellutanum, isolated from
mangrove root-soil of Rhizophora annamalayana (Kathir), was found to produce silver
nanoparticles in 24 h [87]. TEM studies revealed spherical nanoparticles with size ranging from
5 nm to 25 nm. The partial purification of a fungal protein of 70 kDa was implicated in the
synthesis of nanoparticles. Fayaz et al [88] demonstrated the synthesis of nanoparticles by T.
viride and studied the antimicrobial activity of silver nanoparticles produced. Similarly, in the
fungus P. brevicompactum WA2315, the biosynthesis of silver nanoparticles was reported to be
taking place through compactin (a protein) in 72 h [89]. The synthesized silver particles were in
the size range of 23–105 nm. In addition, Balaji et al. (2009) showed the production of
extracellular silver nanoparticles by Cladosporium cladosporioides [90]. TEM analysis revealed
the presence of polydispersed spherical particles. The proteins, polysaccharides and organic
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acids secreted by the fungus were believed to have facilitated the formation of different crystal
shapes and directed their growth into spherical crystals. The extract of saprophytic straw
mushroom fungus, Volvariella volvacea was used to produce silver, gold, gold-silver
nanoparticles [91]. Gold nanoparticles were found to be of different shapes from triangular
nanoprisms to spherical and hexagonal. They were within the size range from 20 to 150 nm
whereas silver nanoparticles were spherical with a size of ~15 nm. Au–Ag bimetallic
nanoparticles were formed by co-reduction of both metal ions. The single SPR band in the Au–
Ag bimetallic indicated formation of core–shell structure with thick shell or alloy nanoparticles.
As the molar ratio of Au:Ag increased, the SPR became more intense and sharper [91].
Intriguingly, F. oxysporum f. sp. lycopersici, was found to produce platinum nanoparticles
intracellularly, on cell wall or membrane and extracellularly in the medium, in the size range
between 10 and 100 nm and with varying shapes of triangles, hexagons, squares and rectangles
[92]. The plant borne fungus, Verticillum sp., was involved in the formation of cubo-octahedral
iron oxide nanoparticles with 100–400 nm size in 24 h. The secretion of cationic proteins with
the molecular weight of 55 kDa and 13 kDa were found to be responsible for the hydrolysis of
magnetite precursors and/or capping the magnetite nanoparticles [93].
Among fungi, only F. oxysporum has been completely explored and exploited to the maximum
for the production of a variety of nanoparticles. It extracellularly synthesized various
nanoparticles like gold, silver, and bimetallic Au–Ag alloy. Mukherjee et al. [94] reported the
synthesis of spherical and triangular gold nanoparticles in the size range of 20–40 nm. Fourier
transform Infrared (FTIR) spectrum showed the presence of amide (I) and (II) bands from
carbonyl and amine stretching vibrations in proteins respectively. Electrophoresis revealed that
proteins of molecular mass between 66 kDa and 10 kDa were involved in the stabilization of
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nanoparticles. Senapati et al. [75, 95] showed the formation of extracellular silver nanoparticles
and bimetallic gold-silver (Au–Ag) alloy nanoparticles by F. oxysporum. Because of their unique
electronic and structural properties, Au–Ag alloy nanoparticles can be used in biomedical,
imaging and tagging applications. Although Fusarium oxysporum can produce variety of
nanoparticles, this characteristic was not applicable to all Fusarium species. F. moniliforme,
which produces reducing components was not be able to form silver nanoparticles on incubation
with silver ions [96].
In microbial bioreduction processes, myriads of proteins, carbohydrates and biomembranes are
involved. The enzymatic route of in vitro synthesis of silver hydrosol of 10–25 nm using α–
NADPH-dependent nitrate reductase (44 kDa) from F. oxysporum with capping peptide,
phytochelatin was demonstrated [97]. The mechanistic aspect was explained by Kumar et al [98]
that apart from enzymes, quinone derivatives namely napthoquinones and anthraquinones also
act as electron shuttling agents in the reduction of silver nanoparticles. A similar finding was also
reported in the reduction of gold(III) chloride to metallic gold by α–NADPH-dependent sulphite
reductase of molecular mass of 35.6 kDa and phytochelatin [99].
1.2.3 Actinomycete mediated synthesis of nanoparticles
Actinomycetes, though have been classified as prokaryotes, share important characteristics of
fungi. A novel extremophilic actinomycete, Thermomonospora sp. was found to synthesize
extracellular monodispersed spherical gold nanoparticles at an average size of 8 nm [100]. FTIR
analysis confirmed the presence of amide (I) and (II) bands of protein as capping and stabilizing
agent on the surface of nanoparticles. These particles were stable for more than 6 months.
Electrophoretic analysis showed that the proteins of molecular weight ranging from 80 kDa to
100 kDa were involved in the stabilization of these nanoparticles. In contrast, an alkalotolerant
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actinomycete, Rhodococcus sp. intracellularly accumulated gold nanoparticles with a dimension
of 5–15 nm. Reductase enzymes on the cell wall acted on Au3+ ions and accumulated as Au0 on
the cell wall and cytoplasmic membrane [101]. Although actinomycetes are regarded as the
primary sources for the synthesis of secondary metabolites till date, these new discoveries would
take a lead in further screening of actinomycetes for the synthesis of nanomaterials.
1.2.4 Yeast mediated synthesis of nanoparticles
Detoxification mechanisms in yeast cells are brought about by glutathione, metallothionine and
phytochelatins. Adsorped metal ions are stabilised in complex polymeric substances as a means
of detoxification. The same set of molecules, also contribute towards formation of nanoparticles
as well.
Among the eukaryotic microorganisms, baker’s yeast, S. cerevisiae was also reported to biosorb
and reduce Au3+ to elemental gold in the peptidoglycan layer of the cell wall in situ by the
aldehyde groups present in the reducing sugars [102]. Similarly, another yeast, Pichia jadinii
(Candida utilis), intracellularly formed gold nanoparticles of spherical, triangular and hexagonal
morphologies throughout the cell, mainly in the cytoplasm with the size of < 100 nm in 24 h [71,
72]. Tropical marine yeast, Yarrowia lipolytica, synthesized gold nanoparticles which were
associated with cell wall. The reduction of gold ions occurred in a pH dependent manner. When
cells were incubated at pH 2.0, Y. lipolytica produced hexagonal and triangular gold crystals due
to the nucleation on the cell surfaces giving rise to a SPR peak in the visible region at 540 nm. At
pH 9.0 it developed pink and purple colours with an average size of ~15 nm [103]. Extracellular
production of silver nanoparticles was reported only in yeast MKY3, a silver tolerant strain,
which synthesized hexagonal silver nanoparticles (2–5 nm) in log phase of growth.
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1.2.5 Bioaccumulation of metal nanoparticles by plants
The use of plants in the recovery of noble metals from ore and run-offs of mines is known as
phytomining. Compared to the conventional chemical methods, phytomining is cost effective
and eco-friendly. It can take-up even very low levels of metals and accumulate in tissues
compared to the chemical methods, which is less effective at low levels of metals. The use of
nontoxic chelators like thiourea, iodide, bromide, cyanide, thiocyanate and thiosulfate can
solubilize the metals from ores and facilitate their efficient uptake by plants. Accumulation of
metal ions in plants is largely used in phyto-remediation, which has been regarded as an efficient
approach for the clean-up of polluted sites [104]. The formation and accumulation of gold
nanoparticles in a living plant was reported for the first time in alfalfa [105]. When seedlings
were grown under asceptic conditions in a basal medium containing silver nitrate, silver(I) ions
were reduced and accumulated as silver in the form of nanoparticles at physiological pH both in
roots and shoots. The small sized silver in the roots was present with a particle size of 9 Å and
were transported to shoots and deposited as larger silver nanoparticles. These nanoparticles were
icosahedral in morphology and sized between 2–4 nm [106]. Similarly, Rodriguez et al. [107]
reported that the seedlings of Chilopsis linearsis (desert willow) in hydroponic solution with
gold and thiourea, transformed 64 % of the uptaken gold-thiourea complex into metallic gold and
accumulated in stem and leaves with an average size of 1.1 nm. Sharma et al. [108] reported the
intracellular accumulation of stable gold nanoparticles in roots and shoots of Sesbania
drummondii seedlings, when grown in sterile agar-water medium containing gold ions. The
reduction process was presumed to be mediated by the presence of secondary metabolites present
in the cells.
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1.2.5a. Extracellular synthesis of metal nanoparticles by plant biomasses
Biomass derived from living or dead plants is regarded as a green renewable source of energy.
They are normally used to generate electricity, biogas and biofuels. Therefore, the utilization of
biomass wastes in the synthesis of nanoparticles is promising. Generally, production of biomass
from phototrophs is inexpensive as it requires only sunlight, carbondioxide, water and inorganic
salts. On the other hand, in the context of alarming increase of global warming, the production of
plant biomass is a natural biological process of carbon sequestration from the atmosphere.
Alfalfa biomass passively binds and reduces gold(III) ions in a pH-dependent manner to form
gold nanoparticles of ~100 nm. The resultant particles were tetrahedral, hexagonal platelet,
icosahedral multi-twinned, decahedral multiple-twinned and irregularly shaped particles [105].
Furthermore, Herrera et al. [109] reported the binding of silver (I) ions by alfalfa biomass from
aqueous solution in a pH-dependent manner. It was presumed that phosphate and sulfonic groups
were mainly involved in the binding of silver (I) ions to the alfalfa biomass between pH 2.0 and
6.0. Similarly, up on incubation of wheat (Triticum aestivum) biomass with Au(III) at different
pH of 2.0–6.0, nanostructures of various morphologies were formed such as tetrahedral,
decahedral, hexagonal, icosahedral, multiple twinned, rod shaped and some irregular shapes. All
these nanostructures exhibited fcc geometry with the particle size ranging from 10 to 30 nm. The
functional groups present in the cell wall of wheat biomass were involved in the reduction of
gold nanoparticles. This was the first report of anisotropic gold nanoparticles like truncated
icosahedral and rod shaped morphologies being synthesized by an agricultural by-product.
Heavy metals and other precious elements from mining and electronic leachates, which will
otherwise pollute water-bodies and cause several disorders upon accumulation in humans can be
removed using plants. In the process of recovery of metals like gold from aqueous solution, cone
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hops biomass was used, which had strong binding ability to gold in a pH-dependent manner. The
presence of carboxyl (–COOH) group on the surface of the biomass bound gold (III) and reduced
it to Au. Here 0.2 M thiourea was used to strip off the gold from the biomass [110].
1.2.5b Extracellular synthesis of gold nanoparticles by plant extracts
Extracts of plants like geranium, Azadirachta indica, Cinnamomum camphora, Indian
gooseberry, Eucalyptus, Pelargonium, have been successfully tested for nanoparticle synthesis.
Various molecules like flavones terpenoids alkaloids and proteins were presumed to be acting as
reducing and stabilising agents. Similarly secondary metabolites like phyllanthin, aloin and apiin
demonstrated the formation of nanoparticles. The change in the concentrations of these extracts
could be used with some success in tuning shape and size of the nanoparticles. Dried powder of
alfalfa was used in the synthesis of novel nanomaterials based on bimetallic particles of rare
earth metals, for example, europium–gold (Eu–Au) nanoparticles. When B. juncea was grown in
soil containing gold chloride, silver nitrate and copper chloride, it synthesized Au–Ag–Cu alloy.
The nanoparticles were in the size ranged from 5 to 50 nm. STEM–EDAX analysis confirmed
that the nanoparticles consist of alloy and not as mixed phase of separate elements.
1.2.6 Biosynthesis of nanoparticles by algae
Algae are eukaryotic aquatic oxygenic photoautotrophs. Among various algae, Chlorella sp. was
found to uptake various heavy metals such as cadmium [111], uranium, copper, and nickel [112].
The extracts of C. vulgaris showed anti-tumor properties [113]. The dried algal cells were found
to have strong binding ability towards tetrachloroaurate (III) ions to form algal-bound gold,
which was subsequently reduced to form Au. Nearly 88 % of algal-bound gold attained metallic
state and the crystals of gold were accumulated in the interior and exterior of cell surfaces with
tetrahedral, decahedral and icosahedral structures.
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A 28 kDa “gold shape-directing protein (GSP)” present in the extract of green alga, Chlorella
vulgaris was used in the bio-reduction, and in the synthesis of size-and shape-controlled
distinctive triangular and hexagonal gold nanoparticles. With increase in the concentration of
GSP, gold plates with lateral sizes upto micrometres were produced [114]. Single crystalline
silver nanoplates were synthesized using the extract of Chlorella vulgaris at room temperature.
The proteins present in the extract functioned in the reduction of Ag ions and shape-controlled
synthesis of nanosilver. The reduction process by a simple bifunctional tripeptide Asp-Asp-TyrOMe was involved in the formation and shaping of Ag nanoplates with low polydispersity. Biosorption and bio-reduction of gold(III) was reported in the biomass of Fucus vesiculosus (brown
alga). Maximum uptake was at pH 7.0 and hydroxyl groups present in the mucilaginous
polysaccharides, polyols and proteins of the algal cell wall were involved in the reduction of gold
ions to gold nanoparticles [115]. Eco-friendly recovery of Au from dilute hydrometallurgical
solutions and leachates of electronic scraps was possible by bioreduction with Fucus vesiculosus.

1.3 Template bound and Biomimetic synthesis

Organic matrix composed of proteins and other biological macromolecules play a decisive role
in nucleation and growth of inorganic materials in biological organisms. Proteins from biomineralising organisms have been used with some degree of success, in vitro, for synthesizing
nanoparticles with specific compositions, sizes and shapes. Some well-studied examples include
silica formation by silicateins [116], silaffins [34] and silica precipitating peptides [117].
Silicatein-α, a major filamentous protein associated with the spicules of demosponge Tethya
aurantia has been utilized for the synthesis of titania and gallium oxide nanocrystallites [118].
Semiconductor quantum dots have been synthesized using phytochelatin by Mehra and
coworkers [119-121]. Aizenberg and coworkers have successfully synthesized complex calcite
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nanocrystals of varying morphology using acidic proteins isolated from abalone nacre [122]. In
another biological approach for design of inorganic nanomaterials, small peptide molecules with
high specificity towards particular inorganic moieties, have been designed by combinatorial
phage display library. Though the method is rather cumbersome, it is extremely successful in
synthesizing certain inorganic nanoparticles by the ability to identify a specific atomic
composition, crystallographic orientation, or morphology of an inorganic entity [123, 124].
Highly stable gold nanoparticles have been synthesized using gold binding peptide in aqueous
media [125]. Similarly synthesis of anisotropic structures of silver and their patterning has been
demonstrated by using silver binding peptides identified through combinatorial phage display
library [58]. Recently, directed synthesis of magnetic and semiconductor nanowires has been
shown to occur using peptides isolated by phage display [126]. Similar strategy has been adopted
for the synthesis of iron oxide nanoparticles by iron oxide binding peptides isolated from
bacterial peptide display technology [127]. Attempts to adopt/utilize the constructional principles
of natural materials have acquired the term biomimetics: the art of mimicking biological systems
[128]. Inspirations from natural, bioinorganic structures have laid the foundations of a branch of
synthetic procedure wherein nature’s architectural skills have been harnessed. Most of the work
in this direction has been facilitated by the use of biological structures as templates for the
synthesis of nanomaterials with complex morphologies. The reproducible formation of
nanoparticle arrays in large scale with predefined lattice spacing and symmetries, is very
important for the future development of nanoelectronics. Biomolecular templating can be very
helpful in this regard, as the self-assembly of molecules into molecular arrays is an intrinsic
property of many biological molecules. Thus bacterial cell surface [128], viruses [129] [130],
DNA [131], proteins [132] small peptides [133] and even pollen grains [134] have been used for
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the synthesis of nanostructures with a variety of compositions, sizes and shapes. Biological
polymers are used as frameworks for the formation of inorganic structures such as calcium
carbonates, hydroxyapatite, iron oxide and silica [135]. Douglas and co-workers have
successfully employed S- layer of Deionococcus radiodurans for the synthesis of ordered arrays
of oxides and magnetic nanoparticles [136]. Further, Sleytr and co-workers have demonstrated
the use of bacterial S-layer in the formation of supramolecular structures of metals and
semiconductor nanoparticles [136]. In this study ordered array of gold nanoparticles with
uniform size of 4 nm was synthesized by the templating action of bacterial S-layer with square
lattice symmetry. DNA has also been used for the synthesis of nanowires of metals [137, 138]
and semiconductors [139]. Mann and coworkers have demonstrated the formation of superparamagnetic, monodisperse iron oxide nanoparticles such as magnetite maghaemite and also
semiconductor nanocrystallites such as CdS using iron storage protein-Ferritin [140, 141].
Extending their work, they have also synthesized CoPt nanoparticles and films with promising
potential in ultra-high density data storage [142]. In recent contribution, an enzyme lumazine
synthase has been used to synthesize iron oxide nanoparticles with an average diameter of 8 nm
[143]. DNA can be used as an ideal template for the synthesis of nanoparticles due to some key
features like: inherent nanoscale dimensions, high specificity exerted towards inorganic materials
and structural flexibility to build a programmable assembly [144]. Due to the above-mentioned
indigenous properties, DNA has been indeed used for the synthesis of conductive metallic wires
[138, 144]. Also, nanowires of the semiconducting quantum dots have been synthesized using
double stranded DNA [145]. Furthermore, DNA has been used as a template for the synthesis of
nanowires of wide band-gap semiconductor, zinc oxide [146]. Fabrication of ordered
nanomaterial superstructure has been demonstrated using DNA as designer templates [145].
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Virus particles are yet another type of biological structure that can be applied as a bio-template
for synthesis of nanomaterials. Tobacco mosaic virus (TMV) has been demonstrated to
synthesize semiconductor nano-crystalline silica nanoparticles with mean diameter of 5 nm and
30 nm respectively [147]. The TMV particles have also been subjected to the synthesis of
uniform film of magnetite composed of fine nanoparticles with 2 nm diameter [129].
Furthermore cowpea chlorotic mottle virus and cowpea mosaic virus have been used as
nucleation cages for the mineralization of inorganic materials [148]. Besides viruses, proteinprotein interactions have been used for organization and the assembly of nanoparticles.
Streptavidin-biotin interaction has been used for uniform organization of gold nanoparticles
separated by a minimum distance of 4 nm [149]. In a novel biomimetic approach for the
fabrication of nanomaterials, Mann and co-workers have demonstrated the use of pollen grains as
a biological template for the synthesis of silver and CaCO3 nanoparticles [134]. Thus, in addition
to supplying useful materials in their own right, the nature provides endless diverse templates for
the design of synthetic materials with sophisticated structure and function. Biomimetic and
biological means of nanoparticles synthesis is in a rudimentary stage and far from the ease
offered by chemical synthesis protocols. Growing research in this direction would render these
methodologies as competent as chemical methods of nanomaterials synthesis. Also,
nanomaterials formed by biological systems ranging from biological molecules to biological
cells are fine examples of organic-inorganic hybrid materials with unique properties.

1.4 Scope of the work

Bio-pesticides and bio-fertilizers are highly in demand for ecologically sustainable agricultural
practices. Extensive studies on rock phosphate solubilizing filamentous fungi are undertaken in
our laboratory. Similarly, enhancing the bio-fungicide potential of genus Trichoderma which is
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used as soil or seed treatment against phyto-pathogenic fungi, is also an area of active research.
These saprophytic fungi are copius producers of extracellular secretory products in the form of
degradative enzymes, secondary metabolites, elicitors, organic acids and antibiotics [150]. The
availability of such diverse molecules in the extracellular milieu may render these organisms the
capability of extracellular reduction of metals ions and stabilization of their clusters to form
nanomaterials. In addition to an extracellular protocol for synthesis of nanomaterials, the outlook
was also to develop a biomass free procedure avoiding any direct contact of metal ions with the
biomass. Hence the mycelia free filtrate of the fungi was harvested and in absence of any metal
ion contamination the biomass can be used for agricultural purposes.
The mycelia free filtrate was tested for synthesizing a variety of nanomaterials like metallic
particles and nano-composites. Among the nano-composites, synthesis of gold silver alloys and
carbon nanotube bound silver nanoparticles was attempted. The ability of the mycelia free filtrate
to form titania nanoparticles and palladium dispersed titania nanoparticles from precursors
titanium isopropoxide and palladium chloride in a single step process was investigated. Catalytic
application of these nanoparticles was also probed. The role of biomolecules of the mycelia free
filtrate in reduction of metal ions and their stabilisation via capping was elucidated using
spectroscopic and electrophoretic analysis. The remnant biomass, after withdrawing the mycelia
free filtrate, was tested for efficacy in biological control of Pythium induced “damping off” of
chilli seedlings in pot culture studies.
A biomimetic synthesis of silver nanoparticles, by cysteine, as a possible alternative to the
mycelia/cell free filtrate was attempted. The nanoparticles produced therein, were compared with
the biosynthesized ones in terms of morphology, stability, mechanism of capping and
antibacterial properties.
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Application of silver nanoparticles obtained by the reaction with the mycelia free filtrate in
wound dressings and as nanofluids in suppression of flow instabilities in natural circulation loops
was demonstrated.
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2.1 Screening of mycelia-free filtrate from agriculturally important
fungi for silver nanoparticle formation
2.1.1 Cultures screened for nanoparticle synthesis
The following agriculturally important fungi namely Aspergillus niger, Penicillium sp.,
Trichoderma virens, TPW and Trichoderma sp. were screened for silver nanoparticle formation.
They were maintained on slants of Potato Dextrose Agar.
2.1.2 Obtaining the mycelia free filtrate
The cultures were inoculated in a defined media, as follows:

TABLE 2.1.1.Composition of liquid culture medium for growing fungi
Constituents of Culture
K2HPO4
KH2PO4
MgSO4
(NH4)2SO4
Dextrose
Yeast Extract

Amount (g/l)
2
7
0.1
1
10
0.6

The fungi listed above were grown separately in the aforementioned liquid culture medium in
500 ml Erlenmyer flasks. The inoculated broth was maintained at 25C under constant agitation
at 150 rpm in an orbital shaker for three days. Each of the resultant mycelial mass from different
fungi was filtered through sterile Whatman No. 1 filter paper. The harvested mycelial mass on
the filter paper was then washed thoroughly with sterile distilled water to remove any adhering
media components. Excess water was removed by press drying using paper towels and blotting
sheets while retaining the biomass in the sterile Whatman paper. Five grams of the wet fungal
mycelia was suspended in 50 ml of sterile deionized water and incubated at 25C for three days
while being continuously agitated at 150 rpm. The mycelial suspension so obtained was filtered
through Whatman No. 1 filter paper. The filtrate from the mycelial suspension was centrifuged at
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11000 rpm (12000g) to remove all suspended materials like mycelial debris. The supernatant was
passed through 0.45 µm filter paper in a Millepore vacuum filtration device. Thus mycelia free
filtrate or cell free filtrate was obtained.
2.1.3 Screening the mycelia free filtrates of the five fungi for silver nanoparticle formation
10 mM silver nitrate: 0.169 g of silver nitrate (Aldrich ) was dissolved in 100 ml deionized water
and the resultant solution was filter sterilized.
To 45 ml of the filtrate, 5 ml of 10 mM silver nitrate was added to yield 1 mM concentration of
silver. The reaction was allowed to proceed in dark at ambient temperature (~250C) and under
constant agitation at 150 rpm in an orbital shaker. Another part from the stock of the mycelia free
filtrate, processed under identical conditions but without AgNO3 solution served as a control.
UV visible spectrophotometry
The filtrates of the fungi were observed for colour change and appearance of the characteristic
plasmon peak for silver nanoparticles. This was monitored by UV Visible spectrophotometry
(wavelength scan mode from 200-800 nm) in absorbance mode in a JASCO 5300 UV-visible
spectrophotometer. The cell free filtrate of the fungi which gave the most well defined peak in
UV visible spectrophotometry was further identified using molecular techniques.

2.2 Identification of fungi by molecular techniques
Extraction of genomic DNA
Composition of extraction buffer: 100 mM Tris HCl pH 8, 50 mM EDTA pH 8, 500 mM NaCl.
Fungi were grown in potato dextrose broth at 30°C under shaking condition (150 rpm) for two
days. This non sporulating culture was passed through Whatman No. 1 filter paper to retain the
fungal mycelia. This mycelial mass was blot dried using paper towels and blotting sheet. The
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biomass was ground to fine powder in a mortar and pestle after treating with liquid nitrogen. 2 g
of the powder was taken in a 50 ml tube to which 5 ml of extraction buffer (10 mM TrisHCl and
1 mM EDTA pH 8) was added and vortexed. This was followed by addition of 350 ul of 20%
SDS and mixed by tapping and inversion. The lysate was incubated at 65oC for 10 mins followed
by addition of 170 ul, 5 M potassium acetate. Further incubation of the lysate on ice was carried
on for 20 min. 500 ul of chloroform was mixed with the lysate by inversion and centrifuged at
14000 rpm for 10 mins at room temperature. The resultant supernatant was transferred to a fresh
tube. 500 ul of isopropanol was added to the supernatant and centrifuged at 10000 rpm for 2
mins. The pellet was washed with 70% ethanol at 10000 rpm for 1 min at room temperature. The
washed pellet was dried in a laminar flow and dissolved in 250 ul Tris EDTA buffer (10 mM
TrisCl and 1 mM EDTA pH 8) by incubating at 65oC for 5 mins.
Aliquot of the extracted DNA sample was run on agarose gel to check the quality of the
extracted DNA and to gain a fair idea about the quantity present.
PCR amplification of the ITS region
The extracted DNA was used as a template to amplify the internal transcribed spacer region of
the genome by polymerase chain reaction (PCR). The internal transcribed spacer region flanking
the 5.8SrRNA was amplified using forward primer ITS 1 (TCTGTAGGTGAACCTGCGG) and
ITS 4 (TCCTCCGCTTATTGATGC) [151]. The reaction mixture of 25 µl contained: 100 ng
DNA, appropriate primers at 0.8pM, dATP, dCTP, dTTP, dGTP each at 800 µm, 2.5 mM
MgCl2, 1X Taq DNA polymerase buffer and 1U of Taq DNA polymerase. The PCR was carried
out in a master cycler gradient PCR machine. The thermal cycling programme included an initial
denaturation at 94ºC for 5 mins followed by 30 cycles of denaturation at 94ºC, primer annealing
at 55°C for 1 min and primer extension at 72ºC for 1.5 min. This was followed by a final
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extension step at 72ºC for 10 mins. The tubes were cooled to 4ºC. The PCR products were
resolved by electrophoresis on 0.8% agarose gel containing 0.5 µg/ml ethidium bromide, at 80V,
25mA for about 2 hours using 0.5X standard TBE buffer (44.5 mM Tris, 44.5mM boric acid,
and 2 mM EDTA), pH 8.3. The fragments amplified from the ITS region, were purified from the
gel by using QIA gel extraction kit (QiagenInc, Valencia, CA).
Cloning
The purified PCR products from the fungal isolate was cloned into pT257R/T vector by using
InsT/Aclone PCR product cloning kit (Fermentas, USA). The positive clones were detected by
the appearance of white colonies in LB amp plates supplemented with 160 µg/ml IPTG, 80
µg/ml X-gal and 100 mg/ml ampicillin. Colony PCR was done with ITS 1 and ITS 4 primers to
check for the presence of the insert in the plasmid. The plasmid was extracted with Roche Hi Pur
plasmid extraction kit.
Internal Transcribed spacer region sequencing and sequence analysis
The

insert

from

the

plasmid

was

sequenced

using

M13

primers

(TGTAAAACGACAGGCCAGT), corresponding to the vector sequence. The cycle sequencing
was carried out in a reaction volume of 10 µl with ABI Big dye terminator cycle sequencing
ready reaction kit in a Perkin Elmner Geneamp PCR system 9700, as per the protocol suggested
by the supplier (Applied Biosystems, CA, USA). The extension products were purified by
ethanol and sodium acetate precipitation. The products were stored in -20 ºC deep freezer till
further use. The products were reconstituted in TE buffer and were loaded and resolved in a 5 %
polyacrylamide gel in a ABI Prism 377 automated DNA sequencer. The nucleotide sequence of
the internal transcribed spacer region of the test isolate was carried out online at
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http://www.ncbi.nim.nih.gov using the BLAST programme for the nucleotide database
maintained in Genbank.

2.3 Synthesis of silver nanoparticles and their characterisation

The fungi that yielded the best results (well defined surface plasmon resonance peak) for silver
nanoparticle formation in UV visible spectrophotometry was identified to be Trichoderma
asperellum. Silver nanoparticles formed by mycelia free filtrate of this fungi was characterised in
detail.
Trichoderma asperellum biomass was grown in a defined medium as mentioned in and mycelia
free filtrate was obtained as described section 2.1. To one part of the filtrate, analytically pure
silver nitrate (Aldrich) was added and its concentration was made up to 1mM. The reaction was
allowed to proceed in dark at ambient temperature (~250C ) and under constant agitation at 150
rpm in an orbital shaker. Another part from the stock solution, processed under identical
conditions but without AgNO3 solution served as a control. Following characterizations were
done for ascertaining the formation of silver nanoparticles
UV visible spectrophotometry
Progress in the reaction in both the sets of solution was monitored continuously using UV-vis
spectrophotometry in a JASCO double beam UV-vis spectrophotometer model V-530 with a
resolution of 1 nm. Wavelength scan between 200 nm to 800 nm was done in absorbance mode.
The same instrument and same settings were used in the case of gold nanoparticles
X-Ray diffraction studies
X-ray diffraction (XRD) is the most extensively used technique to identify the crystalline phase
of a solid material and also to determine its crystal structure. The principle of XRD technique is
based on diffraction of X-rays by a crystal consisting of well-defined array of atoms, ions and
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molecules. Since the lattice of a crystal consists of parallel arrays of atoms equivalent to the
parallel planes of the diffraction grating, the inter-planar spacing could be successfully
determined, from the separations of bright fringes of the diffraction pattern. These interplanar
spacings (or distances) have nearly the same magnitude as the wavelength of X-rays (0.5 to 2 Å)
and hence, crystal planes act as diffraction gratings. Interaction of X-rays reflected by a set of
parallel planes satisfying Bragg’s condition lead to constructive interference only at a particular
angle.
The Bragg condition for the occurrence of such diffraction can be written as:

n  2d sin 

....2.1

where,  is wavelength of X-rays,  is the glancing angle (called as Bragg’s angle), d is interplanar separations, and n is the order of diffraction.
Upon completion of the reaction as adjudged from the UV-vis spectrophotometry, 5ml of the
same solution was drop cast and dried under IR lamp followed by calcination at ~200C and
400C for XRD measurements. XRD measurements were done on a Philips X'pert Pro XRD unit
with CuK radiation at 20 kV & 30 mA under static air condition. In all other sections where
XRD analysis was done, the same instrument was used. The approximate size of a crystal can be
estimated from broadening of the X-ray peak by the Scherrer’s formula,
The Scherrer equation, in X-ray diffraction and crystallography, is a formula that relates the
size of sub-micrometer particles, or crystallites, in a solid, to the broadening of a peak in a
diffraction pattern. It is named after Paul Scherrer.
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The Scherrer equation can be written as:

where:


τ is the mean size of the ordered (crystalline) domains, which may be smaller or equal to
the grain size;



K is a dimensionless shape factor, with a value close to unity. The shape factor has a
typical value of about 0.9, but varies with the actual shape of the crystallite;



λ is the X-ray wavelength;



β is the line broadening at half the maximum intensity (FWHM), after subtracting the
instrumental line broadening, in radians. This quantity is also sometimes denoted as
Δ(2θ);



θ is the Bragg angle.

Transmission electron microscopy
Transmission Electron Microscopy is used to determine the morphology of particles (can detect
particles upto 1 nm or even lower in case of High Resolution TEM). In TEM, a beam of highly
focused electrons is directed towards a thin sample where the highly energetic incident electrons
interact with the atoms in the sample, producing characteristic radiation and thus provide the
necessary information for characterization of various materials. Information is obtained from
both transmitted electrons (i.e. image mode) and diffracted electrons (i.e. diffraction mode). The
image mode provides the information regarding micro-structural features whereas the diffraction
mode is used for crystallographic information. The transmission electron microscopes are
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generally operated at voltages as high as 200 kV with a magnification of 300000 X. If the main
objective is to resolve the finest possible details in specially prepared specimens, it is
advantageous to use the shortest possible wavelength illumination (i.e., high voltage), an
objective lens with very low aberrations and a microscope with extremely high mechanical and
electrical stabilities, since high resolution requires both high instrumental resolving power and
high image contrast. This special technique is termed as high-resolution transmission electron
microscopy (HR-TEM). The solution of silver nanoparticle was drop cast on a carbon coated
copper grid and allowed to dry in air in a laminar flow cabinet. Transmission electron
micrographs and selective area electron diffraction (SAED) patterns were recorded. All the other
samples in the following sections were drop casted on carbon coated copper grids, dried and
viewed in a JEOL 2000FX microscope at 160 kV, unless specified otherwise. Specimens for
high resolution TEM images were also processed. (HR-TEM) images were taken with a FEITecnai T-20 microscope operating at 200 kV unless specified otherwise.
Dynamic Light Scattering
Dynamic light scattering (also known as photon correlation spectroscopy or quasi-elastic light
scattering) is a technique that can be used to determine the size distribution profile of small
particles in suspension or polymers in solution. Since DLS essentially measures fluctuations in
scattered light intensity due to diffusing particles undergoing Brownian motion, the diffusion
coefficient of the particles can be determined. The hydrodynamic sizes of the particles can be
calculated using Stokes Einstein formula.

("Stokes-Einstein equation", for diffusion of spherical particles through a liquid)


D is the diffusion constant
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η is the dynamic viscosity;



r is the radius of the spherical particle.



kB is Boltzmann's constant;

DLS measurements of the solutions were performed using a Malvern 4800 Autosizer employing
7132 digital correlator. The light source was 15mW He–Ne laser operated at 633 nm wavelength.
Measurements

were

done

at

90˚

scattering

angle.

The

average

decay

rates

of electric field correlation function [τ(tau)] and the diffusion co-efficient of the nanoparticles
were obtained from cumulant method of analysis.
5 ml of the representative sample of silver nanoparticle solution was taken in a cuvette for
dynamic light scattering studies. Some experiments were carried out in a photon correlated
particle size analyzer developed in house that uses 532 nm line of He-Ne laser as the source for
excitation.

2.4 Synthesis of gold nanoparticles and studies on evolution of
morphology

10 mM chloroauric acid stock solution: 0.393 g of chloroauric acid (Himedia) was dissolved in
100 ml deionised water. The solution was filter sterilized by passing through 0.45 µm filter
membranes. The cell free filtrate of Trichoderma asperellum was obtained as stated before in
section 2.1. 45ml of filtrate was then added to 5 ml of 10 mM chloroauric acid (HAuCl4).
UV visible spectrophotometry, X-Ray diffraction studies and Transmission electron
microscopy were done in the same way as mentioned in the section 2.3
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Atomic force microscopy
The nanoparticle sol was centrifuged at 5000 g which led to the relative enrichment of larger
structures namely nanotriangles and prisms at the bottom of the tube. This fraction was drop cast
on the polished side of silicon single crystal wafer as a single layer (~10 µl). Atomic force
microscopy was done in contact mode in a NTMDT Solvar 47 equipment. Measurements on
morphology and surface roughness were done.

2.5 Synthesis of platinum and palladium nanoparticles
Platinum nanoparticles
Hexachloroplatinic acid: 1g was dissolved in 100 ml deionised water to give a solution of final
concentration of 24.4 mM. 5ml of the salt solution was added to 45 ml of filtrate to give a final
concentration of 2.4 mM. The reaction was allowed to proceed in an orbital shaker for 14 days
till the colour of the solution turned dark brown from yellow.
X-Ray diffraction studies and Transmission electron microscopy were done in the same way
as mentioned in section 2.3
Energy Dispersive Spectroscopy
The nanoparticles were washed by repeated centrifugation at 17000 rpm. EDS of the
nanoparticles was obtained by depositing in glass and recording the EDS spectrum in an using a
VEGA 40, Tescan Scanning Electron Microscope, Czechoslovakia and INCA energy 250 EDX
System, Oxford Instrument, United Kingdom. The details of this technique is mentioned in
section 2.6
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Palladium nanoparticles
Palladium chloride: 1g was dissolved in 100 ml deionised water to give a solution of final
concentration of 56.4 mM. The solution was filter sterilised. For synthesis of Pd nanoparticles,
1.5 ml of 56.4 mM PdCl2 (from Aldrich) was added to 48.5 ml of the cell free filtrate and
incubated an orbital shaker at 25˚C for 4 days.
X-Ray diffraction studies and Transmission electron microscopy was done following the
same procedure as in section 2.3. As grown sample was used for XRD studies.

2.6 Synthesis of gold-silver nanocomposite
10 mM stock solution of chloroauric acid was prepared by dissolving 0.393 g in 100 ml
deionised water. Aliquots of this solution were filter sterilised. Similarly 10 mM stock of silver
nitrate was prepared by dissolving 0.169 mg of silver nitrate in 100 ml deionised water and filter
sterilised.
The aforementioned two salts were added in the following proportions to 45 ml of cell free
filtrate
Table 2.6.1 The molar ratios of gold to silver added initially has been indicated
10 mM chloroauric
acid
ml
1
2
2.5
3
4

10 mM Silver nitrate
ml

Initial molar ratios
of Au:Ag

4
3
2.5
2
1

1:4
2:3
1:1
3:2
4:1

Five different flasks were incubated in an orbital shaker at 150 rpm at ~250C.
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UV visible spectrophotometry and X-Ray diffraction and Transmission electron
microscopy studies were done in the same way as mentioned in section 2.3
Energy dispersive spectroscopic analysis
It is an analytical technique used for the elemental analysis or of a sample. To stimulate the
emission of characteristic X-rays from a specimen, a high-energy beam of charged particles such
as electrons or protons (see PIXE), or a beam of X-rays, is focussed into the sample being
studied. At rest, an atom within the sample contains ground state (or unexcited) electrons in
discrete energy levels or electron shells bound to the nucleus. The incident beam may excite an
electron in an inner shell, ejecting it from the shell while creating an electron hole where the
electron resided. An electron from an outer, higher-energy shell then fills the hole, and the
difference in energy between the higher-energy shell and the lower energy shell may be released
in the form of an X-ray. The number and energy of the X-rays emitted from a specimen can be
measured by an energy-dispersive spectrometer. As the energy of the X-rays are characteristic of
the difference in energy between the two shells, and of the atomic structure of the element from
which they were emitted, this allows the elemental composition of the specimen to be measured.
All the five samples having different proportions of initial amounts of gold and silver were
washed by repeated centrifugation at 20000 rpm and made into a thick coating by alternate steps
of adding sample and drying. The dried samples was subjected to EDS measurements at 30 keV,
VEGA 40, Tescan Scanning Electron Microscope, Czechoslovakia and INCA energy 250 EDX
System, Oxford Instrument, United Kingdom. The relative atomic percentages of gold and silver
in the composite sample were obtained. In order to find out if there was uniform co-occurrence
of silver and gold in the sample EDS recordings was repeated in line scan mode over a distance
to approximately 100 µm.
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2.7 Synthesis of silver–CNT composites
Multi walled carbon nanotubes (MWCNT) were purchased from Monad Technologies. 100 mg
of carbon nanotubes was suspended in 25 ml of deionized water. In order to open the caps at the
end of the carbon nanotubes the powdery suspension was sonicated for 45 mins. 5 ml of such
product was suspended in 40 ml of cell free fungal filtrate containing 5 ml, 10 mM silver nitrate.
The resultant mixture was incubated in an orbital shaker for 5 days at 150 rpm at 25˚C.
X-Ray diffraction studies
The CNT-Ag nano composite was coated on glass for XRD measurement without any heat
treatment.
Functionalization of the nanotube surfaces
100 mg of carbon nanotubes was added to 25 ml of concentrated nitric acid and the mixture was
refluxed at ~125˚C for 5 hours. Thus the nanotubes were rendered dispersible in water. 5ml of
this dispersion was added to 40 ml of fungal filtrate together with 5 ml, 10 mM silver nitrate. It
was incubated in an orbital shaker at 25˚C for 5 days. Following this, the dispersion was drop
cast on carbon coated copper grids for TEM and Energy Filtered TEM studies
The solution of functionalised CNT–silver hybrid was drop cast on carbon coated copper grids
for TEM in a Carl Zeiss Libra transmission electron microscope at an operating voltage 120 kV.
Elemental mapping was performed on the electron dense areas using Energy Filtered
Transmission Electron Microscopy (EF-TEM) as described earlier [152]. The slit width of the
energy filter was set for silver specific edge of 368 eV and 451 eV peak maxima in the electron
energy loss spectrum. Two images were taken using iTEM software, first at 368 eV (before
silver specific electron energy loss) and second at 451 eV (at silver specific electron energy loss
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maxima). The final elemental map was produced after background subtraction of 451 eV image
from 368 eV image.
Antibacterial activity assay
Escherichia coli BW 21153 was grown to an optical density of 0.1 at 600 nm in Luria broth. 10
µl of this culture was inoculated to 5 ml of Luria broth suitably supplemented with various
concentration of silver, in the carbon nanotube silver composite (0.54 µg/ml to 8.64 µg/ml). In a
previous experiment it was determined that pristine MWCNT and non-functionalized Ag-CNT
remained phase separated from the aqueous layer. Non functionalized Ag-CNT composite and
pristine CNT were run parallelly as control along with tubes with specified inoculum only. All
the treatments were done in triplicates. The inoculated tubes were incubated in an orbital shaker
at 37˚C overnight at 150 rpm. The tubes were visually inspected for presence of turbidity to
determine the MIC. All the tubes were suitably diluted and plated on Luria agar plates to
determine the bacterial counts after overnight incubation. The counts obtained as against various
concentration of silver were plot after normalizing the data with counts obtained in control tubes.
The lowest concentration of silver in the composite, for which the overnight inoculated liquid
cultures did not exhibit any growth when reinoculated in Luria agar plates and incubated
overnight, was determined. This concentration was designated as the minimum bactericidal
concentration (MBC).

2.8 Synthesis of titania and palladium dispersed titania.
Reagents required: Titanium isopropoxide (Sigma) and palladium chloride
Palladium chloride: 1g of was dissolved in 100 ml deionised water to give a solution of final
concentration of 56.4 mM
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Cell free filtrate of Trichoderma asperellum was obtained as mentioned before in section 2.1.
3.6 ml titanium isopropoxide was mixed with 96.4 ml of the filtrate and incubated in an orbital
shaker at 150 rpm and ~250C. In order to prepare palladium dispersed titania Pd-TiO2, 3.6 ml of
titanium isopropoxide was added to 94.9 ml of cell free filtrate followed by addition of 1.5 ml
PdCl2 to achieve (1.5 w/w%) loading of with respect to titania. The resultant suspension was
incubated as stated above for 4 days After four days, the suspensions were centrifuged at 10000
rpm. The nanoparticles which formed a pellet were collected and air-dried. Finally, the
crystalline samples of the nanoparticles were obtained by calcining at 350˚C for 4 h to be used
for further characterization.
X-Ray diffraction studies
Calcined and uncalcined powders of the respective materials were dropcast on glass and XRD
measurements were done as mentioned in section 2.3
Transmission electron microscopy
The powdered samples of calcined TiO2 and PdTiO2 were suspended in solvent ethanol by
sonication. The sample was drop-cast on carbon coated copper grids the TEM study. TEM
images were recorded on JEM 2100 LaB6 TEM system, made in Japan operating under 200 kV.
Diffuse reflectance UV-Visible spectrophotometry In UV-Vis reflectance spectroscopy of
solids (shown in Fig. 2.10) two types of reflection are encountered: specular or mirror like in
which the angles of incidence and angle of reflection are identical. The other mode is diffuse
which is reflection from a matte structure and this one serves as the basis of reflectance
spectroscopy. It is an effective way for obtaining the UV-visible spectra directly on powdered
sample resulting from scattering, transmission and absorption interactions. Reflectance is given
by: Reflectance (%) = Is/Ir x 100, where Is is the intensity of the reflected beam and Ir the
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intensity of a reference standard usually barium sulphate. It is ideal for characterizing optical and
electronic properties of many different materials such as ceramic powders, films, pigments etc.
Band gap measurements of samples was estimated by recording their Diffuse reflectance UVVisible spectra using spectrophotometer of JASCO model V-670, Japan, scanned in range of
200-1000 nm at the scanning speed of 200 nm/min. Kubelka–Munk transformation was applied
to obtain the band gap. The band gap energy (Eg) was calculated by spectrophotometric
absorbance data using following equation

ℎ =

where

ℎ − g)

is the absorption coefficient, h is the photon energy in eV, and Eg is the band gap

energy in eV. A is a constant related to the effective mass of the electrons and holes and n being
equal to 0.5 for allowed direct transition and 2 for an allowed indirect transition. The intercept to
the tangent of the plot of (Ahv)1/2 vs hv gives an estimate of the indirect band gap.
Photocatalytic activity
Photocatalytic activity was evaluated in a rectangular quartz reactor of dimensions 10 x 2.1 x 2.1
cm3 equipped with a sampling port provided with a septum through which gas mixture could be
removed for analysis. 50 mg of catalyst sample (TiO2 and Pd-TiO2 nanocomposite) was kept in
contact with water & methanol mixtures (total volume of 15 ml, 2:1 v/v %) irradiated under
water-cooled medium pressure mercury vapour lamp (Hg, Ace Glass Inc., 450W) placed
horizontally in a chamber close to the lamp. Figure 2.7.1a displays the typical outer irradiation
quartz assembly consisting of photoreactor and the light source along with water circulation
jacket to absorb IR irradiation. The lamp exhibits broad range emission spectra (Fig. 2.7.1 b)
with maxima at both UV and the visible range (16% UV, rest is visible light). The reaction
products were analysed after every 2 h for a period of ~ 6 h using a gas chromatograph (Netel
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(Michro-1100), India) equipped with a thermal conductivity detector (TCD), molecular sieve
column (4m length) with argon as carrier, in the isothermal temperature mode at 50°C oven
temperature. The intensity of the light source was measured using a calibrated precision lux
meter (cal-Light 400). The number of photons falling on the reaction cell or flux of the light was
determined using a calibrated lux meter (cal-Light 400). It was observed to be 5.34*1017
photons/sec when placed horizontally under UV-visible photoirradiator.

Fig. 2.7.1(a) Representation of the outer irradiation reaction assembly for evaluation of
photoactivity under UV-visible light. In the outer irradiation assembly the photoreactor is placed
parallel to the source of light. (b) Emission spectra of UV-Visible medium pressure mercury
lamp ((Hg, Ace Glass Inc., 450W).
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Fig. 2.7.1(c) Actual photograph of the photo-irradiation assembly for evaluation of photoactivity.
XPS measurements
X-ray photoelectron spectroscopy (XPS) is a semi-quantitative spectroscopic technique that
measures the elemental composition, empirical formula, chemical state and electronic state
(oxidation state) of the elements that exist within a material. XPS spectra are obtained by
irradiating a material with a beam of aluminium or magnesium X-rays while simultaneously
measuring the kinetic energy (KE) and number of electrons that escape from the top 1 to 10 nm
of the material being analyzed. XPS requires ultra-high vacuum (UHV) conditions. Powdered
sample were drop-cast on glass and XPS was done on a system (M/s SPECS make) with Al XRay as a source (1486.6 eV). The vacuum of the sample chamber was maintained below 109

Torr. Prior to measurement, calibration was carried out using standard C1s peak at 284.5 eV.

Raman spectroscopy
Raman spectra were recorded for dropcast powdered samples on a micro-Raman spectrometer
LabRam-I (Jobin Yvon Spex make). 488 nm line of the Ar laser was used for excitation and the
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scattered light was analysed using a single monochromator and a Peltier cooled CCD detector
was used for detection.
EDXRF
Calcined palladium dispersed titania samples were coated on glass substrates and subjected to
EDXRF measurements using EX-3600M EDXRF spectrometer (Jordan Valley, Israel).

2.9 Plausible mechanism of formation of nanoparticles using silver
nitrate

2.9.1 Spectroscopic evidences
FT-IR measurements
The infrared region of the electromagnetic spectrum encompasses radiation with wavelengths
ranging from 1 to 1000 microns. From the standpoint of both application and instrumentation,
this range is divided into three regions; Near IR (12500 – 4000 cm-1), Mid IR (4000 – 200 cm-1)
and Far IR (200 – 10 cm-1). The majority of analytical applications are confined to a portion of
the middle region extending from 4000 to 400 cm-1 or 2.5 to 25 μm. The absorption spectra in
the infrared region originate from the transitions between vibrational (along with rotational)
levels of a molecule present in its ground electronic state, upon irradiation with infrared
radiation. Whether for the functional groups or the entire molecule, the vibrations are universally
classified either as stretching or as bending types. Stretching vibrations, which correspond to the
oscillations leading to change in bond lengths, can be further sub-divided into symmetric or
asymmetric stretching vibrations. Bending vibrations are characterized by continuously changing
angle between the bonds and is further sub classified as wagging, rocking, twisting, or scissoring
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The IR spectra were recorded as thin ﬁlms. To make a thin film, 1 to 2 drops of the neat liquid
sample was placed between two KBr crystals using a Pasteur pipette making sure that bubbles
were not there within the thin film. The crystals were pressed together and mounted on a holder.
The samples were scanned with a JASCO model 4100 FT-IR spectrophotometer, and were
analyzed using Spectra Manager® software. FTIR spectrum of the cell free filtrate (a) before
addition of AgNO3 to it and (b) after removal of silver nano-particles by centrifugation were
recorded.
Raman spectroscopy
Raman spectroscopy (named after Sir C. V. Raman) is a spectroscopic technique used to
observe vibrational, rotational, and other low-frequency modes in a system. It relies on inelastic
scattering, or Raman scattering, of monochromatic light, usually from a laser in the visible, near
infrared, or near ultraviolet range. The laser light interacts with molecular vibrations, phonons or
other excitations in the system, resulting in the energy of the laser photons being shifted up or
down. The shift in energy gives information about the vibrational modes in the system. Infrared
spectroscopy yields similar, but complementary, information. Raman spectroscopy is commonly
used to provide a fingerprint by which molecules can be identified.
The silver nanoparticle sample was drop-cast on Si 100 and dried under an IR lamp. A macroRaman setup was used for recording Raman spectra of the samples. 532 nm line of a diode laser
was used for excitation and the scattered light was analyzed using 0.9 m single stage
monochromator and a CCD detector.

2.9.2 Interaction of cysteine with silver nitrate
Synthesis of Ag-nps: Stock solution of 10 mM cysteine was prepared by dissolving 121.1 mg of
cysteine (from Sigma) in 100 ml of de-ionized (DI) water. Similarly, a 10 mM stock of 169.87
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mg of AgNO3 was made in 100 ml DI water. The two stock solutions were mixed very slowly at
room temperature (~24C) in varying proportions and samples containing the desired starting
concentration of each component were obtained. Table 2.9.2.1 gives the concentrations of
cysteine and AgNO3 in the four samples studied, hereafter designated as samples A, B, C and D.
Aqueous solutions of the individual reagents were also studied as control. The samples were left
(covered with Al foil) at room temperature (~24C) for few days under observation.
Table: 2.9.2.1 Nomenclature of the samples with different concentrations of cysteine
Samples
A

Cysteine
(mM)
0.001

AgNO3
(mM)
1

B

0.01

1

C

0.1

1

D

1

1

UV-Vis spectrophotometry, XRD, TEM & DLS
UV-vis spectrophotometry and X-ray diffraction studies were done as mentioned in section 2.3
TEM images were recorded on samples carbon coated copper grids using a Zeiss LIBRA
microscope operated at 120 kV. Dynamic light scattering and zeta potential measurements were
carried out on Malvern Zeta Sizer Nano-ZS.
Raman spectroscopy
Raman spectra was recorded on samples drop cast on silicon single crystal using an indigenously
developed confocal micro-Raman setup configured around Horiba JobinYvon spectrograph. 532
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nm of frequency doubled diode pumped solid state Nd: YAG laser source was used for
excitation.
X-ray photoelectron spectroscopy
X-ray photoelectron spectra were obtained with a VG Scienta made spectrometer with single
channeltron detector having a resolution of < 1eV using Mgkα radiation of SPECS make XR 50
twin X-ray source. The base pressure of the experimental chamber was < 10-8 mbar during the
measurement.

All the XPS spectra were corrected for any possible instrumental shift by

referencing against the standard C1s peak (at 285eV).
Antibacterial studies
Wild type E. coli BW (25113) was cultured in a fresh medium (Luria broth) and was allowed to
grow overnight. Under these conditions, cell density was found to be of the order of 109/ml. Fifty
micro-litre of the culture containing ~5*108 cfu/ml was added to 5 ml of fresh culture medium
supplemented with various dose of Ag-nps ranging from 1.08 µg/ml to 8.64 µg/ml. Antibacterial
activity of both cysteine-capped and biologically grown silver nanoparticles was then studied as
a function of silver concentration. Two sets of control, one without the Ag sols but with the same
quantity of inoculum, and the other with similar concentrations of the Ag sols but with no added
inoculum were simultaneously maintained. All studies were done in triplicates. Care was taken
to let aerobic environment develop within the snap cap tubes. Overnight incubation of all the
tubes was carried out at 37°C in an orbital shaker at 150 rpm. The samples were analysed after
overnight incubation for visual monitoring of turbidity and the MIC values for the respective
samples were determined. Appropriate serial dilution of the tubes was done and these dilutions
were seeded in Luria agar plates. The plates were incubated at 37°C for 18 h and the number of
resultant colonies in each plate was counted and recorded for further and determination of
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minimum bactericidal concentration (MBC).

2.9.3 Experiments to discern the nature of the bio-macromolecule involved in
nanoparticle synthesis
(a) Effect heat treatment (of the filtrate) on its nanoparticle formation ability: The cell free
filtrate was boiled till half the volume of the filtrate was evaporated. The loss in volume was
compensated for with sterile deionised water. 5 ml of 10 mM silver nitrate was added to the
heat treated filtrate after it attained room temperature. Similar amount of silver nitrate was
also added to non heat treated filtrate i.e. (filtrate obtained as such). Both the experimental
sets were incubated at 25˚C at 150 rpm in an orbital shaker for 5 days. Silver nanoparticle
formation was assessed by UV-visible spectrophotometry in wavelength scan mode as
mentioned before.
(b) Effect of dialysing the filtrate on its nanoparticle formation ability: 100 ml of the cell
free filtrate was dialysed using 10 kDa cut-off dialysis bag against distilled water for eight
hours giving 4 changes at 4ºC. 5 ml of 10 mM silver nitrate was added to 45 ml of the
dialysed filtrate. Similar amount of silver nitrate was also added to undialysed filtrate i.e.
(filtrate obtained as such). Both the experimental sets were incubated at 25˚C at 150 rpm in
an orbital shaker for 5 days. Silver nanoparticle formation was assessed by UV-visible
spectrophotometry in wavelength scan mode.
(c) Effect of supplementing NADH to the dialysed filtrate on nanoparticle formation.
Preparation of stock solutions
10 mM NADH: 7.1 mg NADH (Sigma) was dissolved in 1 ml deionised water.
10 mM NAD: 6.6 mg NAD (Sigma) was dissolved in 1 ml deionised water.

Page | 53

10 mM silver nitrate: 0.169 mg silver nitrate (Aldrich) was dissolved in 100 ml deionised water.
In-order to check the effect of replenishing NADH to the dialysed filtrate, the following reaction
was set up using the stock solutions prepared above: 200 µl of dialysed filtrate, 50 µl of silver
nitrate, 245 µl of deionised water and 5 µl of NADH. A control containing 5 µl of NAD instead
of NADH was included. Controls containing water instead of dialysed filtrate, but treated
similarly with NADH or NAD and silver nitrate were also set. Silver nanoparticle formation was
monitored after 18 h of incubation, by UV visible spectrophotometry.
Ultrafiltration of cell free filtrate:
918 ml of cell free filtrate was concentrated to 40 ml in an Amicon stirred cell device using
regenerable cellulose acetate (YM 10) 10 kDa cut-off membrane under positive pressure. The
concentrated cell free filtrate obtained at this stage will be termed as retentate. The protein
concentration of the retentate was determined using standard BCA kit.
The retentate was tested for silver nanoparticle formation with 1 mM silver nitrate. Since silver
nanoparticle formation was not observed, the retentate was replenished with 0.1 mM NADH to
check the revival of nanoparticle formation ability. Appropriate controls were run as will be
mentioned.
(d) Effect of supplementing NADH to the retentate, on nanoparticle formation.
Preparation of stock solutions:
10 mM NADH: 7.1 mg NADH (Sigma) dissolved in 1ml deionised water.
10 mM NAD: 6.6 mg NAD (Sigma) dissolved in 1ml deionised water.
10 mM Silver nitrate: 0.169 mg silver nitrate (Aldrich) was added to 100 ml deionised water
Retentate: It was appropriately diluted by ~23 times and 200 µl was used for each treatment.
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The following solutions were added from the stocks prepared, as above: 200 µl of diluted
retentate, 50 µl of silver nitrate, 245 µl of deionised water and 5 µl of NADH, to add upto a total
reaction volume of 500 µl. A control containing 5 µl of NAD instead of NADH was set up. A
similar control containing retentate and silver nitrate but without NAD or NADH was also run.
Silver nanoparticle formation was monitored after 18 h of incubation, by UV visible
spectrophotometry.
Resolving proteins of the retentate by SDS poly acrylamide gel electrophoresis (SDSPAGE)
Sample preparation: 200 ul of the retentate was dried to 10 ul in a vacuum centrifuge at a low
drying rate. This sample was reconstituted in Lammaeli buffer which was devoid of βmercaptoethanol or dithiothreitol. The absence of BME or DTT ensured that the proteins
structure remained close to their functionally active forms. It was then centrifuged at 14500 rpm
to pellet out the undissolved debris.
This sample was loaded on a 12% PAGE gel containing SDS. Voltage was fixed at 75 V for the
stacking gel and 150 V for the resolving gel. Retentate samples were run in in five parallel lanes.
The gel was cut into two longitudinally. Three lanes were preserved for staining with Coomassie
R 250.
The other half of the gel containing retentate samples resolved in 2 lanes was preserved to study
nanoparticle development with NADH and silver nitrate.
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Post gel run, processing for nanoparticle development
The unstained half of the gel was washed twice with 1% triton-X-100 for 20 minutes each. This
was followed by 3 washes in water for 15 minutes each. 1 mM NADH stock solution was made
by dissolving 7.1 mg of NADH in 1 ml water. 10 ml of 10 mM silver and 1 ml of 10 mM NADH
was added to the gel placed 89 ml of water. The gel was kept on a rocker overnight for
nanoparticle development. The Coomassie stained bands corresponding to the area where colour
development occurred were excised for mass spectrometry.
Transmission electron microscopy
The areas in the gel where highest colour development had occurred were excised, maserated
and sonicated. 1 ul of the liquid was drop cast on TEM grids and observed in a FEI-Tecnai T-20
Transmission electron microscope.
Preparation of samples for MALDI-TOF-MS
Treatment of protein gel plugs for destaining, reduction, alkylation, in-gel trypsin digestion and
elution of oligopeptides was performed as explained below. 1 mm3 gel spots were excised and
transferred to 1.5 ml centrifuge tubes. The gel piece were washed with deionised water followed
by destaining in 50 µl 50 mM NH4HCO3/ACN(1:1).This step led to dehydration of the gel
pieces hence they were rehydrated in 50 mM NH4HCO3 (ammonium bicarbonate). After another
dehydration step in ACN (acetonitrile), the gel pieces were dried in a vacuum centrifuge for one
and a half minutes. Reduction of the disulphides bridges in the proteins was done with 10 mM
DTT (dithiothreitol) in 50 mM NH4HCO3 followed by alkylation by 55 mM IAA
(iodoacetamide) in ammonium bi-carbonate. IAA was quenched by washing with equal amount
of 1:1 50 mM NH4HCO3:ACN. After a step of drying the gel particles in ACN, 2µl of trypsin
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was added and incubated in ice for 30 mins. This was followed by overnight incubation in
trypsin reaction buffer at 37ºC. The cleaved peptides were extracted in three steps : first in 0.1%
TFA (trifluoro acetic acid), second in 0.1% TFA and ACN (1:1) and third in ACN.
Approximately 75 µl of extracted peptides were dried in a vacuum centrifuge to 5 µl. Protein
samples were subjected to mass spectrometry (UltraFlex III MALDI-TOF/TOF mass
spectrometer, Bruker Daltonics, Germany). The oligopeptides were co-crystallized with CHCA
(cyano-hydroxycinnamic acid) (5 mg/ml in 0.1% TFA and 30% ACN) on target plate (384-well
stainless steel plate, Bruker Daltonics, Germany). The machine was externally calibrated using
Peptide calibration mix I (Bruker Daltonics, Germany) or with the trypsin autodigest peptides.
The mass spectra were generated in the mass range of 600-4500 Da using standard ToF-MS
protocol in positive ion reflection mode. Laser was set to fire 150 times per spot. Peak list was
generated using Flex Analysis software 3.0 (Bruker Daltonics, Germany) and mass spectra were
imported into the database search engine (BioTools v3.1 connected to Mascot, Version 2.2.04,
Matrix Science). Mascot searches were conducted using the NCBI non-redundant database
(released in March 2014 or later with minimum of 38032689 entries actually searched) with the
following settings: Number of mis-cleavages permitted was 1, fixed modifications such as
carbamidomethyl on cysteine, variable modification of oxidation on methionine residue; peptide
tolerance as 100 ppm; enzyme used as trypsin and a peptide charge setting as +1. In absence of
genome data for Trichoderma asperellum hits for fungal proteins from other genera were
accepted. Hits that had a mascot score of more than 65 with minimum of 6 peptide matches was
accepted as significant identification [153] (p < 0.05) when sequence coverage was at least 20%.
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Testing the nanoparticle formation ability of non-specific proteins.

Commonly used proteins in the laboratory like bovine serum albumin (BSA), lysozyme, casein,
casein hydrolysate and chymotrypsin were used. As mentioned above stocks of 10 mM NADH,
10 mM NAD and 10 mM silver nitrate were made. 1 mg of each protein was dissolved in 1 ml of
deionised water. From the stocks of the protein solution, working standards of 100 µg/ml, 200
µg/ml and 350 µg/ml were made. Reactions for nanoparticle development were set up as
follows: 200 µl aliquots of each working standard, 245 ul of deionised water, 5 ul of 10 mM
NADH or (5 ul of 10 mM NAD in case of NAD control tubes) and 50 ul of 10 mM silver nitrate.
Cyclic Voltammetry studies
Cyclic voltammetry was carried out using potentiostat and galvanostat instrument. Ecochemie,
Netherland. Measurements were done using a three electrode system with glassy carbon working
electrode, platinum counter electrode and Ag/AgCl, 3M KCl as reference electrode.
Measurements were done on 0.1 mM NADH, NADH in presence of retentate or dialysed filtrate,
(20 ul), mycelia free filtrate, dialysed filtrate and retentate.

2.10. Reusability of T. asperellum biomass in biocontrol
(a) Laboratory study to show antifungal activity of Trichoderma biomass:
Antifungal activity of T. asperellum biomass was studied by dual culture technique in petri plates
as described by Morton and Stroube (1955) [154]. Petri plates (85 mm) containing potato
dextrose agar (Himedia, India) were inoculated with 5 mm diameter mycelial disc of fresh
culture of Pythium spp., Fusarium spp., Rhizoctonia solani, Sclerotium rolfsii and Aspergillus
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niger on one side and equivalent amount of T. asperellum biomass at other side of the petriplates.
The plates were incubated at 30°C. The radial growth was measured after 6 days of incubation.
Plates with only Pythium spp., Fusarium spp., Rhizoctonia solani, Sclerotia rolfsii and
Aspergillus niger served control. All the plates were taken in triplicates. The radii of the fungal
growth were measured and % inhibition was calculated as follows:
% inhibition of radial mycelial growth = (

−

)/

where (dc) is radial growth measurement of the test organism (pathogen) in control and (dt) is
radial growth of the pathogen in the presence of T. asperellum biomass.
(b) Preparation of Trichoderma asperellum biomass formulation:
After confirmation of antifungal activity by dual culture assay, we made a formulation of
Trichoderma biomass for its field applications. T. asperellum biomass was grown in previously
described liquid culture medium (section 2.1.1). Subsequently remaining biomass after
harvesting the mycelia free filtrate was homogenized using a mixer grinder. The homogenized
biomass was made into a formulation using talc powder as a carrier material (Talc: broth culture
of T. asperellum in the ratio of 2:1 w/v with 2 ml of Triton X-100 per kg talc powder as
adhesive) to obtain 1X106 CFU/g in the final formulation This was used for the experiment after
proper drying at room temperature.
(c) Trichoderma asperellum biomass amended biogas manure:
Biogas manure was obtained from Nisargruna biogas plant developed at BARC for processing
biodegradable waste [155]. This manure has shown better nutrient content as compared to
commonly available farm yard manure and also enhanced crop growth. Remnant biomass of
Trichoderma after obtaining the mycelia free filtrate was used for amendment to this manure to
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obtain final spore count of 1X106 CFU/g. This was further incubated at room temperature for 24
h before its application to pots.
(d) Pot culture study to show antifungal activity of Trichoderma asperellum biomass.
Disease inoculation and crop growth: To induce damping off disease 5 day-old Pythium spp.
multiplied on presoaked autoclaved sorghum grains were mixed with the soil (2 g/kg soil). Total
of 20 pots were used each filled with 0.5 kg non-sterile sieved field soil (Laterite red, pH-7.2,
clay 60%, sand 10%, silt 30%, organic carbon-0.84% and nitrogen 0.09%) . The pots were
watered regularly and observed for disease development up to 4-5 days. After complete growth
of Pythium spp. in soil, the soil was again mixed thoroughly to get uniform spread of the disease.
These pots were further used to sow chilli seeds. T. asperellum (T1) was applied as a seed
treatment in the form of talc-based formulation at the time of sowing (10 g/kg seeds).
Trichoderma amended with biogas manure (T2) was applied directly to the pots (5 g/pot).
Chemical fungicide benomyl was applied to the third set of pots (T3) at standard application
rates. Other two treatments viz. pots having soil with only Pythium spp. (T4) and without
Pythium spp. (T5) served as infected and non-infected control respectively. Chilli (Capsicum
annum L. var Phule Jyoti. MPKV Rahuri, M.S., India) was sown @ 10 seeds/pot. Germination
was recorded soon after sowing and observations were taken up to 10 days

2.11 Applications of silver nanoparticles

Biosynthesized silver nanoparticles were tested for two practical field applications.
(a) Suppression of flow instability in natural circulation loops
Experiment on suppression of flow instability by nanofluids
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Fig. 2.11.1: Schematic of experimental facility for studying suppression of flow instability in
natural circulation loop
A natural circulation loop work on laws of buoyancy and gravity. They are used in heat removal
system. Nanofluids are able to suppress flow instabilities in water. To substantiate the facts, we
conducted experiments in a natural circulation loop with geometry as shown in Figure 2.11.1.
The test facility is rectangular in geometry with circular flow cross-section area. The geometry is
relevant to that of solar water heaters and nuclear reactors. The pipes are made of glass with
inner diameter of around 26 mm. Important dimensions of the loop are shown in the Figure
2.11.1. The loop was heated with electric wire which was wound uniformly on the outer surface
of the glass tube in the bottom horizontal leg. It was cooled at the top through a tube-in-tube type
heat exchanger with tap water flowing through the annulus. In the experiment, initially water was
heated from an initial power of 300 W in steps of 100 W. The experiments were repeated with
silver nanofluid.
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(b)

Wound healing of canine patients

Maggot infested wound of a stray canine patient was cleaned using betadiene. The wounds were
dressed with nanosilver coated bandages. The bandages were made by applying 8 ml of 1 mM
nanosilver solution to a gauge piece containing at-least 8 layers of bandage. The dimensions of
the bandages were ~15X15 cm2. For the first 7 days that dressings were done, changes were
given every 48 h. During the next two weeks dressings were changed every 4 days. Complete
healing took place in 3 weeks without topical application of ointments that typically contain
ofloxacin, clobestasol and myconazole.
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3.1 Screening of mycelia-free filtrate from agriculturally important
fungi for silver nanoparticle formation
Microorganisms are ubiquitous in distribution and occupy all ecological niches [156], soil being
an important one. The cycling of nutrients, organic carbon in particular is a major microbial
activity that sustains soil health and agriculture [157]. Filamentous fungi occurring in soil play a
decisive role in degrading organic matter since they are copious producers of extracellular
enzymes and metabolites [158]. Fungi secrete a battery of enzymes to degrade hemicellulose and
lignin [159]. In their saprophytic mode of nutrition food is digested outside the mycelium before
intake. Thus complex organic substrates and lignin are degraded into much smaller sized
colloidal organic matter in multiple steps [160]. In addition to this phosphate solubilizing
activity, secretion of secondary metabolites which participate in biocontrol of pathogens are a
few aspects over and above saprophytic mode of nutrition that benefit agriculture [161].
Enzymes and exudates from fungi aid in increasing availability of elemental nutrients or
precipitating toxic heavy metals reducing their bioavailability. Thus filamentous fungi are
promising candidates for exploring the possibilities of extracellular synthesis of metallic
nanoparticles and composites. Additionally compared to other micro-organisms like bacteria
their biomass is easy to obtain and handle. Fungi which were already being studied for
agricultural applications were particularly taken up for screening for production of nanoparticles
as this would have been a considerable value addition to its commercialization potential. As
stated earlier a biomass free procedure was adopted for nanoparticle synthesis. This further
facilitated its use in agriculture later avoiding expensive procedures for discarding the biomass.
While Aspergillus niger and Penicillium sp. used in this experiment were phosphate solubilizing
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organisms, Trichoderma virens, TPW and another species of Trichoderma. were biocontrol
agents extensively used in agriculture. As an extension to the extracellular mode of synthesis, a
biomass free procedure was developed for nanosynthesis for the following reason. The presence
of biomass in the synthesis milieu complicates downstream processing to harvest the product
[80]. Synthesized nanomaterials get adsorped on the cell surface necessitating treatment with
detergents or ultrasonication to dislodge them [162]. Thus the idea of minimally energy intensive
green synthesis barring the use of harsh chemicals is defeated. Since the biomass does not come
in contact of the precursor salts it can be retained for future use as a starter culture or developed
as a formulation, which will be demonstrated subsequently in section 3.10. The mycelia free
filtrate was obtained by the procedure outlined in section 2.1 of materials and methods. To this
filtrate obtained from equal amount of biomass of each fungi, a final concentration of 1 mM
silver nitrate was added and processed further as explained in the material methods section. The
formation of silver nanoparticles was monitored by UV visible spectrophotometry. Figure 3.1.1
depicts overlaid UV-visible wavelength scans recorded from 200 nm to 800 nm in the
absorbance mode for the silver nitrate treated mycelia free filtrates of the different fungi after 5
days. The spectra from silver nitrate treated mycelia free filtrate of Aspergillus niger yielded a
curve parallel to the horizontal axis (indicated in red) where surface plasmon peak was not
observed. In the same period cell free filtrate from Pencillium sp. (magenta coloured plot) turned
slightly brown in colour with a small asymmetric hump centred around 410 nm [163], [164]. The
spectra obtained from Trichoderma virens was characterized by a rising background and was
featureless except for a kink at 400 nm. The spectra from strain TPW (denoted by blue colour in
the overlaid spectra) had similarly generated a low intensity hump at approximately 420 nm.
However the aforementioned spectrum had lot of irregular features probably due to presence of
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interfering compounds like pigments and secondary metabolites. In comparison to all these
spectra obtained from different fungi as mentioned above, mycelia free filtrate of the
Trichoderma sp. (denoted by black) had a well-defined absorbance peak at approximately 410
nm. The position of this sharp peak closely matched with that obtained from literature together
with the development of a distinct orange colour. Intensity of the absorbance maxima peak as
well as colour development increased with the time of incubation. Hence this was taken as a
positive result for silver nanoparticle synthesis. All further studies on nanoparticle formation,
characterization and applications were carried out with the mycelia free filtrate of this fungus. It
was identified by molecular techniques as will be discussed in the following section.
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Fig. 3.1.1 The overlaid spectra showing wavelength scans of mycelia free filtrate of five
different fungi incubated with 1 mM silver nitrate.
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3.2 Identification of fungi by molecular techniques

The fungi that yielded most promising results with respect to nanoparticle formation ability of its
mycelia free filtrate was identified till the species level by sequencing the internal transcribed
spacer region and generating identities. Microscopic observation of the culture revealed its
identity with the genus Trichoderma as seen in the figure 3.2.1

Fig. 3.2.1 Light microscopy of the fungal culture showing conidia and conidiophores
The ITS region is the most widely sequenced DNA region in molecular ecology of fungi [165]
and has been recommended as the universal fungal barcode sequence [166]. It has typically been
most useful for molecular systematics at the species level, and even within species (e.g., to
identify geographic races).
Internal transcribed spacer (ITS) refers to a piece of non-functional RNA situated between
structural ribosomal RNAs (rRNA) on a common precursor transcript. Read from 5' to 3', this
polycistronic RNA precursor transcript contains the 5' external transcribed sequence (5' ETS),
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18S rRNA, ITS1, 5.8S rRNA, ITS2, 28S rRNA and finally the 3' ETS. During rRNA maturation,
ETS and ITS pieces are excised and as non-functional maturation by-products rapidly degraded.
Genes encoding ribosomal RNA and spacers occur in tandem repeats that are thousands of
copies long, each separated by regions of non-transcribed DNA termed intergenic spacer (IGS)
or non-transcribed spacer [167]. Sequence comparison of the ITS region is widely used in
taxonomy and molecular phylogeny because it is easy to amplify even from small quantities of
DNA (due to the high copy number of rRNA genes), and has a high degree of variation even
between closely related species. This can be explained by the relatively low evolutionary
pressure acting on such non-functional sequences.
Because of its higher degree of variation than other genic regions of rDNA (for small- and largesubunit rRNA), variation among individual rDNA repeats can sometimes be observed within
both the ITS and IGS regions. Most labs use standard ITS1+ITS4 primers for amplification.
The 18S rDNA fragment was amplified from the genomic DNA with ITS1 and ITS4 primers.
The amplicon was cloned into pT257R/T vector using TA cloning kit from Fermentas. The
positive clones containing the insert were selected by blue white selection. The following gel
photograph (figure 3.2.2) shows the results of colony PCR of the positive clones alongside a
positive control amplified from the genomic DNA.
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Fig. 3.2.2 Gel photograph showing (from right to left) 100bp ladder, negative (-) control not
containing insert, positive (+) control containing the PCR product amplified from genomic DNA,
positive (+) clones containing the amplified ITS region (2 lanes).
Plasmid isolated from a positive clone was used for sequencing. Upon obtaining the sequence it
was subjected to BLAST search in NCBI. Figure 3.2.3 tabulates the results obtained from
BLAST search. The alignment of the query sequence with an existing entry in the database with
99% identity is shown in the next figure (Figure 3.2.4).
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Fig. 3.2.3 Results of BLAST search indicating 99% to 100% identity with Trichoderma
asperellum.
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Fig. 3.2.4 Alignment of the query sequence with 99% identity to a previously deposited
sequence from Trichoderma asperellum.
Microscopic observations had already established the identity of the genus as Trichoderma. With
molecular characterisation the organism was identified to be Trichoderma asperellum on the
basis the high percentage identity shown with another pre assigned sequence. The sequence was
submitted to Genbank and the following accession number was obtained GenBank: EU021220.1.
The identity of the fungi having been established, synthesis of nanoparticles of different noble
metals, and composites was attempted as will be demonstrated in the following sections
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3.3 Synthesis of silver nanoparticles and their characterization
Nanosilver is considered one of the most useful commercial products in the group of
nanomaterials. Antibacterial coatings in implants and medical devices [168], paints and surface
coatings, conductive inks for miniaturization in electronics [169], molecular detection, air
conditioning systems for food and pharmaceutical industries are emerging areas of nanosilver
usage. Considering the ever increasing demand for nanosilver various environmentally
sustainable methods for synthesis are being developed. In one such green protocol nanosilver
synthesis by non-pathogenic agriculturally important genus Trichoderma was attempted.
The formation of silver nano-particles was easily discernible by the progressive change in the
colour of the solution. The colour of the mycelia free filtrate containing 1 mM AgNO3, started
changing from the 2nd day of incubation onwards. Staring with a pale yellow colour on the first
day of incubation, it progressively turned to dark brown by the end of the fifth day. In contrast,
the control remained unchanged during this entire period as could be seen from the photographs
(Figure-3.3.1).

The

gradual

progress

of

the

reaction

was

monitored

by UV-vis

spectrophotometry.

Fig. 3.3.1 Digital photographs of filtrate of T. asperellum (A) control (without AgNO3) and
(B) sample (with 1 mM AgNO3) after 5 days of incubation. (C) AgNO3 without filtrate
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Figure 3.3.2 shows series of typical UV-vis spectra of the reaction solution recorded at intervals
of 24 h. All the spectra (except for that recorded at 0 h) exhibit definite peak at ~410 nm
corresponding to the surface plasmon resonance frequency of nanocrystalline silver particles
[163, 164] implying that bio-reduction of the silver nitrate had taken place following incubation
of AgNO3 solution in presence of the cell-free filtrate. The intensity of the plasmon peak
initially increased with number of days of incubation due to increasing concentration of the silver
nanoparticles (since the intensity of the plasmon peak is proportional to the concentration of
silver nanoparticles produced) and then upon completion of the reaction it saturated. A slight red
shift in the peak position was observed after two days of incubation, suggestive of the initiation
of growth phase of nano-crystals at optimized sites following nucleation [163, 168]. The process
continued till an optimum particle size was attained whereupon they got capped by suitable
capping species [discussed in section 3.9.1]. Thereafter the size did not change much with time.
This was evidenced from the successive UV-vis spectra and particle size measurements (from
TEM) done after preserving the colloidal solution for months together at room temperature. This
will be discussed subsequently. Therefore, it is apparent that the statistical distribution of particle
size of silver nano-crystals synthesized was primarily governed by the kinetics of the two
competing reactions (a) growth of the nucleation sites and (b) capping of the particles by suitable
capping species and hence it depends on the availability of two different species viz. nucleation
sites and the capping agents produced from the biological extract. The inset in figure 3.3.2

depicts a plot of the plasmon peak intensity (Amax) at the maximal wavelength of absorbance max
(after making necessary corrections for the residual background counts at 0 h) as a function of
the number of days of incubation. During the first two days, intensity increased almost linearly
with time and then grew exponentially till the graph flattened out after five days. This indicated
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that the reaction followed a Michaelis-Menten type of mechanism wherein it initially exhibited a
pseudo zero order kinetics and then followed higher order kinetics with respect to the
concentration of the reactants. In the beginning, concentration of AgNO3 was significantly
higher; therefore its consumption during the course of its reduction was practically negligible,
rendering a linear dependence of concentration of the product with time. As the reaction
proceeded, concentration of AgNO3 came down drastically. Now its concentration term in the
rate equation was no longer negligible compared to the other reactants and that was indeed
manifested in the non-linearity of the curve (inset: Figure 3.3.2) after 48 h. The rate constant k0
due to the pseudo zero order reaction as estimated from a linear fit to the data (up to 48 h) was
found to be 0.12 h-1. This clearly shows that the reaction was rather slow in its initial phases.

Fig. 3.3.2 UV-visible spectrum of silver nanoparticles recorded over a period of 5 days. Inset:
Plot of Amax vs. time of incubation.
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Figure 3.3.3a depicts the XRD pattern of powdered silver nanoparticles calcined at ~ 200C
recorded in the 2 range 35-70. It exhibits a broad and intense peak at ~38.4 and a hump at
~64.5 corresponding to diffraction from the 111 and 220 planes of silver with FCC lattice
(JCPDS no 04-0783). The broadening of the peaks clearly indicated that the particles were in the
nano regime. Size of the silver nano-crystallites as estimated from the FWHM (full width at half
maxima) of the 111 (i.e. 100%) peak of silver using Scherrer [170] formula was ~17 nm. Apart
from these, an unidentified peak at ~46.2 arose, possibly due to organic impurities present in the
sample. In order to get rid of the same, the sample was further calcined. Figure 3.3.3(b) depicts
the XRD pattern of the sample calcined at ~400C. As expected, here the XRD peaks due to
nanocrystalline silver were much more intense and sharper as compared to the previous one due
to overgrowth of crystallites following calcination at higher temperature. Moreover, the pattern
exhibited an additional peak at ~44.2 corresponding to diffraction from the 200 plane of silver,
not observed discernibly in the XRD patterns of the sample calcined at ~200C.

Fig. 3.3.3 XRD pattern of silver nanoparticle sample calcined at (a) 2000C and (b) 4000C
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Figure 3.3.4 illustrates a typical transmission electron micrograph of a silver nanoparticle
sample preserved for over 6 months, under high-resolution. This had been deliberately done to
observe the effect of ageing on the size of the nanoparticles. Homogeneity in contrast clearly
indicated that the sample was phase pure and devoid of twins and other dislocations. “d-spacing”
as estimated from two consecutive planes (shown by an arrow mark in the figure) was found to
be ~0.235 nm. The value corresponded with that of the 111 planes of silver (JCPDS no 04-0783).
Inserted within the figure is (a) a low-resolution TEM micrograph that depicts particles with
diameter in the range 13-18 nm. The mean particle size obtained as 14.9 nm agrees well with that
obtained from Scherrer formula.

Fig. 3.3.4 High -resolution transmission electron micrograph of drop casted silver nanoparticles
preserved for over 6 months. Inset: (a) low resolution micrographs the nanoparticles, and (b)
SAED pattern recorded on the same sample.(c) TEM of 1 month old sample
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Silver nanoparticles synthesized by this route were fairly stable even after prolonged storage
since the XRD and TEM measurements were carried out at an interval of over 6 months. The
selected area electron diffraction pattern [inset (b) in Fig. 3.3.4] showed concentric rings with
intermittent bright dots indicating that the sample was highly crystalline in nature. The rings
were attributed respectively to diffraction from 111, 311, 220 planes of silver further
corroborating our observations from XRD measurements. There particle size calculated from
Schrrer formula and that found from TEM are in good agreement.
In order to find out the extent of agglomeration of silver nanoparticles in the colloidal solution,
dynamic light scattering (DLS) measurements were carried out on the same solution preserved
for more than 6 months. The histogram of particle size distribution was obtained by cumulant
method of analysis using lognormal correlation functions (Figure 3.3.5). From here the diameter
of the hydrated nano-particle (along with caps) with maximum frequency of occurrence was
estimated to be ~35.4 nm. It may be noted that the particle size obtained from DLS
measurements was higher than that estimated from XRD broadening and TEM measurements.
This is due to the fact that the particle size so obtained is augmented substantially by
contributions from the hydrated capping agents [bio-macromolecules (proteins!!) in this case]
and also from solvation effects (hydrodynamic diameter could be as high as 1.2 times the
original diameter of the capped particles). Thus it may be concluded that there is not much
agglomeration of the silver nanoparticles even after preserving the colloidal solution for
extended periods, thereby substantiating utmost stability of these nanoparticles. The potential
use of these silver nanoparticles as SERS template has already been demonstrated. This also
hints at their probable application as sensors. Additionally the antibacterial activity would also be
proven in section 3.9. and as heat conductors in 3.11.
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Fig. 3.3.5 Histogram of particle size distribution as obtained from dynamic light scattering of
silver nanoparticle solution preserved for over 6 months.

3.4 Synthesis of gold nanoparticles and studies on evolution of
morphology
Metal nanoparticles with well-defined morphology like, gold and silver nanotriangles, prisms
and cubes in particular, have tremendous potential for applications in bio-sensing ,VOC (volatile
organic compound) sensing [171], oncotherapy [172], field emission [173], as wave-guides for
electromagnetic radiation [174], substrates for surface enhanced resonance Raman spectroscopy
[172, 175], novel conductive tips for scanning tunnelling microscopy (STM) [173] and nearinfrared absorbing optical coatings [176]. Sharp tips and vertices of nano-triangles and prisms
are particularly responsible for their unique optical and electronic properties. Synthesis of gold
nanoparticles by Trichoderma asperellum was studied.
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The mycelia free filtrate of T. asperellum was treated with 1 mM chloroauric acid. Formation of
gold nanoparticles was apparent from the gradual change in colour of the incubated solution
from pale yellow to dark purple. In contrast, colour of the control remained practically
unchanged during the entire incubation period (Figure 3.4.1).

Fig. 3.4.1 Digital photographs of control and gold nanoparticle sol.
Figure 3.4.2 shows a series of UV–visible spectra of the solution recorded at room temperature
at intervals of 24 h. All the spectra (except that recorded at 0 h) exhibit an intense peak at ~570
nm corresponding to the surface plasmon band of nanocrystalline gold particles. The intensity of
this peak increased with time, due to the progressive bio-reduction of HAuCl4 to gold by the
cell-free extract. The plasmon band systematically shifted towards lower wavelengths and also
grew sharper with increasing incubation time. This systematic blue shift of the plasmon band and
gradual decrease in its full width at half maximum (FWHM) were attributed to the formation of
either nanoparticle-aggregates, or anisotropic particles whose aspect ratio increased with time, or
a combination of both [171], [174], [173]. However, quadrupole and higher order plasmon
modes specific to triangular nanoprisms were not observed in the UV-visible spectrum of our
samples, except for a rising background leading to the NIR region. This was probably due to the
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preponderance of pseudo-spherical nanoparticles or large distribution of shape and size of the
anisotropic nanostructures in the solution [177]. Inserted in figure 3.4.2, is a plot of maximum
absorbance (Amax) vs. hours of incubation, showing a linear time-dependent increase in its
intensity. Assuming pseudo zero order kinetics for the reaction, the rate constant was estimated
(from a linear fit to the data) to be 6.9x10-4/h. Slow kinetics of the reaction and in general of
biological processes might impose a bottleneck to their up-scalability but is instrumental in
producing metastable phases having exotic morphologies which were otherwise difficult to
realise.

Fig. 3.4.2 UV-vis absorption spectra of the gold nanoparticle sol recorded as a function of time.
Inset: plot of Amax vs. incubation time exhibiting slow kinetics of the reaction.
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A representative transmission electron microscopy image of a drop cast sample (Figure 3.4.3)
showed a large number of pseudospherical nanoparticles of uniform diameter along with
nanoprisms of different shapes and sizes. Frequency distribution of pseudo-spherical particles
(inset Fig. 3.4.3) clearly showed that more than 60% of them have a diameter of less than 15 nm
with σ = 0.5 nm. Careful observations revealed that three or more spherical particles fused
together to form nanoprisms (see encircled part in Figure 3.4.3), nanotriangles being the most
predominant morphology amongst them. The selected-area electron diffraction (SAED) pattern
(inset in figure 3.4.3) showed intermittent bright dots, indicating that the sample was highly
nanocrystalline in nature. The dots were attributed respectively to Bragg diffraction from 111,
311, 331, 200, 400, 222 and 220 planes of face-centred cubic (FCC) lattice of gold nanoparticles.
An additional set of relatively weak spots (shown by red circles) corresponding to diffraction
from ⅓{422} and 110 lattice planes were also observed. Reflection from 110 planes is usually
absent in a FCC lattice due to structural factors. However, it appears in an ordered crystal having
a super lattice structure (as in the case of our gold nanoparticles). Higher order reflection from
⅓{422} planes is detected primarily due to high intensity of the electron beam and contribution
from atomically flat surface of the gold nanotriangles [174], which is also evidenced from
roughness measurements done on an isolated flat triangle (see Figure 3.4.6). Due to smaller
population of triangular prisms, the spots appear rather faint in the SAED pattern. From dspacings of different lattice planes, cubic cell parameter (a) and volume (v) have been
approximately calculated (using a refinement program Powderex) to be a=4.0936 ± 0.0337Å, v=
68.60 ± 0.98Å3. The values within the error limit of SAED analysis is in good agreement with
that reported in the JCPDS database (No. 04-0784).
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Fig. 3.4.3 TEM image of the gold nanoparticle sol. Inset: (a) SAED pattern of the sample, (b)
Frequency distribution of spherical nanoparticles.
X-ray diffraction measurements on the samples corroborated the observation from selective area
electron diffraction. Figure 3.4.4 depicts the powder XRD pattern recorded in the 2θ range 35°–
70° of a typical gold nanoparticle sample drop-casted and calcined at ~400°C to remove the
crystalline organic phase in the sample that partly overshadowed the weak features arising from
as-grown sample. Peaks at ~38.2°, 44.4°and 64.7° were observed. They were attributed to
diffraction from 111, 200 and 220 planes of gold with FCC lattice (JCPDS No. 04-0784).
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Broadening of the XRD peaks clearly indicated that the particles were in the nanometre regime.
Crystallite size of the gold nanoparticles was calculated to be ~28.8 nm from FWHM of the 111
peak using Scherrer equation. It may be noted that the value was significantly higher than that
obtained from TEM micrographs recorded on the as-grown sample. The discrepancy may be
readily explained on the basis of rapid grain growth at high calcination temperature. Further,
Scherrer equation which is strictly valid for spherical nanoparticles provides a weighted average
of crystallite size in a sample containing particles with different morphology and size.

Fig. 3.4.4 XRD pattern of a drop-casted gold nanoparticle sample calcined at ~400°C.
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Crystal growth and evolution of morphology:
Crystal growth leading to evolution of morphology (from spherical particles to prismatic
nanostructures) was studied by transmission electron microscopy of individual crystallites and is
given in Figure 3.4.5 as a collage of TEM images. It is noteworthy that the transformation of
morphologies took place at room temperature. As discussed earlier, spherical particles (~15 nm
in diameter) first fused to form nanotriangles [see box (i)]. Gradually, the nanotriangles (edge
length ~30 nm) grew in size either as a result of the merger of multiple nanotriangles or by
overgrowth of nucleation sites [see box (ii) and (iii)]. The bigger triangles (edge length ~100
nm), in turn, combined to form different types of nanoprisms. Stacks of aligned triangles with
one or more truncated edges [box (iv)], hexagonal prisms [box (vi)], a combination triangles and
hexagons or fractals [box (v) and (vi)] were some of the exotic structures observed. It may be
emphasized here that precise control of bio-chemical processes may not be possible. Hence
exclusive synthesis of any of these structures may not be achieved by this technique. However, it
was possible to isolate the desired products from the reacting masses by centrifugation as
discussed subsequently. Micro-diffraction pattern recorded on a single crystal is given in box
(vii) of Figure 3.4.5. Intense spots due to reflection from the 1/3{422}, 200, 220, 311, 331 and
400 planes of cubic FCC gold lattice are clearly observed. But reflection from the 111 planes that
appears as the strongest X-ray line (see Figure 3.4.4) was not observed in the micro-diffraction
pattern of the crystal. This indicated that the crystal is highly oriented along 111 with triangular
top lying parallel to the incident electron beam as schematically represented in the inset of
Figure 3.4.5. Large structural anisotropy of these nanocrystals should have substantial effect on
the optical properties of the samples, including light absorption, scattering and surface enhanced
resonance Raman spectroscopy [172].
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Fig. 3.4.5 TEM studies on the evolution of morphologies of gold nanoparticles.
To increase the concentration of triangular prisms in the gold sol was centrifuged at 5000g. The
concentrated dispersion of particles collected at the bottom of the tube had a higher fraction of
nanotriangles, prisms and aggregates. Figure 3.4.6 shows AFM topography of the sample largely
containing nanoprisms and triangles. Care had been taken to scan an area where there was an
excess of triangular structures. From AFM topography (Figure 3.4.6) and frequency distribution
bar chart (Figure 3.4.7), it was evident that the nanotriangles exhibited significantly narrow
distribution of width and height as compared previous reports. Insert (a) in the figure 3.4.6
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shows the 3D image of a single particle zoomed up, showing a smooth heart-shaped contour of a
triangular nanoprism with truncated and rounded vertices. Surface profile plot on a typical
particle showed that the particle height was ~12 nm and the edge length was ~130 nm.
Strikingly, RMS roughness of the particle top surface was almost similar to that of the bare
polished silicon substrate (marked by vertical arrows) indicating optical flatness of the
nanotriangles, in corroboration with the findings from SAED measurements and earlier reports.

Fig. 3.4.6 AFM topography of nanoprisms. Inset: (a) 3D image of a single particle exhibiting
heart-shaped contour of a triangular nanoprism, (b) surface profile plot on an optically flat
nanoprism showing its vertical and lateral dimensions.
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Fig. 3.4.7 Size distribution of nanotriangles from AFM topography.
Green synthesis of uniform pseudospherical gold nanoparticles and optically flat triangular
nanoprisms had been demonstrated using cell-free extract from a nonpathogenic and
commercially viable bio-control agent for the reduction of HAuCl4. The synthesis required no
additional capping or stabilising agents and took place at room temperature. The pseudospherical
particles got fused at room temperature to produce different exotic structures including triangular
nanoprisms. Slow kinetics of the biological processes was believed to be responsible for the
production of such exotic morphologies. Large structural anisotropy of the triangular
nanocrystals should have substantial effect on the optical properties of the samples, including
light absorption, scattering and surface enhanced resonance Raman spectroscopy and field
emission characteristics [173]. Gold nanoparticles of 10 to 40 nm size have been used for laser
induced explosion of cancer cells[178]. Radiosensitization has also been studied in gold
nanoparticles with 11.9 and 37.5 nm [179].
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3.5 Synthesis of palladium and platinum nanoparticles

Palladium nanoparticles find use as catalysts in a variety of dehydrogenation reactions [180,
181], as templates for surface enhanced Raman spectroscopy [182] and in environmental cleanup of recalcitrant chemicals like trichloroethylene and atrizoates from water [183]. Green
synthesis of palladium nanoparticles are reported from Gardenia sp.[184], Geobacter
sulferreducens [185] etc. The synthesis of palladium nanoparticles for catalytic applications was
attempted by using the mycelia free filtrate of T. asperellum. A final concentration of
approximately 1 mM of palladium chloride was added to the mycelia free filtrate and incubated
for 4 days on a shaker at 150 rpm. The formation of nanoparticles was accompanied by change in
colour of the filtrate from pale yellow to dark brown.as seen in figure 3.5.1

Fig. 3.5.1 (a) shows filtrate before addition of palladium chloride (b) filtrate after formation of
palladium nanoparticles.
The XRD pattern of the of the dropcast sample exhibited peaks at ~40.1 and 46.6 respectively
assigned to the reflections from the 111 and 220 planes of palladium (JCPDS No. 46-1043). The
average particle size calculated from Scherrer formula was 17.7 nm as observed in figure 3.5.2.
The inset in the same figure showed a representative transmission electron micrograph of a dropcast sample of palladium nanoparticles. The particles were polydisperse in nature and mostly
between 11 to 23 nm in diameter. The size distribution of the nanoparticles showed that most of
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the particles lie between 14-17 nm (figure 3.5.3). The mean size observed using TEM was 16.6
nm which matched closely with the average size obtained from XRD.
Palladium nanoparticles were synthesized to test the feasibility of reduction of PdCl2 by T.
asperellum and stabilization of metal nanoparticles by the bio-macromolecules (probably
proteins carbohydrates and other secretory molecules) present in the extract as a first step
towards producing Pd impregnated TiO2 nano-composite which will be described in section 3.8.

Fig. 3.5.2 The X –Ray diffractogram for palladium nanoparticles showing peaks at
characteristic positions. Inset (a) TEM micrograph of palladium nanoparticles.
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Figure 3.5.3 Particle size distribution of palladium nanoparticles

Platinum nanoparticles

Platinum nanoparticles are used as catalysts [186] and as anticancer therapeutic agent bioplatin
[187]. They also augment microwave digestion of biomolecules like proteins for their analysis
via MALDI-TOF-MS. In this application they play a three-fold role of a matrix, affinity probe,
and accelerate digestion of proteins by absorbing the microwave radiation [188]. Bioreduction of
platinum salts has been carried out in Fusarium oxysporum [92], Shewanella sp. [189] and many
others.
Addition of hexachloroplatinic acid to the mycelia free filtrate resulted in a golden coloured
solution that turned progressively brown in 14 days of reaction under shaking conditions as
evident from figure 3.5.4.

Fig. 3.5.4 Colour of filtrate (a) before addition of chloroplatinic acid (b) after addition of
chloroplatinic acid and (c) after formation of platinum nanoparticles
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Figure 3.5.5 X-Ray diffraction pattern of platinum nanoparticles.
The calcined sample of platinum nanoparticles yielded peaks at 39.7°, 46.2° and 67.4° which
could be assigned to 111, 200, 220 peaks respectively in the X-Ray diffractogram (JCPDS 461043). The average particle size calculated from line broadening data was 17 nm.

Fig. 3.5.6 TEM of platinum nanoparticles. The extended photograph shows a magnified view of
the same
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TEM images in figure 3.5.6 showed the presence of spherical particles varying between 2 to 10
nm. The higher average particle size of 17 nm calculated using Scherrer formula due to line
broadening in the X-Ray diffraction pattern indicated agglomeration of particles at high
calcination temperatures. This was done to remove the interfering organic substances and obtain
a clean diffraction pattern. This also explained why the actual particle size of the samples
obtained by direct dropcasting for TEM was much lower than that calculated from XRD.

Fig. 3.5.7 EDS spectra of platinum nanoparticles.
EDS measurements done on the washed nanomaterial samples, revealed the presence of peaks
pertaining to platinum (figure 3.5.7). Associated peaks of chloride could also be seen at very low
intensity from adherent negatively charged chloride ions that could not be removed by
centrifugation. Peaks of carbon and nitrogen bear their origin to capping molecules from the
fungal filtrate. Thus ability of the mycelia free filtrate of T. asperellum to form nanoparticles of
platinum was demonstrated. However, considering that the reductive process took almost two
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weeks to complete and also the small number of particles visible in TEM, these were not taken
up further for any other characterisation or application.

3.6 Synthesis of gold-silver nanocomposite
Nanoparticles composed of two different metals have unique catalytic, electronic and optical
properties distinct from those of the corresponding individual nanometallic particles [190] [191,
192]. Metals like Au and Ag have almost identical lattice constants (0.408 for Au and 0.409 for
Ag) and this characteristic leads to a strong tendency towards alloy formation [190-192].
Combining gold and silver at atomic scales and precisely regulating their compositions to get the
desired optical properties have been useful in bio-molecular imaging. The occurrence of new
properties when acting in combination, and tuning of compositions for desired characteristics are
exemplified below.
Presence of silver leads to introduction of antimicrobial properties in gold, which otherwise is
benign [193]. It was further reported that the effect of silver and silver-gold alloy nanoparticles
on viability of cells was contrastingly different. Compared to silver nanoparticles, the biological
effect of silver–gold nanoparticles on cell viability on human mesenchymal cell culture was
negligible [194]. Tuning of plasmon resonance condition by way of changing the composition of
gold silver alloys to enable transfer of energy to green fluorescent protein (GFP) was attempted
by Ling et al [195]. These authors envisaged that even a small enhancement in fluorescence
signal of GFP would be of great importance to the field of imaging.
Having studied the formation of gold and silver nanoparticles, co-reduction of gold and silver
salts was achieved in the presence mycelia free filtrate of Trichoderma asperellum and the
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characteristics of the nanoparticles were studied. The progress of the reactions leading to
formation of gold-silver nano-composites was monitored by UV Visible spectrophotometry
(figure 3.6.1). When salts of gold and silver were added to the cell free filtrate in the molar ratio
of 1:4, the plasmon peak appeared at 529 nm on the first day of the reaction, and moved to 531
nm at the end of the fifth day. With increase in concentration of gold, where relative ratio of gold
and silver was 2:3, the initial appearance of plasmon peak was at 542 nm, which then stabilized
at 535 nm from the 2nd day of the reaction. When gold and silver were added in equal proportion
a broad shoulder appeared at 551 nm, which gradually shifted to 544 nm by the end of the
reaction. The same trend was observed when concentration of gold was increased and the
relative ratio of gold to silver was 3:2. The plasmon peak appearing at 550 nm on the first day,
shifted to 547 nm by the fifth day. With further increase in concentration of gold and a relative
ratio of gold to silver of 4:1, the shoulder appearing at 559 nm on the first day, shifted to 553 nm
by the third day, and centered at around 560 nm by the 5th day. Thus, with the increase in the
initial amount of added gold, a red shift (shift to longer wavelengths) in plasmon peak position
could be observed.
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Fig. 3.6.1 The five different initial molar ratios of gold and silver added to the mycelia free
filtrate and their corresponding surface plasmon absorbance peaks are depicted
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The aforementioned five samples were studied by EDS (electron dispersive X-ray analysis) for
relative composition of gold and silver incorporated in the composite. Figure 3.6.2 indicates a
plot of ratios of silver to gold as initial amount added versus the ratio of silver to gold in the final
composite. We observed that gold gets incorporated in far greater amount than silver in the
resultant composite after the stipulated reaction period. The relative percentages of gold and
silver in the nanoparticles along with their initial values are tabulated (table 3.6.1).When
equimolar ratios gold and silver were added the resultant composites had approximately 25.12%
silver and 74.88% gold. This higher incorporation of gold has been observed in Lactobacillus
[60, 196] and in ethanolic extract of tea mediated, alloy formation of gold and silver [196].
Figures 3.6.3 and 3.6.4 show the graphical relation between initial and final amounts of gold
and silver respectively. The plot shows a sigmoidal relationship.

Fig. 3.6.2 The plot of ratio of silver to gold (initial amounts used as precursor) versus ratios of
incorporated silver and gold (in the composite). The absorbance maxima for surface plasmon are
indicated on the bars
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Table 3.6.1 Relative percentage of incorporation of gold and silver with respect to their initial
concentrations.
% Ag used

% Ag

% Au used

incorporated

% Au

Standard

incorporated

Deviation

20

7.93

80

92.07

2.4

40

14.72

60

85.28

3.075

50

25.12

50

74.81

2.94

60

44.54

40

55.45

3.75

80

55.45

20

43.58

2.47

Fig. 3.6.3 Plot showing the dependence of the initial amounts of gold with the final amounts
incorporated.
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Fig. 3.6.4 Plot exhibiting sigmoidal dependence of the incorporation of silver with respect to the
initial amounts added.
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Fig. 3.6.5 TEM image of nanoparticles made from Au :Ag (1:4) and size distribution
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Fig. 3.6.6 TEM image of nanoparticles made from Au :Ag (4:1) and size distribution

Fig. 3.6.7 TEM image of nanoparticles made from Au :Ag (1:1) and size distribution
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60

Figures 3.6.5 to 3.6.7 depict the TEM images of three representative samples. Figure 3.6.5
represents the sample with initial ratio of 1:4 (gold and silver). The particle size distribution was
between 2 to 60 nm with maximum number of particles found between 20 to 30 nm. The average
particle size is 27.5 nm, calculated from a log normal fit of the data. The same distribution was
obtained in TEM micrograph for 4:1 ratio of gold and silver (figure 3.6.7). The average size in
this case was 26.3 nm. For an initial concentration of gold to silver of 1:1 the particle size
distribution was between 5 to 40 nm (figure 3.6.6) with 70% of the particles between 10 to 20
nm. The average particle size obtained was 15.2 nm. In all the micrographs the particles had near
uniform contrast.

Fig. 3.6.8 X-ray diffractogram of samples with initial equimolar proportions of gold and silver
(1:1).
A representative XRD pattern for equimolar proportions of silver and gold (1:1) sample was
recorded (figure 3.6.8). The observed peaks were grossly assigned to 111, 200 and 220 being
centred around 38.1°, 44.3° and 64.5° respectively. As the respective peak positions for Au and
Ag are very close, differing only in the first decimal place, and further due to the broadening of
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peaks it is difficult to discern separate peaks for the two elements. The average particle size
derived from peak broadening was 15 nm, which was in good agreement with TEM data.
For three representative samples of initial Ag to Au ratios of 1:1, 4:1 and 1:4 EDS line scans
were taken over a linear distance of ~100 µm (figure 3.6.9 a,b,c). The co-occurrence of gold and
silver along the same line could be observed.

Fig. 3.6.9 EDS line scan to indicate co-occurrence of gold and silver in the composites for three
representative samples (a) initial ratio 1:4 Au:Ag (b) initial ratio 1:1 Au:Ag (c) initial ratio 4:1
Au:Ag. The Y axis represents counts.
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It is note-worthy that the plasmon peaks of gold and silver appear at 570 and 420 nm,
respectively in their individual nanostructures as mentioned in the previous sections. However,
singly occurring peaks at the aforementioned wavelengths could not be observed in any of the
UV Visible spectra depicted in figure 3.6.1. For all the ratios of gold and silver used, distinct
peaks between 531 nm to 560 nm (for the varying ratios) were visible. From the observations of
a predominant single plasmon peak (inspite of the presence of two different metal salts) it can be
assumed that it is a case of alloying rather than singly occurring gold or silver nanoparticles
[197]. This is expected as gold and silver have very similar lattice constants of 0.408 and 0.409
nm. In fact, the difference in lattice constants is smaller than the amplitude of thermal vibrations
of the atoms [191], [190]. Because of the close similarity in lattice constants alloy formation of
these two metals in bulk is prevalent and the same may also be presumed to occur in the
nanoscale.
In case of simultaneous reduction of gold and silver ions different possibilities exist which
are as follows. Earlier, synthesis of 38 atom gold-silver cluster (Au18Ag20) was reported [193].
The solution of this cluster showed a single absorption peak at 495 nm. Mulvaney et al. and also
Sinzig et al prepared silver nanoparticles coated with an overlayer of gold (core-shell
nanoparticles) [198], [199]. These particles have two distinct plasmon absorption bands and their
relative intensities were seen to depend on the thickness of the shell. Further, alloy formation
within the shell was suggested on the basis of the optical absorption spectra. Similarly, goldsilver composite colloids (30-150 nm in diameter) consisting of mixtures of gold and silver
domains were obtained by irradiating aqueous solutions of gold and silver ions with 253.7 nm
UV light [200]. Nanoparticles produced in this mode also showed two plasmon absorption bands
originating from the individual gold and silver domains.
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In case of core shell nanoparticles, their formation is marked by progressive disappearance of
a strong plasmon peak due to the core forming metal, and appearance of another peak due to the
combined effect of the core and the metal contributing towards the development of the shell
[201]. This was also not observed in our case. Hence, preliminary observations indicate the
possibility of near homogenous solid solutions in the nano regime. In citrate mediated reduction,
the relative ratios of incorporation of gold and silver reflect the same composition as the starting
materials or initial molar ratios. In the same protocol, the appearance of a single plasmon peak
between the positions of gold and silver was a further indication of uniform alloying. A linear
shift in gold plasmon absorption maxima with increasing mole fraction of gold was also
observed [197] earlier. Coming back to our observations, though a single plasmon peak appeared
in all the cases, but in the EDS analysis a wide variation was observed between the initial
amounts of silver and gold used, and the final amounts incorporated. In the case of silver, a plot
of initial amount of silver added and final amount of silver incorporated in the composite
revealed a sigmoidal dependence (Figure 3.6.4). In case of gold, though an approximate
sigmoidal dependence was observed (Figure 3.6.3). However the fact remains that final ratio of
gold and silver incorporated in the composite did not reflect the initial ratios.
Mahl et al reported that it is difficult to distinguish singly occurring patches of silver and gold
and their alloys even by HRTEM due to their almost identical lattice parameters [194]. However
a closer investigation of local compositional variations in line scan by electron beam in STEM
mode with a spatial resolution of 1 nm revealed differences. The composition was analysed at
two points designated as 1 and 3 placed diametrically opposite at periphery of a single
nanoparticle while position 2 was at the centre of the particle. The molar ratios Ag:Au were
45:55 at 1, 26:74 at 2, and 33:67 at position 3, indicating an enrichment of gold progressively
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towards the interior of the nanoparticle [194]. In the light of these observations, we conclude that
the non-linear dependence of the starting and final incorporated ratios of the two metals may
reflect in a variable distribution of gold and silver within each nanoparticle, as also observed
earlier by Mahl et al. Under mild reduction conditions as in biological systems, such variations
of compositions is inconsistent with the starting compositions and this has been reported earlier
[196] [202]. Gold is more noble that silver and hence easy to reduce. The difference in reduction
potentials of gold and silver as well as the nature of the biological reducing agents could have an
important consequence on the different incorporation rates of gold and silver. It is most likely to
obtain a gold enriched core due to the stronger tendency for reduction of gold compared to silver.

3.7 Synthesis of silver-carbon nanotube composites

Carbon nanotubes (CNT) are highly in demand because of their mechanical properties, chemical
inertness, potential carrier material for drug delivery [203], etc. The combination of two
materials viz. CNT and metallic nanomaterials is particularly useful to integrate different
properties [204]. Studies have been devoted to the fabrication of metal nanoparticles filled CNTs
for unique electrical, magnetic and optical properties [204-207]. Among them silver decorated
CNTs have gained extensive attention due to their potential applications as catalysts [208]
optical limiters [209] and filter membrane for water [210]. Addition of silver in form of nano
coatings or incorporation into the lumen of the nanotube increases its conductivity, mechanical
strength [211] and renders bacteriostatic properties to it [212]. While chemical synthesis can be
quite elaborate necessitating multiple steps, microbial synthesis of composites offers several
advantages of being less energy intensive, zero waste process that have been discussed at length
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earlier. Hence the feasibility of synthesis of carbon nanotube-silver nano-composite, using
filtrate from Trichoderma asperellum culture, was checked.
Figure 3.7.1 consists of a collage of TEM photographs where the presence of silver
nanoparticles on the nanotube surfaces is observed in the form of dark spots. The dark spots arise
due to higher atomic number of silver (49) as compared to carbon, of atomic number (12). A
fraction of the silver produced got incorporated into the lumen of the tubes as observed in the
TEM micrograph in figure 3.7.2. Due to surface tension, the filtrate seeps inside the lumen of the
tube along with the precursor salt which gets reduced in situ, producing nano-crystalline silver
with rod-like morphology.
High resolution TEM micrograph of silver laden carbon nanotube is depicted in figure 3.7.3.
The spots with dark contrasts are due to nano-silver depositions on the carbon nanotubes. The
lattice fringes were respectively assigned to the 111 plane of silver and carbon.
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Fig. 3.7.1 Collage of TEM micrographs of silver (Ag) deposited on multiwalled carbon
nanotubes (MWCNT)
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Fig. 3.7.2 TEM image of silver encapsulated inside the lumen of multi-walled carbon nanotube.

Ag 111

CNT 111

Fig. 3.7.3 High resolution TEM revealing the lattice fringes of silver and carbon matrix assigned
to their respective 111 planes. The encircled areas correspond to silver deposition on CNT.
Page | 107

Fig. 3.7.4 (a) XRD pattern of silver-CNT composite with reflections from 111, 200, 220 and 311
planes of silver; 111 and 101 planes of CNT. (b) Selected area electron diffraction pattern due to
nano-crystalline silver on CNT.
The XRD of the drop cast sample revealed peaks centered at of 38.4°, 44°, 65° and 78°
pertaining to 111, 200, 220, 311 planes of silver. The peak observed at ~26° was attributed to the
111 plane of carbon. Additionally, a small hump due to 010 plane of CNT, was observed.
Though the feasibility of deposition of silver nanoparticles onto CNT to form silver-CNT
composite without any further modification of the carbon nanotube surfaces was amply
demonstrated, the sample could not be dispersed in aqueous medium. This rendered it unsuitable
for antimicrobial applications. Hence acid treatment of the same was necessary as previously
discussed in the material and methods section. 5 ml of the acid treated CNT dispersion was
added to fungal filtrate and processed as stated in the materials methods section(2.7).
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Fig. 3.7.5 Schematic representation of addition of functional groups on CNT surface followed by
deposition of nanosilver on its surface, mediated by cell free filtrate of T. asperellum

The schematic representation of silver nanoparticles decorated on functionalized carbon
nanotubes is given in figure 3.7.5. This highly dispersed composite was observed by TEM.
Figure 3.7.6 represents a collage of images of acid treated CNT with visibly higher amount of
silver deposition on the surfaces and the lumen of the tube compared to the collage in figure
3.7.1. Therefore, it may be concluded that functionalization greatly improved its dispersibility as
observed from the appearance of the solution after refluxing with acid [212]. The functionalized
sites now acted as preferred nucleation centers that probably lead to the anchorage of Ag
nanoparticles at higher concentrations.
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Fig. 3.7.6 Collage of transmission electron micrographs of silver decorated functionalized carbon
nanotubes.
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Fig. 3.7.7. (a) image is a TEM micrograph of silver encapsulated carbon nanotube taken at zero

energy loss. (b) Right hand side image top panel represent energy loss images taken at energy
loss edge for silver at 368 eV and energy loss image for silver at the peak maxima of 451 eV.
The images were digitally subtracted to yield the silver distribution image on the bottom panel.

Elemental mapping was performed on the electron dense areas using Energy Filtered
Transmission Electron Microscopy (EF-TEM) as described earlier [152]. The slit width of the
energy filter was set for silver specific energy loss edge of 368 eV and 451 eV which is the peak
maxima in the electron energy loss spectrum. Figure 3.7.7 (a) is a zero energy loss micrograph
showing electron dense region of dark contrast embedded, within a comparatively less electron
dense material of lighter contrast. This feature has been further imaged as mentioned above.
Figure 3.7.7 (b) in the top EFTEM panel (left) refers to that taken at the energy loss edge (368
eV) and the right hand image refers to the one taken at the energy loss peak (451 eV). Digital
subtraction of the two images using iTEM software revealed the deposition of silver, which can
be traced to the more electron dense areas on the zero loss TEM image (Figure 3.7.7 a). Thus
identity of the element silver was established along with its spatial distribution.
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Fig. 3.7.8 Plot showing the decreasing counts of bacteria with increasing concentration of silver
in silver-CNT composite. The minimum inhibitory concentration (MIC) was obtained at silver
concentration of 3.24 µg/ml and minimum bactericidal concentration (MBC)7.56 µg/ml.
This highly dispersed functionalized carbon nanotube laden with nano silver exhibited
remarkable antibacterial activity against wild type Escherichia coli BW 25113 when compared
with pristine CNT-silver nanocomposite. With increasing silver concentration the number of
surviving bacterial cells decreased. This was adjudged from the serial dilution of aliquots of the
inoculated medium (after incubation), treated with the composite and plating of the same. The
minimum inhibitory concentration and minimum bactericidal concentration recorded were
3.24µg/ml and 7.56 µg/ml respectively, for an inoculum of 105 to 106cfu/ml.
Therefore, a template bound route of synthesis of silver CNT composites at ambient conditions
without the involvement of additional reducing or capping agents was demonstrated.
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The first report of protein mediated deposition of nano-silver on CNT was published in
Advanced Materials [213]. Sodium borohydride was used as an additional reducing agent, in this
study. Silver decorated CNT shows improved conductivities and are endowed with catalytic as
well as antibacterial properties arising from silver. Silver CNT nano-hybrids have numerous
applications in water filtration owing to the biocidal nature of nano-silver, as energy storage
devices (super-capacitors) [214], lead free soldering materials to name a few. They also exhibit
pronounced sheet resistance of 106 Ω/sq, mechanical performance, and thermal stability up to
325°C. These properties of the nano-composites mark them as potent antibacterial, thermostable,
antistatic and sustainable materials for different advanced applications including coatings,
textiles, biomedical electronics etc. [215] . Accordingly synthetic methods for developing these
hybrids have also captured the attention of researchers.
Dhibar et al have demonstrated the outstanding energy and power density of polyaniline –silver
/MWCNT composites. The composite showed better electrical conductivity of 4.24 S/cm at room
temperature and also attained nonlinear current-voltage characteristics. They illustrated that
silver decorated CNT gave a capacitance of 528 F/g at a scan rate of 5 mV/s, thus paving the way
towards development of future energy storage systems. The method involves use of reagents like
CTAB, aniline, DBSA and APS [214]. In another case, dendrimers like (PAMAM)
polyamidoamine, have also been used as a silver ion trapping and reducing scaffold on fMWCNT. Silver deposited dendrimer coated CNTs, had significantly enhanced the antibacterial
properties, than pristine CNT as well as dendrimer functionalized MWCNT. This was one of the
earliest publication in this field. The method adopted here consisted of serial functionalization
with carboxyl group by acid treatment, followed by modification of the carboxyl groups to
isocyanate via reaction with toluene diisocyanate and finally reaction with excess of ethylene
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diamine to obtain amino group modified MWCNT [216]. In a recent publication by Boosheshri
et al a relatively simpler route towards nanosilver decoration of CNT was established by heating
carboxylated MWCNT to 90ºC in presence of silver acetate. These nanohybrids were applied to
hollow fibre membranes used in water filtration. Such application of silver CNT hybrids
prevented bacterial infestation, which leads to formation of biofilms and consequent decrease in
flow rates of water. These coatings were found to be regenerable, though the extreme slow
release of silver ions was a point of concern for long term use [210].
Xin et al demonstrated the effect of decoration of silver on CNT using dimethyl formamide and
its further use in polymers like polystyrene and polypropylene. The polymers were found to have
better electrical conductivities. The mechanical strength of the polymer materials were
favourably affected with 1% by wt loading of both pristine CNT and silver functionalized CNT,
with Ag-CNT showing slightly higher modulus of elasticity compared to pristine CNT. It was
believed that silver addition improved the dispersibility of CNT within the polymer matrix due to
reduced surface energy and impact of Van der Waal’s forces between the CNT fibrils. The
tensile strength of Ag-CNT containing polymer was also consistently higher than their
counterparts containing equal amounts of pristine CNT [211].
Other methods of synthesis of silver-CNT hybrids were reported, which were multistep
processes

requiring

sequential

treatment

with

SOCl2,

tetrahydrofuran

and

finally

phenylenediamine in excess with intermittent steps of washing and vacuum drying [212]. When
compared to all these published reports, the mycelia free filtrate mediated route for producing
silver CNT composite was much simpler, obfuscating the need of any harsh reducing or
stabilizing agent or heat treatment. The rich diversity of biomolecules and functional groups in
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the filtrate facilitates the interaction of the same with the CNT surface on one hand and silver
ions and nanoparticles on the other.

3.8 Synthesis of titania and palladium dispersed titania

There is an upsurge of interest in the field of research on photocatalytic materials either for
remediation of industrial wastes or production of clean energy in the form of hydrogen [217,
218]. Efficiency of such photocatalytic processes depends on many factors such as valence and
conduction band positions in the catalysts, their stability, surface area, particle size and its
distribution, dispersability in the medium etc.
Over 130 materials including oxides, nitrides, sulphides, carbides, and phosphides, have been
reported to act as efficient photo-catalysts for hydrogen evolution via water splitting with
varying degree of both positive and negative results. Among these titania is a prominent one
because of its favourable band gap, high chemical and photochemical stability, biological
inertness, low cost, ease of method of preparation etc [219]. Besides, titania (TiO2) possesses
interesting optical and dielectric properties and hence may be used in pigments and cosmetic
industries for air purification and self-cleaning surfaces etc. A general scheme for photocatalytic
water splitting involving a metal co-catalyst is given in figure 3.8.1
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Fig. 3.8.1 Schematic representation of photocatalytic process in TiO2 along with a cocatalyst.
Photons with energy equal to or greater than the band gap energy of the semiconductor, excite
electrons from the valence band into the conduction band. The resulting electron/hole pairs can
then migrate to the surface and initiate redox reactions with adsorbed organic molecules or
protons [220] as depicted in the following equations. The introduction of sacrificial organic
reagents increases the efficiency of hydrogen production by suppressing the recombination of
electrons and holes, through irreversible reactions with photo induced species or by reverse
reaction between O2 and H2 [221-224]. Given below is the sequence of reactions leading to
hydrogen production from water via photo splitting in the presence of methanol.
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Electron hole recombination is a limiting factor in these reactions. The presence of noble metals
on titania surface results in the formation of a Schottky barrier at the metal/semiconductor
interface, which leads to a decrease in electron-hole recombination rate. Crystallite defects also
largely contribute to the efficiency of the photo-catalyst. The defects act as trapping and
recombination centres between photo-generated electrons and holes, resulting in a decrease in
the photo-catalytic activity. Higher the crystalline quality, smaller is the number of defects.
Therefore, a high degree of crystallinity over and above high surface area is often required for a
photo-catalyst, especially for an uphill reaction like water splitting [218, 225].
Nanostructured titania has been prepared by different chemical routes that are classified as:
liquid processes like (sol–gel [226-228], solvothermal [229, 230], hydrothermal [231-233],
solid state processing routes (mechanical alloying/milling ) [229, 234], mechano-chemical [235,
236], RF thermal plasma [237] and others such as laser ablation [238]. Of the above methods,
sol–gel method is widely used.
Powders prepared by uncontrolled sol–gel method lack uniform size and shape and often get
agglomerated on ageing. The following synthesis parameters viz. concentration of precursors, pH
and temperature of the medium are required to be controlled precisely for uniformity of particle
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size. Usually, titanium isopropoxide suitably diluted in isopropyl alcohol is added drop wise to
chilled water which is agitated vigorously at the same time. In order to circumvent such critical
and stringent requirements and avoid using of harsh reagents and temperature, we attempted a
one pot simple synthesis of palladium coated titania at ambient temperature and pH.

Fig. 3.8.2 Schematic representation of synthesis of palladium dispersed titania with mycelia
free filtrate of T. asperellum.
The reaction of titanium isopropoxide with water was instantaneous leading to formation of
titanium hydroxide. The hydroxide then undergoes hydrolysis with time to form amorphous
titania (TiO2). Palladium dispersed titania was prepared by in situ reduction of palladium
chloride with the cell free filtrate from T. asperellum. The reduced metal was adsorbed on the
titania matrix as shown schematically in figure 3.8.2. Bare titania as well as palladium
dispersed titania (hereafter named as Pd-TiO2) were subsequently calcined at 350ºC. The
samples were thoroughly characterized using the following techniques.
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Fig. 3.8.3 (a) Low resolution TEM micrograph for representative titania (TiO2) sample. (b)
histogram depicting particle size distribution. (c) the encircled area in red is assigned to 101
plane of anatase TiO2. (d) SAED pattern of titania indexed to planes of anatase phase.
Morphology of TiO2 and Pd-TiO2 nanoparticles were investigated by TEM (Figure 3.8.3 &
3.8.4). A representative image of the TiO2 sample in figure 3.8.3 illustrates that the
nanoparticles were oblong in shape and the size varied between 5-11 nm. The high crystallinity
as well as the single-crystalline nature of the particles was further confirmed by Selected Area
Electron Diffraction pattern (SAED) and High Resolution Transmission Electron Microscopy
(HRTEM) investigations. The SAED pattern could be indexed to the anatase phase of TiO2
(inset, Fig. 3.8.3d). In the HRTEM micrograph, lattice fringes corresponding to d-spacing of
3.4655Å due to 101 plane of TiO2 were observed (Fig. 3.8.3c).
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Fig 3.8.4 (a) Low resolution TEM micrograph for representative palladium dispersed titania
(PdTiO2). (b) Histogram depicting particle size distribution for the same sample. (c) Magnified
view of 3(a). (d) HRTEM with lattice fringes assigned to 101 plane of titania and 111 plane of
palladium (e) HRTEM with lattice fringes assigned to 101 plane of titania and 200 plane of
palladium.
In figure 3.8.4 low resolution images of Pd-TiO2 samples exhibited particles of size between 5
to 10 nm, similar to those exhibited by the bare TiO2. It clearly shows that dispersion of the
palladium phase did not bring about significant changes in the size or morphology of the
particles. Again, the diffraction rings in the SAED pattern could be indexed to anatase phase of
titania. However, presence of palladium could not be discerned due to its low concentration and/
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or its amorphous nature. In the high resolution image in 3.8.4d and 3.8.4e along with the most
prominent planes of TiO2 viz. 101, additional fringes corresponding to d-spacing of ~ 2.24Å and
1.9Å were observed that could be tentatively attributed to planes 111 and 200 of palladium.
However, the assignment may not be unambiguous following very close d-spacings of TiO2 and
Pd. It may be noted that presence of palladium dispersed within the TiO2 matrix was clearly
confirmed from energy dispersive X ray analysis. Quantification of palladium in both TiO2 and
Pd-TiO2 was done by neutron activation analysis in the washed samples. Palladium was
estimated to be 7±0.39 mg/g in the Pd-TiO2 sample while it was undetected in the bare TiO2
sample. Therefore, a loading of 0.7 (wt%) of palladium was obtained using the biological route.

Fig. 3.8.5 The XRD patterns of the as-grown & calcined TiO2 and Pd-TiO2 samples
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Most intense peaks appear at ~25.6, 38.22°, 48.3, 54.7, 62.8and 69.76º respectively assigned
to diffraction from the 101, 004, 200, 211, 204 and 301 planes of anatase TiO2 (JCPDS 211272), implying that sample was obtained as a single phasic material [anatase phase with
tetragonal crystal symmetry]. As was in the case of SAED pattern, no peaks corresponding to
reflection from Pd metal could be observed in the XRD patterns as well. Average crystallite size
of the samples as estimated from the broadening of the 101 peak using the Scherrer equation,
occurred between 7.2 nm for calcined Pd-TiO2 and 5.7 nm for calcined TiO2. The estimated
particle size from XRD agreed well with particle size distribution from TEM. The average size
of the as grown TiO2 and Pd-TiO2 nanoparticles were obtained as 4.9 nm and 4.7 nm
respectively. Thus calcination didnot cause much agglomeration.
Well-developed phases were not discernible in the as grown samples signifying lack of
crystallinity.The peaks in all the samples were significantly broadened indicating their
nanocrystalline nature. It was also evident that calcination at 350C for 4 h did not result in
significant grain growth. Direct Reflectance UV Visible spectrophotometry measurements were
done. From the absorbance obtained, band gap values were determined. Figure 3.8.6 shows a
plot of (Ah)1/2 vs. h for the as-grown and calcined nc-TiO2 and Pd-TiO2 nanocomposite
samples where from indirect bandgap was estimated using Kubelka-Munk formula. The
respective values for the different samples are tagged in the figure 3.8.6. It may be noted that
there was practically no change in the bandgap of the Pd-loaded sample as compared to the bare
TiO2 nanoparticles. Also the bandgap did not change upon calcination similar to the consistency
of particle size even upon calcination as was also observed from TEM studies. Moreover, a
single band edge for Pd-doped sample corresponding to the theoretical value of bandgap for pure
anatase titania indicated that the concentration of the rutile phase is absent in the sample.
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Fig. 3.8.6 Band gap values for calcined and as grown/ uncalcined sample of TiO2and PdTiO2.
Figure 3.8.7 summarizes the effect of the Pd loading on the evolution of H2 from water via
photochemical splitting over TiO2 and Pd-TiO2 photo catalysts. It shows the reaction time
courses for H2 evolution over a period of 6 h. While only 358 µmol of H2 was collected on the
bare TiO2 catalyst, almost four fold amount of H2 (942.5 µmol) was collected over 0.7 wt% PdTiO2. Moreover, the rate of H2 generation decreased with time for the TiO2 catalyst while Pdloaded catalyst showed an increasing rate with time.
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Fig. 3.8.7 Time dependent evolution of hydrogen via water splitting with 50 mg of TiO2 and PdTiO2 catalysts obtained using mycelia free filtrate of T. asperellum.
The Raman spectra of TiO2 and Pd-TiO2 samples synthesized by fungal route is depicted in
figure 3.8.8. All the spectra exhibit peaks at ~147.8, 399, 516 and 640cm-1 of anatase TiO2
indicating that the anatase phase is retained even after annealing and impregnation with Pd.
Although, the Raman peaks were of equal intensity and width for the as-grown samples, they
became significantly broadened and decrease in intensity for the calcined Pd-TiO2 as compared
to the calcined TiO2 samples indicating that some kind of interaction takes place between the
two.
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Fig. 3.8.8 Raman spectra of as-grown and calcined TiO2 and Pd-TiO2 samples.

Fig. 3.8.9 shows the XPS spectra of (a) calcined Pd-TiO2 and (b) calcined TiO2samples.
A slow scan in the binding energy range of 455 eV to 480 eV region for Ti2p peaks was
performed as seen in the XPS spectra in figure 3.8.9. The doublets for Ti2p3/2 and Ti2p1/2 are
observed at 459.6 eV and 465.3 eV. A satellite peak at 472.8 eV is also observed [239]. All these
peaks underwent a blue shift in Pd-TiO2 sample. In none of the spectra, presence of Ti3+ state
was observed implying that the Ti2O3 phase was not formed. The blue shift of the peaks for
calcined TiO2-Pd might have been due to the interaction of Pd with TiO2.
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Fig. 3.8.10 EDXRF of Pd-TiO2 sample indicating co presence of the two elements.
Presence of palladium in Pd-TiO2 was confirmed by energy dispersive X-Ray fluorescence
shown in figure 3.8.10. The K, K and L lines of palladium are clearly observed in the
spectrum along with the TiK and TiK.
Therefore, it is concluded that cell-free filtrate of T. asperellum was instrumental in reducing
Pd2+ to Pd0 and at the same time worked as a size confining template for the titania nanoparticles.
Biomolecules in the filtrate also might have a role in the hydrolysis of the hydroxide that resulted
from the reaction of titanium isopropoxide and water. Narrow and uniform distribution of TiO2
particles, with size ranging between 5-11 nm was achieved by biological route as evident from
the TEM micrographs and corroborated from XRD analysis. The material was also found
suitable for photo-catalytic water splitting leading to hydrogen generation. The hydrogen yield
was also higher than that reported for indium titanate catalyst and commercial titania (P25)
[240].
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It is noteworthy that TiO2 synthesized by other biological routes were not of pure anatase
phase but a mixture of rutile and anatase. The size distribution obtained was between 8 to 35 nm.
The method employed, consisted of heating metatitanic acid along with yeasts and lactobacillus
cultures at 60˚C for 10-20 minutes followed by incubation at room temperature [241]. Compared
to this report we obtained a much smaller size distribution between 5-11 nm and phase-pure
titania. An analgous chemical synthetic procedure where acidified water of pH 1.5 was used
instead of mycelia free filtrate along with precursor titanium isopropoxide dissolved in isopropyl
alcohol, yeided titania particles of average diameter 15 nm. This further reiterates the yet
undeciphered role of the macromolecules of the mycelia free filtrate in restricting grain growth
and yielding titania and palladium dispersed titania composites of near uniform size. The
superior catalytic activity of these nanoparticles has also been demonstrated indicating a
potential application for hydrogen generation studies.

3.9 Plausible mechanism of formation of nanoparticles using silver
nitrate

It was established that the mycelia free filtrate of Trichoderma asperellum was instrumental in
synthesizing nanoparticles of noble metals and composites. We wanted to elucidate the different
molecules in the mycelia free filtrate involved in the formation of metal nanoparticles. Fungi of
genus Trichoderma are known producers of extracellular enzymes like xylanase, cellulase,
chitinase etc. The culture supernatants of these fungi are also dominated by the presence of low
molecular weight, possibly non-enzymatic proteins [242]. Their molecular weights range from 6
to 44 kDa and may function as elicitors. Apart from these, secondary metabolites, signaling
molecules and compounds related to antibiosis are also present. The mycelia free filtrate may
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also reflect the same diversity of biomolecules, albeit in lower concentrations than the culture
supernatant. Hence it was not expected to assume that a single mechanism will contribute
towards metal ion reduction and capping. Hence our initial attempt was to look for alterations in
spectroscopic signatures, in the mycelia free filtrate, before and after formation of nanoparticles.
This would help us gain understanding about the chemical moieties associated with silver ion
reduction.

Fig. 3.9.1.1 FTIR spectra of the cell-free extract (a) before addition of AgNO3 and (b) after
removal of silver nano-particles by centrifugation.

3.9.1 Probable involvement of cysteine in formation of nanoparticles
Figure 3.9.1.1 shows the FTIR spectrum of the mycelia free filtrate (a) before addition of
AgNO3 to it and (b) after removal of silver nano-particles by centrifugation. Both the spectra
exhibit a broad intense band at ~3400cm-1 with overlapping shoulders on either side assigned to
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the N-H stretching frequency. This arises from the peptide linkages present in the proteins of the
filtrate. Upon deconvolution, the side bands were respectively identified to be the overtone of the
amide-II band (~3270cm-1) [243]and stretching frequency of the O-H band (~3600cm-1),
possibly arising from the aqueous solvent. It may be observed that the intensity of the first two
bands diminished significantly in (b) indicating a probable decrease in the concentration of the
peptide linkages in the solution. The spectra also exhibited an intense band at ~1640cm-1 and a
broad asymmetric band at ~2100cm-1, the latter assigned to the N-H stretching band in the free
amino groups of biomolecules and a very weak feature at ~2600cm-1 due to S-H stretching
vibrations. It may be noted that the intensity of the band at ~2100cm-1 remains almost unchanged
in the two spectra while that due to S-H stretching, shifts towards lower wave numbers in (b).
Upon deconvolution, the band at ~1640cm-1 was found to be a superposition of three different
bands centered at ~1550, 1640 and 1670cm-1 respectively, assigned to the amide-II band,
carbonyl and carboxylic C=O stretching bands of the peptide linkages. The intensity of these
bands also decreased in (b) due to decrease in the concentration of peptide linkages in the
solution in conformity with our previous observation. Besides, the spectrum of solution (a) also
exhibited two vanishingly weak features at ~2840 and 2900cm-1 respectively assigned to the
symmetric and asymmetric stretching vibration of sp3 hybridized -CH2 groups [244] that were
not observed in the other spectrum. This suggested that CH2 groups drastically decreased or were
probably absent in the solution (b). Moreover, both the spectra exhibited a low frequency band at
~760cm-1 attributed to the bending vibration in S-H bonded to the CH2 moiety [245, 246] and a
weak feature at 1020cm-1 assigned to ring vibrations from aromatic fragments. It was observed
that although the feature at ~1020cm-1 remained unchanged in intensity in the spectrum (b) as
well, the intensity of the band at ~760cm-1 decreased drastically possibly due to the changed
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chemical environment and hence symmetry around the S-H bond. This further suggested that
there was a change in the bonding of β-CH2 moiety attached to the S-H functional group in
solution (b). Apart from these, the spectrum of the solution (b) exhibited an additional weak
feature at ~970cm-1 identified to be the wagging mode of trans-ethylenic moiety [247, 248].
Absence of this feature in the spectrum of solution (a) clearly indicated the formation of C=C
double bond after the reduction process. From the discussions above, it is evident that an amino
acid with S-H bond possibly in a protein or peptide, played a key role in reducing AgNO3 to
silver nanoparticles. Since there can be only two sulfur containing amino acids present in the
protein containing cell free extract, namely cysteine and methionine, it has to be either of the
two. But methionine does not have any S-H linkages, as observed in the FTIR spectra. Hence,
cysteine is most likely the amino acid that underwent dehydrogenation upon reaction with mild
oxidizing agent AgNO3. The plausible mechanism for reduction is schematically represented in
Figure. 3.9.1.2. The β-carbon in cysteine lost one hydrogen radical and one electron in one
concerted or two consecutive steps and reduced Ag+ ion to Ag nanoparticles possibly in presence
of an enzyme or small elicitor like molecules reported to be secreted by other species of
Trichoderma [249]. Formation of an intermediate cation was stabilized by delocalization of the
non-bonding electrons on sulfur. In this process, the “CH2” moiety adjacent to S-H functional
group was lost and which was manifested in complete disappearance of the FTIR bands at ~
2840 and 2900cm-1 and lowering of intensity of the band at ~760cm-1. In the next step, α carbon
lost one hydrogen to form α-β C=C bond, as was evidenced from the appearance of the FTIR
peak at ~970cm-1. The C=C double bond was in conjugation with the lone pair of electrons on
sulfur atom. This was supported from the fact that the thiolic hydrogen becomes more acidic as
was evidenced from the red-shift of the band at ~2600cm-1due to S-H stretching. The product in
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scheme I was preferred over that in scheme II (more commonly observed in case of alcohols).
The reason being that formation of C=C bonds is energetically favored over S=C bonds and the
latter will invariably impose severe geometrical constraints on the molecule. Moreover thiols, in
general, are less acidic as compared to alcohols and that makes elimination of hydrogen attached
to sulfur less probable. This also accounted for the fact that tautomeric conversion between
products of scheme I and II does not take place so readily under this bio-transformation. The
hypothesis was supported by the fact that no peak corresponding to S=C bond vibrations in the
spectrum (b) was observed. All FTIR band assignments were done in accordance to reference
[244]. Cysteine rich low molecular weight proteins are known to be secreted by fungi. They are a
part of cerato-platanin group of proteins [250] and are known to function as elicitors of plant
defense responses. These may form a part of the large array of low molecular weight proteins
secreted by fungi in the culture supernatant. Their presence in the mycelia free filtrate may play
an important role in reduction of silver ions. However the presence of such biomolecules is a part
of further investigations.
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Fig. 3.9.1.2 Schematic representation of the mechanism of formation of silver nanoparticles.
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Fig. 3.9.1.3 Macro-Raman spectrum of silver nanoparticles drop casted on Si(100) single crystals
Mechanism of capping of silver nanoparticles
In order to explore the plausible mechanism of encapsulation of the silver nanoparticles by
suitable capping agent(s), Raman spectrum of as synthesized sample solution drop casted on
Si(100) single crystals was recorded and analysed. Since plasma frequency of silver lies in the
visible regime, it was presumed that intensity of the Raman bands of the organic molecules (the
capping agents, if any) attached to the silver nanoparticles will be selectively enhanced when
excited with a visible laser. Fig. 3.9.1.3 shows the aforesaid Raman spectrum which clearly
exhibited an intense band at ~240cm-1. This was identified to be due to stretching vibrations of
Ag-N bonds [251] and two broad bands at ~1350 and 1565cm-1 attributed respectively to
symmetric and asymmetric C=O stretching vibration of the CO2- ions [252] apart from a few
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weak features at ~692, 940, 970 and 1050cm-1 assigned respectively to the stretching vibrations
of C-S, C-CO2-, C-C and Cα-N bonds [252, 253]. Selective enhancement of these Raman bands
clearly indicated that C=O bonds of the carboxylate ions and Ag-N bonds from the free amine
groups were lying perpendicular to the nano silver surface. Thus they were directly associated
with the capping of the same. This was further supported by the fact, that both symmetric and
assymetric stretching bands of CO2- were significantly broadened. This occurred due to
distortion in the respective bond angles and bond lengths because of the strain induced,
following encapsulation of silver nanoparticles. However, absence of any peak due to Ag-S
vibrations (either in FTIR or Raman spectrum) clearly negated any possible role of the
disulphide and/ thiolate linkages in stabilising these molecules as has been reported by earlier
researchers [254]. The fact that thiolate linkages did not participate in capping was also observed
by Halvorson et al [255]. The band at 240cm-1 was a direct evidence of chemical bonding
between silver nanoparticles and the nitrogen of the amine group present in the amino acids. The
probing technique itself manifested the feasibility of using these nanoparticles as potential
templates for surface enhanced resonance Raman spectroscopy.
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3.9.2 Interaction of cysteine with silver nitrate
Cysteine was found at least partially involved in the formation of silver nanoparticles in our
earlier experiments. We wanted to further study this aspect for pinpointing the exact role of
cysteine in this process.
Table 3.9.2.1 The compositions of samples made with different concentrations of cysteine
[Cysteine]

[AgNO3]

A

0.001

1

B

0.01

1

C

0.1

1

D

1

1

Samples

(mM)

(mM)

Observation
Very fine precipitation after 2days,
transparent supernatant
Brownish grey precipitation after
2days, transparent supernatant

Yellow sols, colour deepens in 2days
remains stable for more than
1month
Instant flocculation followed by
precipitation

Table 3.9.2.1 summarises the observations when varying proportions of cysteine was made to
react with fixed concentration of silver nitrate. Sample C containing 0.1 mM cysteine was the
only one among the four different concentrations, which remained stable for a month. The silver
nanoparticles produced in this sample were characterized in detail.
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Fig. 3.9.2.1 UV-visible spectrum of sample C recorded till the completion of reaction. Inset:
EDS spectrum of the same sample.
3.9.2.(a) Characterisation of silver sols produced with 0.1 mM cysteine
Figure 3.9.2.1 shows the UV-vis spectrum of sample C after ageing for 13 days. It exhibited an
asymmetric peak at ~398 nm corresponding to the surface plasmon frequency of nanocrystalline
silver [256], indicating that cysteine [257] had reduced AgNO3 to metallic silver. An additional
hump at ~280 nm was attributed to the [cysteine-Ag+]n complexes [258] that were also formed
along with Ag-nps. Inset of Figure 3.9.2.1 shows the EDS spectrum of the same sample. Peaks
due to carbon, nitrogen, sulphur and oxygen were also observed that arose from the capping of
Ag-nps by the cysteine molecules.
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Fig. 3.9.2.2 Kinetics of the reaction of 0.1 mM cysteine with 1 mM silver nitrate (sample C)
Kinetics of the reaction was studied by drawing aliquots at regular intervals and recording the
UV-vis spectra of the sol. Figure 3.9.2.2 shows the corresponding change in absorbance at ~398
nm with time. The reaction rate (adjudged by increase in absorbance) was relatively slower
during the first three days marking a phase of induction. Thereafter the reaction rate increased
exponentially from the fourth day indicating the growth phase. There was no visible change, of
plasmon band intensity of the sample after 12 days. After 1 month, visible precipitation in the
sample ensued.
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Fig. 3.9.2.3 (a) TEM image of the sample C, (b) bar diagram showing a narrow particle size
distribution and (c) estimated hydrodynamic diameter comprising of the nanoparticles and the
organic caps.
Figure 3.9.2.3 (a) shows a representative TEM image of the sample C. The dark contrasts were
due to the Ag-nps. particles with a narrow size distribution ranging between 8-18 nm and mean
value of 14.5 nm [as shown by bar diagram in Fig. 3.9.2.3(b)] were observed. The average
particle size for sample C as estimated from the TEM image analysis was very much similar to
that obtained for silver nanoparticles synthesized by the mycelia free filtrate of T. asperellum.
Nano silver could be visualized as dark nearly spherical bodies embedded in a matrix of lighter
contrast. The hydrodynamic diameter of the capped nanoparticles comprised of the metal crystals
together with the organic moieties (indicated with a black circle) and is often estimated as the
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effective particle size by light scattering techniques. The average hydrodynamic diameter was
113 nm taking into account the areas of lighter contrast assumed to be the matrix.

Fig. 3.9.2.4 XRD pattern recorded in the 2θ range 20˚-70˚of sample C drop cast on a glass slide
and heated to remove the organic moieties present in the sample. Inset: Particle size estimation
from XRD peak broadening of an as-grown sample.
Sample C was dropcast on glass slide after the reaction for formation of nano silver attained
saturation. Figure 3.9.2.4 shows the XRD pattern recorded in the 2θ range 20˚-70˚. The sample
was further heated to remove the organic moieties present in the sample. The capping molecules
formed an amorphous network around the metal nanoparticles [see Fig. 3.9.2.3(c)] and hence the
smaller XRD peaks of Ag at higher 2 values were obscured. The diffraction pattern exhibited
peaks at ~38.1˚, 44.2˚ and 64.4˚ attributed respectively to diffraction from 111, 200 and 220
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planes of metallic silver with FCC lattice (JCPDS No. 04-0783). From broadening of the
principal XRD peak at ~38.1 of an as-grown sample (shown in the inset), average crystallite
size was estimated using Scherrer equation to be ~14.4 nm. The value was in excellent
agreement with that obtained from the TEM analysis in figure 3.9.2.3b.

Fig. 3.9.2.5 Log-linear plot of surviving bacterial colonies relative to that of the control vs.
concentration of Ag nanoparticles synthesized (a) via fungal filtrate route and (b) using cysteine.
Inset: Digital photograph of the controls and culture supplemented with different concentration
of Ag nanoparticle
Antibacterial activity: Antibacterial activity of Ag-np sols was studied using model organism
Escherichia coli BW25113. Fig. 3.9.2.5 shows a log-linear plot of surviving bacterial colonies of
E. coli relative to that of the control vs. dose of Ag nanoparticles, synthesized (a) via fungal route
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and (b) using cysteine. In either case, the cell numbers dropped steadily with increasing dosage
of silver nanoparticles. MIC (minimum inhibitory concentration) & MBC (minimum bactericidal
concentration) values were estimated for both the samples and have been pointed out on the
respective graphs. MIC and MBC of nanoparticles for E. coli derived from the filtrate were 3.24
µg/ml and 7.56 µg/ml. MIC and MBC for cysteine synthesized silver nanoparticles against E.coli
was 4.32 µg/ml and 8.64 µg/ml respectively. Since, the MBC values in either case were within
four times of their respective MIC values, both may be classically termed as bactericidal agents
according to definition given in the reference [259]. Insert in Figure 3.9.2.5 shows how a typical
culture and controls look like after administration of different dosage of Ag nanoparticles. In
both the cases, the MIC and MBC values are significantly lower than that published earlier
where 25 to 100 µg/ml inhibitory doses were reported [168, 260, 261]. Thus the efficacy of the
silver nanoparticles synthesized by these techniques was confirmed. The higher antibacterial
activity of cysteine capped and fungal filtrate synthesized Ag-nps was possibly due to the
contribution of capping agents of biological origin which might have played a synergistic role in
the activity. This observation is in agreement with the reports by Parashar et al on Psidium
guajava extract capped Ag-nps [262]. They demonstrated that silver nanoparticles with organic
capping agents were able to anchor to the bacterial cell wall more effectively and in shorter time
when compared to hydrazine reduced Ag nps [262]
3.9.2(b) Effect of metal: cysteine ratio on the stability of Ag sols

It was observed that stability and dispersibility of the silver sols depended strongly on the

relative concentration of cysteine and AgNO3. The sol obtained by reacting 0.1 mM of cysteine
with 1 mM AgNO3 remained stable for a month. When cysteine concentration was increased
from 0.1 to 1 in case of sample D, flocculation started almost instantaneously and silver particles
were precipitated within a short time (Table 3.9.2.1). On the other hand, reduction of cysteine
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concentration from 0.1 mM to 0.01 mM (sample B) and 0.001 mM (sample A) also decreased
the stability of the metal sols. After remaining stable for ~2 days, precipitation of brownish grey
particles started in sample B and continued for l week. In contrast, very fine particulates were
observed for sample A.

Fig 3.9.2.6 The UV-vis spectra of samples A and B (cysteine 0.01, 0.001 mM) recorded after
ageing.
Figure 3.9.2.6 shows the UV-vis spectra of samples A and B recorded after ageing. Although
both the spectra exhibited the typical silver plasmon peak at ~400 nm due to the formation of
Ag-nps, the low absorbance values were indicative of a small amount of the dispersed phase in
the sols. The hump at ~540 nm was due to agglomeration of particles.
Zeta potential serves as the stability index of a colloidal solution. According to the theory on
the stability of colloids, repulsive force between two colloidal particles prevents them from
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coming closer and, getting coagulated. This repulsive force is proportional to the square of the
zeta potential. Hence, higher the magnitude of zeta potential, higher is the stability of the
colloids.To understand how stability of cysteine capped Ag sols got affected by relative
concentration of cysteine to AgNO3, zeta potential () and DLS measurements were carried out
on all the 4 samples (before the onset of precipitation for samples A, B and C and immediately
after mixing the reactants for sample D). pH of the medium was also recorded since it influenced
the overall surface charge on the nanoparticles.
Table 3.9.2.2 Stability assessment of silver sol. [AgNO3] = 1mM
[Cysteine]
(mM)

Zeta
potential
(mV)

Mean effective
particle size
by DLS
(nm)

pH

Stability of
sol

0.001(A)

-9.3

------

5.7

poor

0.01(B)

-10.6

270

5.1

poor

0.1(C)

18.1

110

3.8

good

1(D)

7.4

420

3.2

Quick
precipitation

Table-3.9.2.2 summarizes  values and the mean effective particle sizes (hydrodynamic

diameter) for the different samples as estimated by DLS. Sample C exhibited the highest  value
of +18 mV and was most stable in the series. Moreover, the mean particle size estimated from
DLS of 110 nm in sample C, was the least among all the sols studied. The average particle size
of sample C estimated by light scattering was in good agreement with that obtained from TEM
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image analysis. Other sols had  values ranging between -10 mV to 10 mV and hence exhibited
poor stability. It may be noted that particle size of sample A could not be recorded with adequate
reproducibility due to very low concentration of the Ag-nps in the sol and fluctuations in the
scattered light. Bare silver nanoparticles dispersed in water are negatively charged [256] due to
their micellar characteristics. Negative surface charge on nanoparticles of samples A and B as

adjudged from  values hinted on the possibility of these particles being inadequately capped. At
low relative concentrations of cysteine, enough capping-molecules were not available to stabilize
the silver nanoparticles. Moreover at the pH range of 5.1-5.7, close to IEP (isoelectric point) of
cysteine (pH=5.02), low negative  values indicated instability of the particles. This was due to
low net charge on cysteine close to IEP. With increasing concentration of cysteine, pH of the
medium became more and more acidic due to liberation of H+ ions according to the equation
given below
cysteine + 2AgNO3

cysteine (ox.) + 2Ag + 2HNO3

The high positive  value of sample C probably resulted from the protonation of amine groups in
the adsorbed cysteine molecules at pH 3.8 well above IEP of cysteine. The net surface charge on
capped nanoparticles was adequate to prevent their further growth and agglomeration, thereby
resulting in extended stability of the sol for more than 1 month. At a still higher concentration of

cysteine and at pH 3.2, sample D exhibited a small positive  value indicating that the
nanoparticles were still capped by protonated cysteine but the stability of the sol was greatly
reduced. Due to rapid reduction of AgNO3 at higher concentration of the reducing agent (here it
is cysteine), fewer nucleation centres survived. These nucleation centres rapidly grew in size and
the particles so formed coalesced into large lumps of material that tend to settle down under
gravity. Aggregation of silver nanoparticles in sample D was reflected in its extremely low 
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value. Similar observations were reported independently by different research groups for
surfactant stabilized silver nanoparticles [256, 263-266]. Of the three sols with limited stability,
sample D was particularly interesting because it produced particles with non-spherical
morphology and exhibited significant shift in the plasmon peak position as compared to the
others. Hence, it was studied in detail. Fig. 3.9.2.7 shows the SEM image of prismatic
agglomerates obtained from the precipitation of sample D. The agglomerates exhibited
morphology that was entirely different from the pseudo-spherical nanoparticles of sample C (see
TEM image in Fig. 3.9.2.3). The principal plasmon band of sample D appeared at ~354 nm [see
inset (b) of Fig. 3.9.2.7]. The significant blue shift of the band as compared to the other sols was
attributed to non-spherical silver nanoparticles [256, 258, 264-267]. A small hump at ~485 nm
was associated with extensive agglomeration of the crystallites [267] that resulted in larger
particulates. Inset (a) in the figure shows the XRD pattern of a heated sample D, with
characteristic peaks of metallic silver with cubic lattice. Average crystallite size was estimated
from the broadening of the 111 peak of the as-synthesized sample using Scherrer equation, to be
~17.5 nm.
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Fig. 3.9.2.7 SEM micrograph of the sample D. Inset (a): XRD pattern of the heated and assynthesized sample D, (b) UV-vis spectrum of the same sample
3.9.2(c) Capping of Ag-nps by cysteine
In absence of a third chemical entity in the system, other than cysteine and AgNO3, stabilization
of the Ag-nps must have taken place due to their capping by the cysteine molecules. Presence of
organic moiety along with the metal particles was evidenced from the EDS spectrum (see inset
of Fig. 3.9.2.1) and TEM image of sample C (see Fig. 3.9.2.3). Capping of nanoparticles may
take place either by physisorption of the organic molecules on to the nanoparticle surface or by
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chemically bonding with the same. To investigate the possible mode of metal-organic interaction
in cysteine-capped Ag-nps, spectroscopic studies were carried out on solid samples. Figure
3.9.2.8 shows the main core level XPS spectra of (a) Ag3d, (b) O1s, (c) S2p and (d) N1s for the
cysteine capped Ag-nps. The S2p and N1s spectra were de-convoluted using freely available
software XPSPEAK4.1, after smoothening of the raw data with FFT filter, while a single profile
was adequate for both Ag3d and O1s. The Ag3d peaks [Fig. 3.9.2.8 (a)] were observed at 366.7
eV with spin orbital splitting of 6 eV. The Ag0 peak is reportedly observed at ~368.2 eV [268].
Significant red shift of the binding energy for the cysteine capped samples clearly indicated that
a bonding interaction was there between the Ag-nps and the capping cysteine molecules. The
O1s peak [Fig. 3.9.2.8 (b)] was observed at 529.3 eV. This was also downshifted from its
reported value for free oxygen atoms, indicating that the bonding of cysteine with Ag-nps
possibly took place via carboxylate ions. Fig. 3.9.2.8 (c) shows S2p peak along with its
deconvoluted features. Two components were observed at ~162.2 and 163.1 eV. The peak at
~162.2 was tentatively assigned to the thiolate anions that interacted with the metallic silver. The
peak at higher binding energy was possibly due to the thiolate anions that might have interacted
weakly with the neighbouring cationic amine groups instead of the metal [269] . N1s spectra
exhibited two components and have been attributed to the free amino groups (peak at ~400.3 eV)
and those bonded to the metal surface (peak at ~399.6 eV).
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Fig. 3.9.2.8 XPS spectra of (a) Ag3d, (b) O1s, (c) S2p and (d) N1s for cysteine capped Ag-nps
along with the deconvoluted features.
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Fig. 3.9.2.9 Raman spectrum of the sample C drop cast on silicon single crystal. Inset: The same
spectrum magnified in the range 150-350cm-1
Figure 3.9.2.9 shows the Raman spectrum of sample C drop cast on a silicon single crystal. Inset
shows the same spectrum magnified in the range 150-350cm-1. The spectrum exhibited peaks at
~227, 250 and 260cm-1. The peaks at ~227 and 250cm-1 have been attributed to Ag-S and Ag-N
[270] stretching vibrations due to the formation of covalent bonds between the Ag-nps and
nitrogen atom of the amino group and sulphur atom of the thiolate group.
Earlier, Mandal et.al. reported on the capping of Ag-nps by cysteine molecules via thiolate
linkages [271]. Thakur et al. discussed the possibility of all the three Ag-S, Ag-N and Ag-O
linkages at the same time [272]. However, all these studies were carried out in the alkaline pH
and strong reducing agents like NaBH4 and Na2S were used to produce Ag-nps. In contrast,
cysteine was used as the sole reducing and capping agent in our method and Ag-nps were
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produced in mildly acidic pH in a green chemical approach. Jing et al. studied extensively on the
adsorption of L-cysteine molecules on gold and silver nanoparticles by both surface enhanced
resonance Raman spectroscopy and DFT calculations [273]. They showed that interaction of Agnps with L-cysteine especially in presence of NO3- took place primarily through carboxylate and
amino groups. Based on spectroscopic evidences and inputs from the literature, it may be safely
concluded that the capping of Ag-nps by cysteine in our samples took place through either or all
the three thiolate, amino and carboxylate linkages. The dual role of cysteine both as a reducing
and capping molecule in the preparation of Ag-nps was thus firmly established.
To conclude, in this study feasibility of synthesizing stable silver nanoparticles by using cysteine
in a biomimetic approach was amply demonstrated. Dual role of cysteine as the reducing and
capping molecule was established. Capping of the nanoparticles took place via covalent bonding
of either or all the three thiolate, amino and carboxylate groups of the cysteine molecule. Silver
sol produced by reacting 0.1 mM of cysteine with 1 mM of AgNO3 was stable for over 1 month.
The MIC value registered against E. coli was lower than reports in literature and was comparable
with that of Ag-nps obtained via fungal route. The particle sizes were also comparable in the two
cases, signifying that the products synthesized by cysteine and that obtained by fungal route
mimicked each other in terms of morphology and properties.
In spite of the aforementioned advantages of our bio-mimetic approach over the conventional
biological syntheses, the maximum stability of the sol that could be synthesized using cysteine
was over 1 month as against over 1 year (in darkness) for sols synthesized by T. asperellum
[274]. This underlined the applicability and significance of biosynthesis despite it being
elaborate and involved.
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3.9.3 Role of macromolecules of the mycelia free filtrate in the synthesis of
silver nanoparticles.
In the previous section the underlying significance of biological synthesis was duely highlighted.
It was observed that the heightened stability of the nanoparticles synthesized by the mycelia free
filtrate, of more than a year at room temperature, could not be mimicked by cysteine alone. As
mentioned earlier in section (3.9.1) the rich diversity of biomolecules may play a decisive role in
the profound stability of the nanoparticles. Hence it was pertinent to outline the role of biomacromolecules due to their size and complexity, in nanoparticle synthesis. In order to check for
the heat lability of the molecules the mycelia free filtrate was subjected to heat treatment by
boiling and the loss of water was compensated for, by addition of equal amount of deionised
water. This solution containing denatured biomolecules, was treated with 1mM silver nitrate and
incubated for five days in an orbital shaker the same way as mentioned in section 2.1 (materials
& methods). Parallely, a control flask containing non-heat-denatured filtrate was also incubated
with silver nitrate. The formation of silver nanoparticles was monitored by UV-vis
spectrophotometry, as well as visual change in colour. Nanoparticle formation ability was
severely hampered during the five day incubation period in the heat treated filtrate as observed
from the featureless nature of the curve in the graph in figure 3.9.3.1. Compared to this the
filtrate obtained as such (non heat treated) gave rise to a definitive surface plasmon peak (the
kinetics of which has been dealt with in section 3.3). Thus the probable involvement of heat
labile biomolecules in reduction of silver ions was established.
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Our next objective was to selectively remove molecules below a threshold size and find out the
consequent effect on nanoparticle formation. For the same purpose, the mycelia free filtrate was
dialysed through a 10 kDa cut off membrane. On incubating the dialysed filtrate with silver
nitrate, characteristic surface plasmon peak was not observed when compared to an undialysed
control in figure 3.9.3.2. The many possible molecules in a biological system of molecular
weight less than 10 kDa are peptides, secondary metabolites and cofactors of enzymes to name a
few. It was previously demonstrated by several researchers that NADH in conjunction with
enzymes had a key role in nanoparticle synthesis. Hence we supplemented the dialysed filtrate
with NADH to check if the loss of nanoparticle synthesis activity in the dialysed filtrate, could
be restored. NADH-supplemented, dialysed filtrate regained nanoparticle synthesis function, as
can be visualised in the figure 3.9.3.3, by the appearance of a plasmon peak centred at ~420 nm.
NADH concentrations ranging from 0.025 mM to 1 mM were checked for nanoparticle
synthesis. Among the different concentrations of NADH used to supplement the dialysed filtrate,
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0.1mM gave the best response in terms of appearance of a well-defined plasmon peak. At
concentrations higher than 0.1mM progressive increase in precipitation of colloidal particles
occurred, while at lower concentrations the intensity of colour development was low indicating
lesser production of silver nanoparticles. Hence, for all further experiments 0.1 mM NADH was
used as a standard concentration to study nanoparticle synthesizing activity of the components of
mycelia free filtrate.

Fig. 3.9.3.3 Effect of addition of 0.1 mM NADH in restoring nanoparticle formation by dialysed
filtrate (Dia fil). Effect of NAD in dialysed filtrate and corresponding controls in water are also
shown.
Figure 3.9.3.3 also illustrates that silver ions and NADH, in absence of the dialysed filtrate,
failed to produce a well-defined surface plasmon peak, thus underlining the importance of the
components of the dialysed filtrate in nano silver synthesis activity. An extremely low intensity
hump could be observed (blue curve) in this case which may be due to extremely low amount of
silver reduction and probable capping by NADH. A control sample of dialysed filtrate with
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similar concentration of NAD instead of NADH, also failed to exhibit nanoparticle formation,
indicative of the specific role of the reduced form of NAD in the same.
Thus, having established the contribution of components of the dialysed filtrate and NADH
towards formation of nanoparticles, the next objective was to find out the macromolecules
(above 10 kDa) represented in the dialysed filtrate.
To achieve this, the mycelia free filtrate was concentrated by ultrafiltration using a 10 kDa cutoff membrane. 918 ml of the mycelia free filtrate was concentrated to 40 ml in a centricon stirred
cell ultrafiltration assembly. The concentrated filtrate would be termed as retentate here after.
The concentration of protein in the retentate was determined to be 2285 µg/ml. The retentate
failed to exhibit nanoparticle formation without NADH, in the presence of silver ions (figure
3.9.3.4). However addition of 0.1 mM NADH in the retentate re-established the ability of
nanoparticle formation.
3.0

AgNO3 Retentate(1:23) no NAD NADH
AgNO3 Retentate(1:23) NAD

Absorbance (a.u.)

2.5

AgNO3 Retentate(1:23) NADH

2.0
1.5
1.0
0.5
0.0

300

400

500

Wavelength (nm)

600

Fig. 3.9.3.4 Effect of addition of 0.1 mM NADH in restoring nanoparticle formation by the
concentrated retentate. Controls of without NADH or NAD supplementation, and controls with
NAD have also been shown
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Electrophoresis of Proteins in the retentate and Mass Spectrometry
There was very high possibility that molecules acting in conjunction with cofactors could be
proteins. Hence the retentate sample was electrophoresed on a 12% SDS-polyacrylamide gel to
resolve the proteins. Reducing agent was omitted from the sample buffer to retain the disulphide
bonds of the proteins intact. SDS in the gel was replaced with triton-X-100 after electrophoresis
and further washed with water to allow renaturation of the resolved proteins. Thus the gel bound
proteins were brought back to a functionally active form. Samples were run in duplicates. One
half of this gel was stained with Coomassie R 250 and the other half was incubated with 0.1 mM
NADH and 1mM silver nitrate to mimic conditions used to restore nanoparticle formation ability
by the retentate in previous experiments. As is evident from the gel photograph in Fig.3.9.3.5 a
particular area of the gel, corresponding to the region between band 14 to band 18 in the stained
half of the gel, turned yellow in colour. The other parts of the gel, excluding the lanes in which
samples were loaded, served as a negative control indicating that the material of the gel and the
reagents did not contribute to nanoparticle formation. It was also found that not all protein bands
responded to the presence of silver nitrate and NADH by changing colour to that, characteristic
of silver nanoparticles. Another noticeable point was that nanoparticle formation was
independent of protein concentration as can be observed in the case of bands 14 and 15. While
bands 12, 13,and 19 were of much higher intensity in the Coomassie stained gel (indicating
higher amounts of protein) compared to bands 14, 15, 16, 17 & 18, they did not contribute
toward NADH dependent silver nanoparticle formation.
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Fig. 3.9.3.5.(a): Coomassie stained non-denaturing gel with marker lane (b): Unstained half of
the gel exposed to NADH (0.1 mM) & AgNO3 (1 mM) S- sample, M- marker
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Table 3.9.3.1: Summary of Hits obtained from Mascot Analysis of MALDI-TOFF results for
band 14-18
Band no

Identity

Organism

Score

14 1st hit
2nd hit

Hypothetical protein
Hypothetical protein

Fomitopsis pinicola
Trichoderma
atroviridae
Bipolaris oryzae

70
61

15 1st hit

ATP dependent RNA
helicase
Hypothetical protein

Nosema bombycis

76

22%

8

16 1st hit
2nd hit
3rd hit

Hypothetical protein
Hypothetical protein
short - chain
dehydrogenase,

Fusarium oxysporum
Aspergillus flavus
Cordyceps militaris

82
63
53

40%
12%

6
4
8

17 1st hit
2nd hit
3rd hit

Mixture of proteins
Mixture of proteins
Vacuolar protease A

Not considered
Not considered
Trichoderma
aureoviridae

84

23%

10

18 1st hit

CDC 73 family RNA pol II
accessory factor
Putative ankyrin repeat

Colletotrichum
graminicola
Togninia minima

78

31%

10

68

16%

15

3rd hit

2nd hit

2nd hit

Hypothetical protein

Postia placenta

61

61

Sequence
coverage

Peptide
matches

15%

12

35%
9%

12%

7
23

9

The proteins in the region, corresponding to the area where colour development occurred, were
subjected to MALDI-TOF-MS analysis. Mascot searches were conducted using the NCBI nonredundant database with the following settings: Number of mis-cleavages permitted was 1, fixed
modifications such as carbamidomethyl on cysteine, variable modification of oxidation on
methionine residue; peptide tolerance as 100 ppm; enzyme used as trypsin and a peptide charge
setting as +1. In absence of genome data for Trichoderma asperellum, hits for fungal proteins
from other genera were accepted to be significant. In Hits that had a MASCOT score of more
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than 65, with minimum of 6 peptide matches, the search was accepted as significant
identification [153] (p < 0.05) when sequence coverage was at least 20%.
The results of the MASCOT search has been indicated in table 3.9.3.1. The information on
nominal mass and pI have not been taken into consideration since
(a) The proteins were extracellular and it is expected that some signal peptide would have been
cleaved during their localization.
(b) In order to maintain the proteins in a functionally active conformation for subsequent
nanoparticle development assay, the reducing agent was omitted from the sample buffer. This
would result in the maintenance of homo and hetero multimeric structures. The complex
structures would resolve on the gel as per their complex molecular mass.
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Fig. 3.9.3.6 Mascot search result for band 14
First hit for band 14 corresponded to hypothetical protein from Fomitopsis pinicola. The entry
had an acceptable score of 70 and sequence coverage of 35%. On Phyre server (protein model
prediction) it was found to model with a putative Rossman fold containing protein albeit with
low confidence of 20%. Rossmann folds typically occur in reductase proteins or in a more
general manner in proteins that bind to cofactors like NADH, FADH etc. (NADH binding
paper). Due to the low confidence in the model, a biological function of binding to NADH could
not be ascribed with certainity to this hit. The second entry for band 14 was unacceptable owing
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to the low sequence coverage and score of 8% and 61 respectively, though more number of
matches being generated (23 peptide matches). Similarly the third match having a score of 61
also resulted in a low sequence coverage of 15%. Of these 3 entries the first one seems to be
more probable due to the higher score and greater sequence coverage as per our established
criterion.

Fig. 3.9.3.7 Mascot search result for band 15
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First hit for band 15 was ATP dependent RNA helicase eI F4A from Nosema bombycis which
had a score of 76. Bioinformatics analysis for conserved domains showed the presence of two
ATP binding sites and one nucleotide binding domain. Presence of a nucleotide binding domain
was a strong indication that it can bind to NADH. Moreover, since ATP also binds to proteins
via Rossman fold, these could also serve as NADH binding sites.

Fig. 3.9.3.8 Conserved domain search result for band 15

2nd entry was a predicted protein from Postia placenta which could not be accepted owing to a
low sequence coverage of 12%. The other entries having further lower score were not considered
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Fig. 3.9.3.9 Mascot search result for band 16
Band no 16 matched with a hypothetical protein from Fusarium oxysporum with a significant
score of 82 and an acceptable sequence coverage of 40% with 8 peptide matches. When
modelled using Phyre server, a low confidence model was generated with a beta trefoil
containing protein which.is also a nucleic acid binding protein. Thus the biological function
could not be predicted to any degree of certainity. The second entry was from Aspergillus flavus
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with only four peptide matches. Hence this entry was not considered for further analysis. The
third predicted protein could also be a possible identity particularly when it has a relevant redox
function of a short chain dehydrogenase. However it had a low score of 53 and sequence
coverage of 12% and hence not considered.

Figure 3.9.3.10 Mascot search result for band 17
The 1st and 2nd hits from band no.17 were a mixture of proteins while the 3rd hit was from
Trichoderma and hence considered. This was identified as vacuolar protease A with a significant
score of 84 from Trichoderma aureoviridae. Substrates of the vacuolar proteases are mostly
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imported via endocytosis or autophagocytosis, and vacuolar proteolysis, appear to be important
under nutritional stress conditions and sporulation [275]. In order to obtain the mycelia free
filtrate the biomass is subjected to both nutritional and osmotic stress. Hence it was
physiologically relevant to find this protein in the filtrate. However its role in NADH dependent
synthesis of silver nanoparticles could not be explained though observed.

Figure 3.9.3.11 Mascot search result for band 18
Page | 164

Band 18 corresponded to cell division cycle 73 RNA pol II accessory factor from Colletotrichum
graminicola with a significant score and acceptable sequence coverage of 22%. The role of this
protein, which is a transcription factor, in nanoparticle formation could not be ascertained.
However intracellular proteins like histone H4, RuBP carboxylase etc are associated with
nanoparticle surface and probably involved in nanoparticle synthesis in Chlamydomonas
reinhardtii and were predicted to have redox reaction activity. The other hits were not considered
owing to their low sequence coverage. It is indeed intriguing to find proteins like RNA helicase
and cdc73 RNA pol accessory factor in the cell free filtrate. It has been reported that vesicle
bound fraction of the extracellular proteome of many fungi contain non-secretory proteins,
especially those related to protein and carbohydrate metabolism, response to stress, signaling
process, cell division, transport, and other/unknown functions. Whether these proteins identities
of intracellular proteins that we have obtained, are a part of an extracellular vesicle bound
fractions observed in other fungi like Paracoccidioides brasiliensis [276],Cryptococcus
neoforman [277], Histoplasma capsulatum [278], remains to be seen.
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Fig. 3.9.3.12 TEM of nanoparticle released from the gel
Transmission electron microscopy of the released nanoparticles from the gel
The region of the gel that exhibited colour development with NADH and silver nitrate was
maserated to release silver nanoparticles. These could be visualized by TEM as evident in figure
3.9.3.12
The rich diversity of microorganisms that synthesize variety of nanoparticles from inorganic
salts, reflects in the equally diverse nature biomolecules that are involved in the process, whether
it is an extracellular or intracellular mode of synthesis. Molecules that are involved in the
synthesis of nanoparticles range from enzymes, cell wall associated polysaccharides glutathione,
cysteine, ligninase, laccase to name a few.
The following discussion aims at elaborating the diverse mechanisms of nanoparticle synthesis in
different organisms. Fungi are very well suited for synthesis of nanomaterials for reasons already
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explained. The first report on an enzyme based mechanism of silver nanoparticle synthesis was
published by Kumar et al. They demonstrated in-vitro synthesis of silver nanoparticle in
anaerobic conditions in the presence of cofactor α-NADPH, phytochelatin (stabiliser),electron
carrier 4-hydroxyquinoline, and nitrate reductase purified from Fusarium oxysporum [97]. In the
absence of any one of these 5 components nanoparticle synthesis did not occur. In vitro, gold
ions were reduced by NADPH dependent sulphite reductase in the presence of stabiliser
phytochelatin [279]. A 70 kDa protein was implicated in reduction of silver ions to silver in
fungus Penicillium fellutanum [87]. Protein compactin was possibly involved in reduction of
silver ions in P. brevicompactum [89]. Moteshafi et al demonstrated in case of Fusarium
oxysporum, presence of sodium azide, an inhibitor for nitrate reductase, resulted in a 40%
reduction in the silver nanoparticle formation. In contrast to this observation, in a bacterial
system 90% reduction of nanoparticle formation activity occurred with sodium azide. Hence, it
was concluded that biomolecules other than nitrate reductase had a prominent role in
nanoparticle synthesis, definitely in fungi. They further demonstrated that biomolecules between
10 to 20 kDa were most effective in nanoparticle synthesis. These could be a part of the large
repertoire of low molecular weight proteins which are particularly abundant in culture
supernatants of certain filamentous fungi [280]. However in these experiment the biomass was a
priori exposed to silver sulphate and silver nitrate. The filtrate obtained after exposure to silver
was analysed [281].
It was observed that the activity of extracellular enzymes ligninase and laccase decreased with
increasing gold nanoparticle synthesis in Phanerochaete chrysosporium [81]. The decrease of
enzymatic activity was an indication of the fact that the enzymes were used up in the process of
nanoparticle synthesis. Similarly a cytoplasmic and periplasmic hydrogenase enzyme was
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involved in the extracellular synthesis of platinum nanoparticles by Fusarium oxysporum [282].
In case of Colletotrichum nano-gold was formed by glutathione [78]. The peptidoglycan layers
of Saccharomyces cerevisiae served to trap gold ions while the aldehyde groups in the reducing
sugars participated in the reduction process. A non-enzymatic amino-acid dependant mechanism
was also unveiled in Penicillium nalgiovense [283]. In the case of Cladosporium cladosporoides
[86] and Coriolus versicolor mycelia free spent medium was used for the synthesis of silver
nanoparticles. It was reported that proteins, polysaccharides and organic acids in the medium
have the ability form nanoparticles. Phenol oxidases were purified from culture supernatant of
nitrogen fixing bacteria Azospirillum brasiliense [284] and the purified enzymes were found to
reduce chloroauric acid to gold nanoparticles.
Extracellular reduction of silver ions in culture supernatant of bacteria belonging to
Enterobacteriaceae was partially inhibited by addition of piperitone. This implied the role of
nitrate reductase in silver reduction [65].
Apart from living organism or biomolecules derived from them, peptide libraries have been
generated using combinatorial phage display technique to check for the onset of
biomineralization

of

silver

by

specific

peptide

sequences

like

AYSSGAPPMPPF,

NPSSLFRYLPSD in contact with silver nitrate. This study indicated that peptides that are able to
bind silver had a preferential enrichment of proline and hydroxyl group containing amino acids
[58]. Protein arrays containing multiple repeats of 34 amino acid helix-turn-helix consensus
sequence tetratricopeptide repeat have emerged as promising candidates for modular design of
biohybrid platforms. The number of helix turn helix motifs (3, 6, 18) had a predictable effect on
the shape and size of gold nanoparticles formed upon reaction with chloroauric acid in MOPS
buffer (unpublished data).
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Since a vast array of proteins and peptides were able to bring about silver ion reduction we
aimed at studying the effect of commonly used proteins in the laboratory to generate silver
nanoparticles in an NADH dependent manner. The protein concentrations in dialysed filtrate was
found to 190 µg/ml while that in the retentate was 2285 µg/ml. The retentate was diluted by 23
times in keeping with the factor by which it was concentrated from the mycelia free filtrate.
Hence the concentration of the diluted stock of retentate was approximately 100 µg/ml.
Non-specific protein like bovine serum albumin, albumin, chymotrypsin, casein-hydrolysate and
lysozyme were used to check for nanoparticle formation. Protein concentrations equivalent to
that present in the dialysed filtrate and dilute retentate were selected. One set of experiments,
was also done at a higher concentration of non-specific proteins than that present in retentate and
dialysed filtrate. Thus stock solution of non-specific protein containing 100, 200 and 350 µg/ml,
of each protein were prepared. Reactions for nanoparticle formation with NADH, silver nitrate
and the above mentioned proteins were set up in the same lines as that of dialysed filtrate and
retentate. The formation of nanoparticles was determined by UV vis spectrophotometry after an
18 hour incubation period. In none of the following graphs characteristic surface plasmon peak
of nano silver could be observed, in contrast with the observations in the dialysed filtrate or
retentate treated similarly (Fig. 3.9.3.3 and 4). In case of casein hydrolysate, a broad feature
could be seen which increased in intensity with increase in concentration of protein from 200
µg/ml to 350 µg/ml. However this feature was of much lower intensity compared to the plasmon
peaks shown in figure 3.9.3.3 and figure 3.9.3.4., of NADH supplemented dialysed filtrate and
retentate. In chymotrypsin, BSA, and lysozyme the surface plasmon maxima curve was
featureless. In case of albumin a small hump was observable at a much lower wavelength of 340
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nm, than that expected for silver nanoparticles, which is close to 400 nm. Controls with
nonspecific proteins and NAD failed to yield any plasmon absorbance maxima feature.
Literature review indicates that a wide variety of biomolecules exhibit nanoparticle
formation. Our results also showed that more than one protein was involved in nanoparticle
formation in conjunction with NADH. Their identities were as varied as RNA helicase, or CDC
73 family RNA pol II accessory factor, vacuolar protease, or hypothetical ones. However the fact
that not all proteins could exhibit the same reaction at equivalent or higher concentration, lends a
reasonable degree of specificity of function in nanoparticle synthesis, to the few proteins
identified from the cell free filtrate of T. asperellum.
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Fig.3.9.3.13. The effect of NADH and proteins like casein-hydrolysate, bovine serum albumin,
chymotrypsin, lysozyme, and albumin on formation of silver nanoparticles from silver nitrate ;
protein concentrations are (a)100 µg/ml, (b) 200 µg/ml and (c) 350 µg/ml
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Fig. 3.9.3.14. The effect of NAD and proteins like casein-hydrolysate, bovine serum albumin,
chymotrypsin, lysozyme, and albumin on formation of silver nanoparticles from silver nitrate;
protein concentrations used were (a)100 µg/ml,(b) 200 µg/ml and (c) 350 µg/ml.

Cyclic Voltametry studies

In order to establish the specific role of NADH in nanoparticle synthesis, oxidation potential
measurements were done by cyclic voltammetry. Mycelia free filtrate, dialysed filtrate, retentate
and NADH supplemented dialysed filtrate and retentate were all taken for these measurements
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Fig. 3.9.3.15 (A) Oxidation potential of cell free filtrate, (B) Oxidation potential values for
retentate, retentate with NADH, dialysed filtrate, dialysed filtrate with NADH.
Cyclic voltammetry studies (fig. 3.9.3.15 A) revealed that the mycelia free filtrate exhibited an
oxidation peak at 720 millivolts versus Ag/AgCl, 3M KCl. Hence the filtrate had a tendency to
get oxidized and in turn reduce Ag+ to Ag whereas the dialysed filtrate and the retentate did not
exhibit any oxidation peak with-in the range of measurement (fig. 3.9.3.15 B). Thus it was
concluded that the mycelia free filtrate had the capacity to reduce Ag+ to Ag in contrast to that of
dialysed filtrate or retentate.
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We had observed from our experiments that supplementing NADH in the dialysed filtrate and
retentate restored its ability to form silver nanoparticles. Hence cyclic voltammetry studies were
carried out using 0.1 mM NADH. It was found the NADH exhibited an oxidation peak at 610
mV vs Ag/AgCl, 3M KCl, which was slightly less than that of the mycelia free filtrate. In the
presence of dialysed filtrate, oxidation peak for NADH was observed at the same value. The
oxidation peak for NADH, shifted slightly in presence of the retentate to 650 mV. From these
studies we concluded that NADH is the redox active component which is responsible for
reduction of silver ions in case of the NADH supplemented dialysed filtrate and retentate.
However, nanoparticle formation not only depends on the reduction of silver ions, but also on the
efficient capping of the reduced species. Presence of bio-macromolecules ensures capping and
hence stabilisation. However from our previous observations about non-specific proteins, it
needs to be reiterated that not all proteins ensure capping. As we have observed before, that
compared to several non-specific proteins, the NADH-supplemented retentate and dialysed
filtrate showed a well-defined surface plasmon peak (fig. 3.9.3.3 & fig 3.9.3.4) upon reaction
with silver ions. Further five proteins from the retentate resolved on SDS page gel, post
renaturation, showed colour development when assayed for nano silver synthesis “in gel”, with
0.1 mM NADH. Though not fully elucidated, but the specific role of these five proteins have
been experimentally observed over non- specific proteins and other proteins-from the retentate
(or mycelia free filtrate) resolved in the same gel.
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3.10 Reusability of biomass used for nanoparticle synthesis
in bio-control of soil borne pathogenic fungi
Green Chemistry methods in synthesis of nano-particles are pursued both in laboratory and on
industrial scale mainly to avoid hazardous waste generation and reduction of use of harsh
chemicals which pose a problem for environment. Biological route offers a good substitute
especially in synthetic procedures for nano-particles as biological systems at sub-cellular level
can operate only in nano-range. Agriculturally active fungi are known to produce a large number
and variety of extracellular enzymes required for digestion of complex organic matrices involved
in humus formation. Only the mycelia free extract was used in our procedure for formation of
nanoparticles, thereby avoiding any direct contact of metal ions with fungal biomass. It is
expected that after taking the mycelia free filtrate for nano particle biosynthesis, remaining
biomass would not have any contamination and still be used as biocontrol agent. The biomass
was found to retain its viability and hence it was tested for any loss of its activity as a biocontrol
agent against plant pathogenic fungi in soil.
Trichoderma species are used extensively as bio-pesticides for a variety of plant pathogenic
fungi in last few decades. They are known to induce systemic resistance against diseases [285,
286] and systemic resistance to plant stresses, including drought, salt and temperature [287, 288].
Trichoderma enhances the vigour of poor-quality seeds [287] and improves nitrogen use
efficiency by plants [287, 288].
Bio-control potential of various isolates of Trichoderma asperellum have been studied. They are
known to impede colonization of many pathogenic fungi like Sclerotia rolfsii, Phytopthora
erythrosepti, Theilaviopsis paradoxa etc. Several volatile and nonvolatile compounds like
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harzianic acid, alamethicin, tricholin, viridin, alovirin, gliovirin, glisoprenin, antifungal
antibiotics and cell wall hydrolyzing enzymes are secreted by fungi that impede colonization by
antagonized microorganisms [150].

Fig. 3.10.1 Dual culture assay with Trichoderma asperellum and 1 Pythium aphanidermatum, 2
Rhizoctonia solanii, 3. Sclerotium rolfsii, 4 Fusarium sp. 5. Aspergillus niger
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The biocontrol potential of this isolate was examined in the lab by dual culture technique [154].
The strain was tested against a variety of phyto-pathogens like Pythium aphanidermatum,
Fusarium, Sclerotium rolfsii and Rhizoctonia solanii and also against a saprophytic fungus
Aspergillus niger. Further pot studies were done to check the effects in suppressing disease of
soil borne pathogenic fungi.

3.10(a) Laboratory study to show antifungal activity of Trichoderma
asperellum biomass

It was observed that T. asperellum suppressed the growth of phyto-pathogens Pythium
aphanidermatum, Fusarium sp., Rhizoctonia solani, Sclerotia rolfsii and saprophytic fungi
Aspergillus niger in a dual culture study [154] to the extent of 53% – 83.3 % (table 3.10.1) using
the formula as mentioned in the materials methods section. Pathogens like Pythium, Rhizoctonia
and Sclerotium were fully overgrown by the Trichoderma in ~10 days of incubation
demonstrating its biocontrol potential.
Table 3.10.1 Extent of inhibition of plant pathogenic and saprophytic fungi by Trichoderma
asperellum as measured by dual culture technique
Sl.
No.

Name of the fungi

2

Rhizoctonia solani

63.3±4.44

3

Sclerotium rolfsii

53.3±2.3

4

Fusarium sp

70±2.54

5

Aspergillus niger

68.33±3.5

1
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Pythium
aphanidermatum

%
inhibition
83.3±1.67

Talc formulations of the remnant biomass were made after obtaining the mycelia free filtrate.
The used biomass was also applied as an amendment to Nisargruna biogas manure. The final
spore count of the formulations was adjusted to 1X106cfu/g.

3.10(b) Pot studies to check the bio-control efficacy of remnant biomass
The following photograph in Figure 3.10.2 represents soil infested with Pythium which was
further used to check efficacy of the formulations and amendments (of the remaining T.
asperellum biomass after obtaining the cell free filtrate) in suppressing disease of chilli plants.
After complete growth of Pythium spp. in soil, the soil was again mixed thoroughly to get
uniform spread of the disease and further used to sow chilli seeds. T. asperellum (T1) was
applied as a seed treatment in talc-based formulation at the time of sowing (10 g/kg seeds).
Trichoderma amended with biogas manure (T2) was applied directly to the pots (5 g/pot). A
chemical fungicide, benomyl, was used in the next series (T3). The other two treatments were
pots having soil with only Pythium spp. (T4) and without Pythium spp. (T5) control). T4 and T5
served as infected control and non infected controls respectively. Chilli (Capsicum annum L. var
PhuleJyoti. MPKV Rahuri, M.S., India) was sown at the rate of 10 seeds per pot. Seed
germination was observed for 10 days and the results obtained are tabulated below.
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Fig. 3.10.2 Pots showing Pythium infestation in soil
Table : 3.10.2 The comparative account of various treatments of T. asperellum biomass and
controls

No
1
2
3
4
5

Treatment
Trichoderma biomass
(seed treatment)
Biogas manure
amended with
Trichoderma biomass
Chemical fungicide
Infected control
(Pythium spp.)
Non-infected control
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Seed
germination
(%)
83.3
0.57
86.6
1.0
93.3
1.7
30.0
1.15
80.0
0.57

Disease
incidence
(%)
16.7

Suppression of
disease over infected
control (%)
76.14

13.4

80.85

6.7

90.42

70.0

--

Natural causes of
non germination

--

In pot culture studies, there was 76.14%, 80.85% and 90.42% inhibition of Pythium
aphanidermatum induced “damping off” with respect to infected control pots with

seed

treatments of T. asperellum biomass, T. asperellum amended biogas manure and chemical
fungicide respectively. Hence the efficacy of the seed treatment and the manure amendment
made from Trichoderma asperellum biomass after obtaining the cell free filtrate for nano-particle
synthesis, was demonstrated. It proves that the efficacy of biomass of Trichoderma is not at all
affected because of stress created by removal of mycelia free filtrate and it can still be used as a
biocontrol agent.

Fig. 3.10.3 Effect of treatment of T. asperellum biomass to Pythium inoculated soils, on
germination of chilly seed: T1 T. asperellum biomass applied as seed treatment to chilly seed
prior to sowing,
T2 T. asperellum amended biogas manure applied to soils,
T3 Chemical fungicide treated soil,

T4 Infected control without T. asperellum or chemical fungicide
T5 Non Infected control
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3.11 Applications of silver nanoparticles

(a) Suppression of flow instability in circulation loops by nano-fluids
Natural Circulation systems for removal of heat find applications in engineering fields, viz., solar
water heaters, geothermal cooling, cooling of the core of a nuclear reactor, cooling of gas turbine
blade and transformers, etc. New-generation nuclear reactors (Generation III) rely on natural
circulation for removal of nuclear heat generated due to fission. Natural circulation based
convective mode of heat removal has many fold advantages such as simplicity in design,
elimination of hazards related to pumps and other accessories commonly used in forced
circulation, lower operating cost etc. However, one of the major challenges for incorporation of
this mode of heat removal is occurrence of flow instabilities. Although instabilities are common
to both forced and natural circulation systems, the latter is inherently more unstable than forced
circulation systems due to more nonlinearity of the natural circulation process and its low driving
force. Because of this, any disturbance in the driving force affects the flow. This in turn
influences the driving force, leading to an oscillatory behaviour. Thus the heat removal
capability of the system is degraded. In view of this, it has been over the years a requirement in
the art to devise new technologies for suppression of such instabilities in natural circulation
system [289]. It was demonstrated experimentally, that with nanofluids, not only the flow
instabilities are suppressed but also the natural circulation flow rate is enhanced.
To substantiate the facts, we conducted experiments in a natural circulation loop with geometry
as shown in figure 3.11.1. The test facility resembles rectangular geometry with circular flow
cross-section area. The geometry is relevant to that of solar water heaters and nuclear reactors.
The pipes are made of glass with inner diameter of around 26 mm. The schematic diagram of the
loop is shown in the figure (Fig. 3.11.1). The loop was heated with electric wire which was
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wound uniformly on the outer surface of the glass tube in the bottom horizontal leg. It was
cooled at the top through a tube-in-tube type heat exchanger with tap water flowing through the
annulus. In the experiment, initially water was heated from an initial power of 300 W in steps of
100 W, and the instabilities were observed even at 300 W. The amplitude of oscillations kept on
increasing with rise in power. The experiments were repeated with silver nanofluid
(biosynthesized silver nanoparticles in fungal filtrate). The most significant finding was that the
flow instabilities were suppressed even with a low concentration of 1 mM (108 µg/ml ~.01% by
wt) of Ag nanofluid. Comparing with literature we found that at least 1% by weight of oxide
nanoparticles, like alumina was required to yield the same performance like silver nano-fluid
[286].
Expansion
Tank

Cooling
water inlet

Cooling
water outlet

Cooler
1000.0

2265.0
Locations for temperature
measurements

784.0

Heater

1515.0

Fig. 3.11.1: Schematic diagram of experimental facility for natural circulation loop
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Fig. 3.11.2: Flow instability of water and silver nano fluid in natural circulation loop.
(b) Wound healing of canine patients

Antimicrobial activity of nanosilver has been used to make silver based gels for therapeutic use,
coated in dressing materials, used in textiles and as surface coatings. The non specific mode of
action of nano-silver makes it a broad spectrum anti-microbial substance [168] A nanosilver
based dressing material was made as follows and employed for veterinary use.
A maggot infested wound of a stray canine patient was cleaned using betadiene. The wound was
dressed with nanosilver coated bandages. The bandages were made by applying 8 ml of 1mM
nanosilver solution to a gauge piece containing atleast 8 layers. The dimensions of the bandages
were ~ 15X15 cm2. For the first 7 day that dressings were done, changes were given every 48 h.
During the next two weeks dressings were changed every 4 days. Complete healing took place in
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3 weeks without topical application of ointments that typically contain Ofloxacin (antibiotic),
clobestasol (steroid) and myconazole (antifungal).

Fig. 3.11.3: Healing of maggot infested wound of canine.

(a) wound before dressing. (b) wound after 3 weeks of healing
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Summary and Conclusions
Filamentous saprophytic fungi like Fusarium oxysporum and Aspergillus fumigatus were known
to produce nanoparticles of noble metals extracellularly. Our laboratory has been extensively
working on Trichoderma for its biopesticide properties. A lot of biomass is generated for this
purpose. We started with the idea of screening agriculturally important fungi for extracellular
synthesis of nanoparticles. Two phosphate solubilizers namely Penicillium spp and Aspergillus
niger and three species of Trichoderma were chosen to evaluate their potential to synthesize
silver nanoparticles. Important results from this study are summarized as follows:
The mycelia free filtrate of one of these five fungi, later identified as Trichoderma asperellum,
yielded a clear surface plasmon peak for nano silver when treated with silver nitrate. This filtrate
was later applied for synthesis of a metallic, metallic oxide and composite nanomaterials
throughout these studies.
Silver nanoparticles synthesized by this method were spherical with size distribution between 1020 nm. The particle size obtained from TEM measurements done after 6 months of storage
agreed well with average diameter obtained from XRD done within a week of synthesis. The
particles remained in solution for more than a year at ambient conditions, thus exhibiting very
high stability.
TEM analysis of synthesized gold nanoparticles revealed evolution of exotic morphologies
starting from spherical nanoparticles. Three spherical nanoparticles fused to form a triangular
structure. Further merger of spherical particles to the edges of the triangular particles resulted in
bigger triangles being formed. Stacking and fusion of triangular structures gave rise to prismatic,
hexagonal and other exotic structures. The triangular structures had atomically flat surfaces as
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revealed from surface roughness measurements done by atomic force microscopy. These
structures have potential use in molecular scanning tunnelling microscopy and treatment of
tumours.
Nano-template bound synthesis of nanoparticles leading to formation of hybrid materials was
demonstrated. In situ synthesis and deposition of nanosilver on multiwalled carbon nanotubes
were carried out with the mycelia free filtrate without further modification of the CNT surface.
The dispersibility of the composite in aqueous medium could be improved after acid treatment of
the pristine CNT. Using functionalized CNT (having surface –COOH groups) silver deposition
was found to improve substantially by the same protocol.
MIC and MBC of silver nanoparticles (synthesized by mycelia free filtrate) against E. coli was
3.24 µg/ml and 7.56 µg/ml, respectively for a starting inoculum of 107-108 cfu/ml, while silver
nanoparticles formed on carbon nanotubes exhibited the same MIC and MBC values at lower
starting inoculum of 105-106 cfu/ml Antibacterial properties was introduced in carbon nanotubes
by silver impregnation.
Co-synthesis of oxide template along with dispersed metallic nano particles in a single step (one
pot) synthetic method using the mycelia free filtrate was feasible. This scheme of synthesis was
applied to obtain titania and palladium dispersed titania nanoparticles for catalytic applications.
The particles had a narrow size distribution probably because of the size-confining templates
present in the filtrate.
The catalytic activity of titania and palladium coated titania nanoparticles was evaluated.
Hydrogen generation by way of photocatalytic water splitting by these biologically synthesized
catalysts was the first ever report in literature for biological route. While hydrgen yeilded by
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TiO2 was 1.193 µmoles/mg/hr the same for Pd-TiO2 was 3.14 µmoles/mg/hr. On a comparitive
note these values were higher than that reported earlier from the similar system using indium
titanate. Over a period of 6 h, indium titanate, anatase TiO2 nanoparticles and commercial TiO2
(P25) yeilded 260, 130 and 145 µmoles of hydrogen in contrast to 942.5 µmol by our
biologically synthesized samples.
IR spectroscopic studies established that cysteine was one of the reducing molecules in the
mycelia free filtrate. Capping mechanism was revealed through Raman spectroscopy where
selective enhancement of Ag-N and symmetric and asymmetric stretching vibrations of COOions were observed. From these findings it was inferred that capping of the nanoparticles took
place by bonding of nano-silver via carboxylate and amino groups. As reported in previous
findings thiol groups did not participate in capping.
Interaction of cysteine with silver nitrate resulted in stable nanoparticles for a very specific ratio
of AgNO3 to cysteine (1mM : 0.1mM). It was found, that at this concentration of cysteine the pH
of the solution was much lower than the isoelectric point. Hence the resultant positively charged
amino groups on the adsorbed cysteine prevented coalescence of particles by way of repulsion.
In this case, carboxylate and amino groups as well as thiols were responsible for capping
interaction. Silver sol was produced by the reaction of 0.1 mM of cysteine with 1 mM of AgNO3
and was stable for over a month. Antibacterial activity of these silver nanoparticles was studied
in E.coli. On a comparative note, MIC and MBC values of Ag-nps synthesized via fungal route
were slightly lower by 1.08 g/ml than those of cysteine capped Ag-nps. The small difference in

antibacterial efficacies of the two systems was again attributed to the difference in the nature of
their capping molecules that probably played a significant role. The particle sizes were also
comparable in the two cases, signifying that the products synthesized by cysteine and that
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obtained by fungal route mimic each other in terms of morphology and properties. The
maximum stability of the sol that could be synthesized using cysteine was over 1 month as
against that of over 1 year (in darkness) for sols synthesized by T. asperellum. This highlighted
the applicability of the biological route over a chemical bio mimicking method.
Once Raman spectroscopy revealed the presence of carboxyl and amino groups on the surface of
silver nanoparticles, role of proteins in the synthesis of silver nanoparticles was probed. It was
observed that 5 proteins from the cell free filtrate, resolved on PAGE gel were involved in
nanoparticle formation in presence of NADH. In the same gel, other proteins which were in
higher concentrations did not give colour development specific to nanosilver, with silver nitrate
and NADH. Non specific proteins, did not exhibit this phenomenon under equivalent or higher
concentrations, in the presence of NADH. Though NADH might have been the redox active
molecule, but in the absence of a bio-macromolecule, nanoparticle formation was hindered. Thus
the possible role of these 5 proteins in a specific capping mechanism was evident. While low
molecular weight entities were responsible for reduction of silver ions, capping thereof was a
function specific to at least a few proteins.
The left-over biomass, after harvesting the cell free filtrate was used as an amendment to organic
manure and made into talc formulation. The biomass treated as above was effective in
suppression of Pythium induced “damping off” of chilli seedlings. In pot culture studies, there
was 76.14%, 80.85% and 90.42% inhibition of Pythium aphanidermatum induced “damping off”
with respect to infected control pots, with seed treatments of T. asperellum biomass, T.
asperellum amended biogas manure and chemical fungicide respectively.
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Two field applications of these nanoparticles were performed. Nano-silver coated bandages were
successfully tested for wound healing in a canine patient. Healing occurred without topical
application of ointments that typically contain antibiotics, antifungals and steroids.
Suppression of flow instabilities in natural circulation loops was demonstrated with very low
concentrations (108 µg/ml) of silver in the form of silver nanoparticles.
The mycelia free filtrate of a biocontrol agent Trichoderma asperellum, was successfully
employed in synthesizing metallic, metallic oxide and composite nanomaterials, while its
remnant biomass could be reused as a biopesticide in pot culture experiments using nonsterile
soil. The nanomaterials were tested for various applications at laboratory as well as field level
namely: antibacterial activity, photocatalytic water splitting, animal wound healing and heat
dissipation studies for suppressing flow instabilities. Insights were gained on probable molecules
or nature of molecules involved in reduction of metal ions like silver and capping thereof to form
stable nanomaterials.
Further work:
1. Profiling of low molecular weight proteins from the culture supernatant and mycelia free
filtrate of T. asperellum and testing their role in nanoparticle synthesis.
2. Optimization of palladium loading on TiO2 nanoparticles for higher yields of hydrogen.
3. Synthesis of silica and zinc oxide and their composites for catalytic application.
4. Studies on wound healing in collaboration with veterinary doctors and comparative studies on
reduction of flow instabilities by various nanoparticles.
5. Heterologous expression of a few of the candidate proteins involved in nanoparticle capping.
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APPENDIX

SDS-polyacrylamide Gel Electrophoresis of proteins

Table 1. Solutions for preparing Linear Resolving Gel (12 %) for Tris-glycine SDSPolyacylamide Gel Electrophoresis- total volume 40 ml.
Solution components
H2O
30% acrylamide mix
1.5M Tris pH(8.8)
10% SDS
10% ammonium persulphate
TEMED

Vol (ml)
13.2
16.0
10.0
0.4
0.4
0.016

Table 2. Solutions for preparing 5 % Stacking Gel for Tris-glycine SDS-Polyacylamide Gel
Electrophoresis- total volume 10 ml.
Solution components
H2O
30% acrylamide mix
1.5M Tris pH(6.8)
10% SDS
10% ammonium persulphate
TEMED
TEMED (N,N,N’,N’-tetramethylethylenediamine)

Vol (ml)
6.8
1.7
1.25
0.1
0.1
0.01

Coomassie Brilliant Blue Staining

Reagents:

Fixing solution:

Staining solution:

50% methanol and 10% glacial acetic acid)

0.25gm Coomassie Brilliant Blue R-250, 90 ml methanol: H2O (1:1 v/v) and

10% glacial acetic acid)

Destaining solution: 40% methanol and 10% glacial acetic acid)
Storage solution:
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water containing 20 % glycerol.
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a b s t r a c t
Green synthesis of gold nanospheres with uniform diameter and triangular nanoprisms with optically ﬂat
surface was carried out using a non-pathogenic bio-control agent Trichoderma asperellum for reduction of
HAuCl4. Kinetics of the reaction was monitored by UV–Vis absorption spectroscopy. No additional capping/complexing agent was used for stabilizing the gold nanoparticles. Evolution of morphology from
pseudospherical nanoparticles to triangular nanoprisms was studied by transmission electron microscopy (TEM). It revealed that three or more pseudospheres fused to form nanoprisms of different shapes
and sizes. Slow rate of reduction of HAuCl4 by constituents of cell-free fungal extract was instrumental in
producing such exotic morphologies. Isolation of gold nanotriangles from the reacting masses was
achieved by differential centrifugation.
Ó 2011 Elsevier Inc. All rights reserved.

1. Introduction
Metal nanoparticles with well-deﬁned morphology, gold and
silver nanotriangles, prisms and cubes in particular, have tremendous potential for applications in bio-sensing , VOC sensing [1],
oncotherapy [2], ﬁeld emission [3], as wave-guides for electromagnetic radiation [4], substrates for surface enhanced resonance Raman spectroscopy (SERS) [5], novel conductive tips for scanning
tunnelling microscopy (STM) [3] and near-infrared absorbing optical coatings [6]. Sharp tips and vertices of nano-triangles and
prisms are particularly responsible for their unique optical and
electronic properties [7]. Millstone et al. provided a comprehensive
review of colloidal gold and silver nanoprisms [8], wherein different exotic nanostructures of gold and silver including rods and
wires [9–14] prisms and discs [3,15–19], cubes [20–25], dog bones
[25,24] and hollow structures [26,27] are discussed. But there exist
only a few recent reports on the synthesis of gold nano-triangles
with high yield. The chemical methods involve reduction of metal
ions by strong reducing agents e.g. NaBH4 [15,18], Na2S [28], etc. in
presence of capping agents like surfactants [15,18], polymers [15],
or small organic molecules. Alternately, there are processes that
are mediated via addition of plant extracts and biological molecules in aqueous solvents. They have been proposed as an environmentally benign alternative to the aforementioned chemical
methods since they do not use any harsh chemicals, high-boiling
⇑ Corresponding author.
E-mail address: sharadkale@gmail.com (S.P. Kale).
0021-9797/$ - see front matter Ó 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcis.2011.08.085

solvents and extreme reaction conditions. Biological methods for
synthesis of triangular gold nanoprisms include reduction of
HAuCl4 using extracts from lemon-grass [3], aloe vera [5] and
brown seaweed [29]. Although efforts have been made to control
edge length by adjusting metal to reductant ratio, surfactant and
seed concentration, pH, etc., it is extremely difﬁcult to obtain
nanoprisms with uniform thickness by these approaches. It has
been generally observed that slow reduction of gold produces
nano-triangles [5,30] in preference to pseudospherical nanoparticles. Previously, we reported reduction of Ag+ using cell-free extract from Trichoderma asperellum [31] where the reaction
continued for several days. T. asperellum, a non-pathogenic fungus
from the Trichoderma genus is a proven bio-control agent and its
biomass is utilized in commercial formulations meant for different
agricultural applications [32]. It has been used in the present work
for the reduction of HAuCl4. It was hypothesized that slow reduction of gold by fungal extract, the process which could be further
manipulated by varying culture and growth conditions, would produce exotic structures including nanotriangles. Moreover, the biological molecules and protein fragments present in the cell-free
fungal extract might exhibit shape directing properties in gold
nanoparticles as previously observed for Aloe vera extract [5] and
PVP molecule [5,15]. Herein, for the ﬁrst time we report, using
cell-free extract of T. asperellum, room temperature synthesis of
uniform gold nano-triangles with optically ﬂat surface along with
pseudospherical nanoparticles. The observation is particularly
interesting since reduction of AgNO3 by cell-free extract of T. asperellum under similar reaction conditions produced only spherical
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nanoparticles [31]. Evolution of prismatic structures from pseudospherical nanoparticles was studied using transmission electron
microscopy (TEM).
Isolation of gold nanotriangles from other nanostructures was
accomplished by differential centrifugation.
2. Materials and methods
Fungal biomass was grown in a specially prepared liquid culture
medium (composition given in Table 1). The inoculated broth was
maintained at 30 °C under constant agitation at 150 rpm in an orbital shaker cum incubator for 3 days. It was then ﬁltered through
Whatman No. 1 ﬁlter paper. The residue was washed thoroughly
with sterile deionized water to remove any adhering media components and the excess water was blotted using paper towels. Five
grams of the material was then suspended in 50 ml of deionized
water and again incubated under the same conditions for 3 days.
The suspension was ﬁltered through Whatman No. 1 ﬁlter paper.
The ﬁltrate was then centrifuged at 11,000 rpm for 20 min to pellet
down any colloidal suspension. The supernatant was ﬁnally ﬁltered
under vacuum through Millipore (pore size 0.22 lm) ﬁlter paper.
45 ml of sterilized ﬁltrate was then added to 5 ml of 10 mM chloroauric acid (HAuCl4). Progress and completion of reaction were monitored continuously using UV–Vis spectrometry. Powder obtained
by drying an aliquot of the solution was calcined at 200 °C and
used for XRD measurements. It may be noted that the reaction
could be easily scaled up to an initial inventory of as high as
500 ml of extract without affecting the yield of nanoparticles.
UV–Vis spectra were recorded on a JASCO double-beam UV–Vis
spectrophotometer model V-530. XRD measurements were done
with Cu Ka radiation on a Philips X’pert Pro XRD unit operated
at 20 kV and 30 mA. Transmission electron micrographs were
recorded on a carbon-coated copper grid using JEOL 2000 FX
machine operated at 200 keV.
3. Results and discussion
Formation of gold nanoparticles is apparent from the gradual
change in colour of the incubated solution from pale yellow to dark
purple. In contrast, colour of the control remained practically unchanged during the entire incubation period (Fig. 1). Fig. 2 shows
a series of UV–Vis spectra of the solution recorded at room temperature at intervals of 24 h. All the spectra (except that recorded at
0 h) exhibit an intense peak at 570 nm corresponding to the surface plasmon band of nanocrystalline gold particles1 that increases
in intensity with time due to progressive bio-reduction of HAuCl4
to gold by the cell-free extract. The dipole plasmon band systematically shifts towards lower wavelength and also grows sharper
with increasing incubation time. This systematic blue shift of the
plasmon band and gradual decrease in its full width at half maximum (FWHM) are attributed to the formation of either nanoparticle-aggregates, or anisotropic particles whose aspect ratio
increases with time, or a combination of both [1,4,6]. However,
quadrupole and higher order plasmon modes speciﬁc to triangular
nanoprisms were not observed in the UV–Vis spectrum of our

Table 1
Composition of liquid culture medium for fungal growth.
Constituents of culture

Amount (g/l)

K2HPO4
KH2PO4
MgSO4
(NH4)2SO4
Dextrose
Yeast extract

2
7
0.1
1.0
10
0.6

Fig. 1. Digital photographs of gold nanoparticle sol and the control.

samples, except for a rising background leading to the NIR region.
This is probably due to the preponderance of pseudospherical
nanoparticles or large distribution of shape and size of the anisotropic nanostructures in the solution [8]. Inserted in Fig. 2, is a plot
of maximum absorbance (Amax) vs. hours of incubation, showing a
linear time-dependent increase in its intensity. Assuming pseudo
zero order kinetics for the reaction, the rate constant has been estimated (from a linear ﬁt to the data) to be 6.9  10 4/h. Slow kinetics of the reaction and in general of biological processes might
impose a bottleneck to their up-scalability but is instrumental in
producing metastable phases having exotic morphologies which
were otherwise difﬁcult to realize. A representative transmission
electron microscopy (TEM) image of a drop cast sample (Fig. 3)
shows a large number of pseudospherical nanoparticles of uniform
diameter along with nanoprisms of different shapes and sizes. Frequency distribution of pseudospherical particles (inset Fig. 3)
clearly shows that more than 60% of them have a diameter of less
than 15 nm with r = 0.5 nm. Careful observations reveal that three
or more pseudospherical particles fused together to form nanoprisms (see encircled part in Fig. 3), nanotriangles being the most
predominant morphology amongst them. The selected-area electron diffraction (SAED) pattern (inset in Fig. 3) shows intermittent
bright dots, indicating that the sample is highly nanocrystalline in
nature. The dots are attributed respectively to Bragg diffraction
from {1 1 1}, {3 1 1}, {3 3 1}, {2 0 0}, {4 0 0}, {2 2 2} and {2 2 0} planes
of face-centred cubic (FCC) lattice of gold nanoparticles. An additional set of relatively weak spots (shown by red circles) corresponding to diffraction from 1=3 {4 2 2} and {1 1 0} lattice planes are
also observed. Reﬂection from {1 1 0} planes is usually absent in a
FCC lattice due to structural factors. However, it appears in an ordered crystal having a super lattice structure (as in the case of our
gold nanoparticles). Higher order reﬂection from 1=3 {4 2 2} planes is
detected primarily due to high intensity of the electron beam and
contribution from atomically ﬂat surface of the gold nanotriangles4, which is also evidenced from roughness measurements done
on an isolated ﬂat triangle (see Fig. 6). Due to smaller population of
triangular prisms, the spots appear rather faintly in the SAED pattern. From d-spacings of different lattice planes, cubic cell parameter (a) and volume (v) have been approximately calculated (using
a reﬁnement program Powderex) to be a = 4.0936 ± 0.0337 Å,
v = 68.60 ± 0.98 Å3. The values within the error limit of SAED analysis is in good agreement with that reported in the JCPDS database
(No. 04-0784). X-ray diffraction measurements on the samples corroborate the observation from selective area electron diffraction.
Fig. 4 depicts the powder XRD pattern recorded in the 2h range
35–70° of a typical gold nanoparticle sample drop-casted on silicon
substrate and calcined at 400 °C to remove the crystalline organic
phase in the sample that partly overshadowed the weak features
arising from as-grown sample. Peaks at 38.2°, 44.4° and 64.7°
are observed. They are attributed to diffraction from (1 1 1),
(2 0 0) and (2 2 0) planes of gold with FCC lattice (JCPDS No. 040784). Broadening of the XRD peaks clearly indicates that the particles are in the nanometre regime. Crystallite size of the gold
nanoparticles was calculated to be 28.8 nm from FWHM of the
(1 1 1) peak using Scherrer equation. It may be noted that the value
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Fig. 2. UV–Vis absorption spectra of the gold nanoparticle sol recorded as a function of time. Inset: plot of Amax vs. incubation time exhibiting slow kinetics of the reaction.

Fig. 3. TEM image of the gold nanoparticle sol. Inset: (a) SAED pattern of the sample and (b) frequency distribution of pseudospherical nanoparticles.

is signiﬁcantly higher than that obtained from TEM micrographs
recorded on the as-grown sample. The discrepancy may be readily
explained on the basis of rapid grain growth at high calcination
temperature. Further, Scherrer equation which is strictly valid for
spherical nanoparticles provides a weighted average of crystallite
size in a sample containing particles with different morphology
and size.
3.1. Crystal growth and evolution of morphology
Crystal growth leading to evolution of morphology (from
pseudospherical particles to prismatic nanostructures) was studied
by transmission electron microscopy of individual crystallites and
is given in Fig. 5 as a collage of TEM images. It is noteworthy that

the transformation of morphologies took place at room temperature. As discussed earlier, pseudospherical particles (15 nm in
diameter) ﬁrst fused to form nanotriangles [see box (i)]. Gradually,
the nanotriangles (edge length 30 nm) grew in size either as a result of the merger of multiple nanotriangles or by overgrowth of
nucleation sites [see box (ii) and (iii)]. The bigger triangles (edge
length 100 nm), in turn, combined to form different types of
nanoprisms. Stacks of aligned triangles with one or more truncated
edges [box (iv)], hexagonal prisms [box (vi)], a combination triangles and hexagons or fractals [box (v) and (vi)] are some of the exotic structures observed. It may be stressed here that bio-chemical
processes may not be controlled precisely. Hence exclusive synthesis of any of these structures may not be achieved by this technique. However, it is possible to isolate the desired products
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Fig. 4. XRD pattern of a sample drop-casted on silicon single crystal and calcined at
400 °C.

from the reacting masses by differential centrifugation as
discussed subsequently. Micro-diffraction pattern recorded on a
single crystal is given in box (vii) of Fig. 5. Intense spots due to
reﬂection from the 1/3{4 2 2}, {2 0 0}, {2 2 0}, {3 1 1}, {3 3 1} and
{4 0 0} planes of cubic FCC gold lattice are clearly observed. But
reﬂection from the (1 1 1) planes that appears as the strongest Xray line (see Fig. 4) is not observed in the l-diffraction pattern of
the crystal. This indicates that the crystal is highly oriented along
[1 1 1] with triangular top lying parallel to the incident electron
beam as schematically represented in the inset of Fig. 5. Large
structural anisotropy of these nanocrystals should have substantial
effect on the optical properties of the samples, including light
absorption, scattering and surface enhanced resonance Raman

Fig. 6. AFM topography of the sample obtained by differential centrifugation at
lower rotor speed and drop-casted on polished silicon single crystal. Inset: (a) 3D
image of a single particle exhibiting heart-shaped contour of a triangular nanoprism
and (b) surface proﬁle plot on an optically ﬂat nanoprism showing its vertical and
lateral dimensions.

spectroscopy (SERS). To, the best of our knowledge, it is ﬁrst
detailed study based on TEM sequel on fungus mediated biologically synthesized samples, demonstrating clearly in a schematic
form step by step formation of triangular gold particles from the
aggregation of smaller spherical nanoparticles building blocks.
Additionally formation of superstructures (from analysis of SAED
patterns) and higher order morphologies (see TEM images) by
fusion of triangles are also reported.

Fig. 5. TEM studies on the evolution of morphologies.
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4. Conclusions
Green synthesis of uniform pseudospherical gold nanoparticles
and optically ﬂat triangular nanoprisms has been demonstrated
using cell-free extract from a non-pathogenic and commercially
viable bio-control agent for the reduction of HAuCl4. The synthesis
requires no additional capping or stabilizing agents and takes place
at room temperature. The pseudospherical particles got fused at
room temperature to produce different exotic structures including
triangular nanoprisms. Slow kinetics of the fungus mediated biological processes is believed to be responsible for displaying wide
spectrum of exotic morphologies over and above to those reported
till date. Isolation of gold nanotriangles from the reacting masses
was achieved by differential centrifugation. Large structural
anisotropy of the triangular nanocrystals should have substantial
effect on the optical properties of the samples, including light
absorption, scattering and surface enhanced resonance Raman
spectroscopy.
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The study reports the development of a simple, environmentally benign green chemical route to
produce stable silver nanoparticle (Ag-np) sols with excellent antibacterial properties under ambient
conditions. The method involves the room temperature reduction of AgNO3 by cysteine (aq) and
requires no additional capping/stabilizing agent. It essentially mimics the redox reaction that takes
place during incubation of the cell-free extract from Trichoderma asperellum in the presence of
AgNO3 (aq) (P. Mukherjee, M. Roy, B. P. Mandal, G. K. Dey, P. K. Mukherjee, J. Ghatak, A. K.
Tyagi and S. P. Kale, Nanotechnology, 2008, 19, 075103), wherein cysteine, a biomolecule present in
the fungal extract, acts as a potential reducing agent. Additionally, cysteine acts as a capping molecule
in the present case. Formation of Ag-nps was evidenced from UV-Vis, TEM, XRD and EDS studies.
The stability of Ag sols has been shown to depend strongly on the concentration of cysteine relative to
that of AgNO3. Sols obtained by reacting 0.1 mM of cysteine with 1 mM of AgNO3 remained stable
for more than one month at 24 uC. The role of cysteine as capping molecule and the possible modes of
its linkages with Ag-nps was studied by FT-IR, XPS and Raman spectroscopy. Bonding of Ag with
either or all the three, thiolate, amino and carboxylate groups of the cysteine molecule via stable PH
configuration is believed to have resulted in the stabilization of the Ag-nps. Antibacterial activity of
the cysteine capped Ag sol was studied along with that of the Ag sol obtained by fungal route. Both
the sols exhibited excellent and comparable efficacies as bactericidal agents against gram negative
bacteria E. coli BW (25113), with one of the lowest minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) values published so far.

1. Introduction
Nanocrystalline silver sols are potential antibacterial agents.
Growth of ampicillin-resistant E. coli and multi-drug resistant
strains of S. typhi is inhibited using 25 mg ml21 or higher
concentrations of silver nanoparticles.1 Apart from therapeutic
applications, nanocrystalline silver particles are used as probes
for high-sensitivity bio-molecular detection,2 in catalysis3 and in
micro-electronics.4
The large scale chemical synthesis of silver sols is carried out
using toxic reagents, surfactants for capping and organic
solvents.4–6 These chemicals are extremely difficult to degrade
and dispose at industrial scales and hence, might be potential
hazards to the environment. Moreover, chemically synthesized
silver sols are not suitable for in vivo bio-medical applications
a
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since the accompanying foreign entities are highly incompatible
with biological systems and/or might even induce thrombosis or
precipitate antigenic/allergic reactions in them. In view of serious
limitations of the chemically synthesized metal sols, there has
been a recent upsurge of interest in synthesizing metal nanoparticles through environmentally benign biochemical routes,
wherein non-hazardous aqueous solvents are used at biological
pH and ambient temperatures.7,8 Both intra and extra cellular
syntheses of metal nanoparticles using different pathogenic
strains have been reported.7,8 We have recently synthesized
extremely stable (stability over 1 year in darkness) silver sols
using a cell-free extract of a non-pathogenic bio-control agent T.
asperellum under ambient conditions.9 In the present manuscript,
these biologically synthesized silver nanoparticles have been
shown to exhibit excellent antibacterial efficacy against Gram
negative wild type E. coli BW (25113).
However, the biological processes are in general slower
compared to chemical routes and the product yield is also
comparatively lower. Moreover, they involve series of complicated steps such as sterilization, filtration, preparation of culture
medium, and maintenance of culture through different generations etc. These make biological routes of synthesizing
This journal is ß The Royal Society of Chemistry 2012
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nanoparticles commercially less attractive despite its tremendous
potential.
Alternately, the active components of the biological systems
may be identified, isolated and/or synthesized separately and
made to react under normal laboratory conditions to get the
desired products. Such an approach may or may not necessarily
work, since it does not take into account synergistic effects of
other bio-components not directly participating in the key
reaction(s). For rest of the cases it is expected to enhance
productivity and also increase the reaction kinetics.
We had previously reported9 that ‘cysteine’, present in the cellfree extract of T. asperellum, possibly reduced AgNO3 to form
Ag-nps. If it could have stabilized the Ag-nps as well, then
cysteine alone might potentially serve as a substitute for the
fungal extract in our Green recipe. This hypothesis was tested in
the present study. An aqueous solution of cysteine (a common
laboratory bio-chemical) was allowed to react with AgNO3 at
room temperature to produce Ag-nps in a hassle-free, biomimetic approach. Relative concentration of cysteine to that of
AgNO3 was varied to optimise the reaction kinetics and a stable
silver sol was obtained for [cysteine]/[Ag] = 0.1. No additional
protective coating and/or capping agents were used to stabilize
the system. The stability of the silver sols as a function of relative
concentration of cysteine was investigated and the role of
cysteine as a capping agent was established. The mode of
stabilization of the Ag-nps by cysteine was investigated by
different spectroscopic techniques that indicated the possible
bonding of silver with either or all three groups of cysteine,
thiolate, amino and carboxylate.
It would be of further interest if the cysteine capped
nanoparticles produced under optimized conditions would
exhibit morphology, particle size and properties similar to the
biologically synthesized nanoparticles. To verify this, the
antibacterial activity of the cysteine capped Ag sol was studied
and its efficacy against Gram negative bacteria E. coli BW
(25113) was compared to that of the biologically synthesized
nanoparticles. Exceedingly low values of MIC and MBC were
registered for both the systems.

2. Experimental
Synthesis of Ag-nps
Stock solution of 10 mM cysteine was prepared by dissolving
121.1 mg of cysteine (purchased from Sigma) in 100 ml of deionized (DI) water. Similarly, a stock solution of 10 mM AgNO3
(from Aldrich) was also prepared by dissolving 169.87 mg of
AgNO3 in 100 ml DI water. The two stock solutions were mixed
very slowly at room temperature (y24 uC) in varying proportions and samples containing the desired starting concentration
of each component were obtained. Table 1 gives the concentrations of cysteine and AgNO3 in the four samples studied,

hereafter designated as samples A, B, C and D. Aqueous
solutions of the individual reagents were also studied as control.
The samples were left (covered with Al foil) at room temperature
(y24 uC) for a few days under observation. The observation for
different samples is given in Table 1. Only sample C was found to
be stable and was characterized extensively. The other samples
were also studied to find out the possible effects of the relative
concentration of cysteine on the nature of Ag-nps produced.
They have been discussed separately at the end of the manuscript. Silver sols were prepared via the fungal route following
the procedure reported earlier.
Antibacterial studies
Wild type E. coli BW (25113) was cultured in a fresh medium (Luria
broth) and was allowed to grow overnight. Under these conditions,
the cell density was found to be of the order of 109 ml21. Fifty
micro-litres of the culture containing y5 6 108 cfu ml21 was added
to 5 ml of fresh culture medium supplemented with various dose of
Ag-nps ranging from 1.08 mg ml21 to 8.64 mg ml21. The
antibacterial activity of both cysteine-capped and biologically
grown silver nanoparticles was then studied as a function of silver
dosage. Two sets of control, one without the Ag sols but with the
same quantity of inoculum, and the other with similar concentrations of the Ag sols but with no added inoculum were
simultaneously maintained. All studies were done in triplicates.
Care was taken to let the aerobic environment develop within the
snap cap tubes. Overnight incubation of all the tubes was carried
out at 37 uC in an orbital shaker at 150 rpm. The samples were
analysed after overnight incubation for visual monitoring of
turbidity and the MIC values for the respective samples were
determined. Appropriate serial dilution of the tubes was done and
bacteria in the diluted solution were seeded in Luria agar containing
plates. The plates were incubated at 37 uC for 18 h and the number
of resultant colonies in each plate was counted and recorded for
further analysis. A similar study on the antibacterial property of
cysteine capped Ag-nps was carried out by measuring the change in
optical density at 600 nm as a function of nano-silver concentration
in the bacteria inoculated tubes. Further, antibacterial activity of
the cysteine capped Ag sol against different bacterial strains was
investigated and MIC values for the respective bacteria, were
ascertained by visual inspection of the turbidity.
Instrumentation
UV-Vis spectra were recorded on JASCO spectrophotometer
(model: V-530) with fresh aliquots. TEM images were recorded
on carbon coated copper grids using a Zeiss LIBRA microscope
operated at 120 kV. XRD measurements were done on an X-ray
diffractometer with a monochromatized Cu-Ka X-ray source
operated at 20 kV and 30 mA. FTIR spectra of solid samples
obtained by centrifugation were recorded using a diamond ATR

Table 1 Composition of the samples
Samples

[Cysteine] (mM)

[AgNO3] (mM)

Observation

A
B
C
D

0.001
0.01
0.1
1

1
1
1
1

Very fine precipitation after 2 days, transparent supernatant
Brownish grey precipitation after 2 days, transparent supernatant
Yellow sols, colour deepens in 2 days remains stable for more than 1 month
Instant flocculation followed by precipitation
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holder on a Shimadzu Affinity 1 spectrophotometer with air as
reference. Dynamic light scattering and zeta potential measurements were carried out on Malvern Zeta Sizer Nano-ZS.
Raman spectra were recorded using an indigenously developed
confocal micro-Raman setup configured around a Horiba Jobin
Yvon spectrograph. 532 nm of frequency doubled diode
pumped solid state Nd: YAG laser source was used for
excitation. X-ray photoelectron spectra were obtained on a
VG Scienta made spectrometer provided with single channeltron detector with a resolution of , 1 eV, using Mg-Ka
radiation of SPECS make XR 50 twin X-ray source. The base
pressure of the experimental chamber was , 1028 mbar during
the measurement. All the XPS spectra were corrected for any
possible instrumental shift by referencing against the standard
C1s peak (@285 eV).

3. Results and discussion
Fig. 1 shows the UV-Vis spectrum of sample C after ageing for
13 days. It exhibits an asymmetric peak at y398 nm
corresponding to the surface plasmon frequency of nanocrystalline silver,10 clearly indicating that cysteine (aq) had reduced
AgNO3 to metallic silver. An additional hump at y280 nm is
attributed to the [cysteine-Ag+]n complexes11 that are also
formed along with Ag-nps. The observation is in agreement
with that of our previous report on Ag-nps synthesized by a
fungal route.9 Inset of Fig. 1 shows the EDS spectrum of the
same sample. Apart from that of silver, peaks due to carbon,
nitrogen, sulphur and oxygen are also observed that arise from
the capping of Ag-nps by the cysteine molecules.
The kinetics of the reaction were studied by drawing aliquots
at regular intervals and recording the UV-vis spectra of the sol.
The relative % yield of Ag-nps at a given time t was calculated
according to the equation given below:
% yield = (At/Af) 6 100

(i)

where At and Af respectively denotes the absorbance of the sol
at time t and after saturation. Fig. 2 shows the time dependent

Fig. 1 UV-Visible spectrum of sample C after ageing for 13 days. Inset:
EDS spectrum of the same sample.
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Fig. 2 Percentage yield vs. time curve exhibiting different phases of
nanoparticle synthesis by cysteine. Inset: Variation in absorbance at
y398 nm with time of incubation for the sample C.

yield of Ag-nps for the sample C. The inset in Fig. 2 shows the
corresponding change in absorbance at y398 nm with time.
During the first 2–3 days, the reaction rate was quite slow which
marked a phase of induction. Thereafter it increased gradually
with time, indicating the growth phase. Finally after 12 days, no
visible change with time of the plasmon band intensity of the
sample could be observed which is also reflected in the saturation
of the % yield vs. time curve. After 1 month, the plasmon band
intensity started decreasing with ensuing visible precipitation.
However, it may be noted that the time dependent absorbance
studies provided only relative estimate of the yield, assuming it to
be 100% at saturation.
The absolute yield was estimated to be y93% from the total
Ag analysis of the spent solution (obtained by decantation) by
atomic absorption spectroscopy (AAS). The nanoparticles
obtained after removal of the spent solution were washed several
times with DI water and acetone and dried at room temperature.
Estimation of the nanoparticles yield was carried out by
gravimetry. An average value of 78.1% was obtained from four
independent runs. The washings were not included for AAS
analysis to avoid dilution error. Hence, estimation by AAS
provided an upper limit of the yield value due to the possibility
that initially a small amount of unreacted Ag salt might have
remained adsorbed on the nanoparticle surface. Conversely,
gravimetry provided a lower limit of the yield value due to the
unavoidable loss of nanoparticles during repeated washings.
Fig. 3 (a) shows a representative TEM image of the sample C.
The dark contrasts are due to the Ag-nps. Particles with a
narrow size distribution ranging between 8–18 nm and a mean
value of 14.5 nm [as shown by bar diagram in Fig. 3 (b)] are
observed. The average particle size for sample C, as estimated
from the TEM image analysis is very much similar to that
obtained for silver nanoparticles synthesized by the biological
route.9 The lighter contrasts are attributed to the organic
capping moieties attached with the metal nanoparticles. This is
clearly illustrated in Fig. 3 (c). The hydrodynamic diameter of
the capped nanoparticles comprises of metal crystals together
with the organic moieties (indicated with a black circle) and is
often estimated as the effective particle size by light scattering
This journal is ß The Royal Society of Chemistry 2012
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Antibacterial activity

Fig. 3 (a) TEM image of the sample C, (b) bar diagram showing a
narrow particle size distribution and (c) estimated hydrodynamic
diameter comprising of the nanoparticles and the organic caps.

techniques. Fig. S1 in the ESI{ shows the distribution of
hydrodynamic diameters of the nanoparticles in sample C,
statistical analysis on the same provides a mean value of 113 nm.
Fig. 4 shows the XRD pattern recorded in the 2h range 20u–
70u of sample C after attaining saturation, drop cast on a glass
slide. The sample was further heated to remove organic moieties
present in the sample. The capping molecules form an
amorphous network around the metal nanoparticles [see
Fig. 3(c)] and obscure the small XRD peaks of Ag at higher 2h
values. The diffraction pattern exhibits peaks at y38.1u, 44.2u
and 64.4u attributed respectively to diffraction from (111), (200)
and (220) planes of metallic silver with FCC lattice (JCPDS No.
04-0783). From broadening of the principal XRD peak at
y38.1u of an as-grown sample (shown in the inset), the average
crystallite size has been estimated using Scherrer equation to be
y14.4 nm. The value is in excellent agreement with that
obtained from the TEM analysis.

Fig. 4 XRD pattern recorded in the 2h range 20u–70u of sample C drop
cast on a glass slide and heated to remove the organic moieties present in
the sample. Inset: Particle size estimation from XRD peak broadening of
an as-grown sample.

This journal is ß The Royal Society of Chemistry 2012

The antibacterial activity of Ag-np sols was studied using the
model organism E.coli BW25113. Fig. 5 shows a log-normal plot
of surviving bacterial colonies of E.coli relative to that of the
control vs. dose of Ag nanoparticles, synthesized (a) via the
fungal route9 and (b) using cysteine. In either case, the cell
numbers dropped steadily with the increasing dosage of silver
nanoparticles. Similar trends were also obtained from the
decreasing saturation-OD values by spectrophotometry (see
ESI{). MIC and MBC values were estimated for both the
samples and have been pointed out on the respective graphs.
Since the MBC values for either case falls within four times of
their respective MIC values, both may be classically termed as
bactericidal agents according to the definition given in ref. 12.
The insert in Fig. 5 shows how a typical culture and control
looks like after administration of different dosage of Ag
nanoparticles. In both cases, the MIC and MBC values are
significantly lower than those published in earlier reports,9,13,14
confirming the efficacy of the silver nanoparticles synthesized by
these techniques. The higher antibacterial activity of cysteine
capped and fungus-synthesized Ag-nps was possibly due to the
contribution of capping agents of biological origin that played a
synergistic role in the activity. This observation is in agreement
with the reports by Parashar et al. on Psidium guajava extract
capped Ag-nps.15 They demonstrated that silver nanoparticles
with organic capping agents were able to anchor to the bacterial
cell wall more effectively and in shorter time compared to
hydrazine reduced Ag nps.15
On a comparative note, MIC and MBC values of Ag-nps
synthesized via a fungal route are slightly lower by 1.08 mg ml21
than those of cysteine capped Ag-nps. The small difference in
antibacterial efficacies of the two systems is again attributed to
the difference in the nature of their capping molecules that
played a significant role. Therefore, we report an exceedingly
high bactericidal potency of Ag-nps synthesized by a novel
fungal route that employs a non-pathogenic bio-control agent T.
asperellum.9 We also report (almost) equally low MIC and MBC

Fig. 5 Log-normal plot of surviving bacterial colonies relative to that of
the control vs. dose of Ag nanoparticles synthesized (a) via a fungal route
and (b) using cysteine. Inset: Digital photograph of the controls and
culture supplemented with different dosage of Ag nanoparticles.
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values for cysteine stabilized nano-silver particles prepared by a
hassle-free bio-mimetic chemical route.
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Studies on other bacteria
The growth inhibitory effect of cysteine capped Ag-nps was tested
against different bacteria, namely Klebsiella, Pseudomonas, and a
Gram positive organism Staphylococcus. The growth response of
each of these organisms against different doses of Ag sol in terms
of the appearance of turbidity upon overnight incubation at 37 uC,
was noted. MIC values were estimated by visual inspection of
turbidity and were used as an index for comparing the
antibacterial efficacy of Ag-nps against these pathogenic strains.
Fig. 6 shows the MIC values obtained against the different
bacteria. The highest MIC was obtained against Staphylococcus.
This observation may be explained on the basis of thicker
peptidoglycan layer on the cell wall of Gram positive bacteria16
which provided protection and resistance against nanoparticle
mediated toxicity as compared to their Gram negative counterparts like E. coli.
Effect of metal : cysteine ratio on the stability of Ag sols. It has
been observed that stability and dispersibility of the silver sols
depends strongly on the relative concentration of cysteine and
AgNO3. The sol obtained by reacting 0.1 mM of cysteine with
1 mM AgNO3 remained stable for more than a month. When
[cysteine]/[Ag] was increased from 0.1 to 1 in the case of sample
D, flocculation started almost instantaneously and silver
particles precipitated within a short time. On the other hand,
the reduction of cysteine concentration from 0.1 mM to 0.01 mM
(sample B) and 0.001 mM (sample A) also decreased the stability
of the metal sols. After remaining stable for y2 days,
precipitation of brownish gray particles started in sample B that
continued for l week. In contrast, very fine particulates were
observed for sample A. Fig. S2 in the ESI{ shows the UV-vis
spectra of samples A and B recorded after ageing. Although both
the spectra exhibit the typical silver plasmon peak at y400 nm
due to the formation of Ag-nps, the low absorbance values are
indicative of a small amount of the dispersed phase in the sols.
The hump at y540 nm is due to agglomeration of particles.

Fig. 6 Comparison of antibacterial activity of cysteine capped Ag-nps
against different pathogenic strains.
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Zeta potential serves as the stability index of a colloidal
solution. According to the DVLO theory on the stability of
colloids, the repulsive force between two colloidal particles
prevents them from coming closer and coagulating. This
repulsive force is proportional to the square of the zeta potential.
Hence, the higher the magnitude of zeta potential, the higher the
stability of the colloids. To understand how the stability of
cysteine capped Ag sols gets affected by relative concentration of
cysteine to AgNO3, zeta potential (f) and DLS measurements
were carried out on all 4 samples (before the onset of
precipitation for samples A, B and C and immediately after
mixing the reactants for sample D). The pH of the medium was
also recorded since it influenced the overall surface charge on the
nanoparticles. Table 2 summarizes the f values and the mean
effective particle sizes (hydrodynamic diameter) for the different
samples as estimated by DLS. Sample C exhibited the highest f
value of +18 mV and was most stable in the series. Moreover, the
mean DLS-estimated particle size of 110 nm in sample C was the
least among all the sols studied. The average particle size of
sample C estimated by light scattering is in good agreement with
that obtained from TEM image analysis (see Fig. S1, ESI{).
Other sols had f values ranging between 210 mV to 10 mV and
hence exhibited poor stability. It may be noted that the particle
size of sample A could not be recorded with adequate
reproducibility due to the very small concentration of Ag-nps
in the sol and fluctuations in the scattered light.
Bare silver nanoparticles dispersed in water are negatively
charged10 due to their micellar characteristics. Negative surface
charge on nanoparticles of samples A and B as adjudged from f
values hinted on the possibility of these particles being
inadequately capped. At low relative concentrations of cysteine,
not enough capping-molecules were available to stabilize the
silver nanoparticles. Moreover at pH range 5.1–5.7, close to IEP
of cysteine (pH = 5.02), low negative f values indicated
instability of the particles. With increasing concentration of
cysteine, the pH of the medium became more and more acidic
due to liberation of H+ according to the equation given below:
cysteine + 2AgNO3 cysteine (ox.) + 2Ag + 2HNO3

(ii)

The high positive f value of sample C probably resulted from
the protonation of amine groups in the adsorbed cysteine
molecules at pH 3.8. The net surface charge on capped
nanoparticles was adequate enough to prevent their further
growth and agglomeration, thereby resulting in extended
stability of the sol for more than 1 month. At a still higher
concentration of cysteine and at pH 3.2, sample D exhibited a
small positive f value indicating that the nanoparticles were still
capped by protonated cysteine but the stability of the sol was
greatly reduced. Due to rapid reduction of AgNO3 at higher
concentrations of the reducing agent (here it is cysteine), fewer
nucleation centres survived that rapidly grew in size and the
particles so formed coalesced into large lumps of material that
tend to settle down under gravity. Aggregation of silver
nanoparticles in sample D was reflected in its extremely low f
value. Similar observations have been reported independently by
different research groups for surfactant stabilized silver nanoparticles.5–8,10 Of the three sols with limited stability, sample D
was particularly interesting because it produced particles with
This journal is ß The Royal Society of Chemistry 2012
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Table 2 Stability assessment of silver sol. [AgNO3] = 1 mM, pH of de-ionized H2O = 6.1
[Cysteine] (mM)

Zeta potential (mV)

Mean effective particle size by DLS (nm)

pH

Stability of sol

0.001(A)
0.01(B)
0.1(C)
1(D)

29.3
210.6
18.1
7.4

—
270
110
420

5.7
5.1
3.8
3.2

poor
poor
good
Quick precipitation

Fig. 8 XPS spectra of (a) Ag3d, (b) O1s, (c) S2p and (d) N1s for
cysteine capped Ag-nps along with the deconvoluted features.
Fig. 7 SEM micrograph of the sample D. Inset (a): XRD pattern of the
heated and as-synthesized sample D, (b) UV-vis spectrum of the same
sample.

completely different non-spherical morphology and exhibited a
significant shift in the plasmon peak position compared to the
others. Hence, it was studied in detail. Fig. 7 shows the SEM image
of prismatic agglomerates obtained from the precipitation of sample
D. The agglomerates exhibit morphology that is entirely different
from the pseudo-spherical nanoparticles of sample C (see TEM
image in Fig. 3). The principal plasmon band of sample D appears at
y354 nm [see inset (b) of Fig. 7]. The significant blue shift of the
band compared to the other sols has been attributed to nonspherical silver nanoparticles.6–8,10–11,17 A small hump at y485 nm
is associated with extensive agglomeration of the crystallites17 that
resulted in larger particulates. Inset (a) in the figure shows the XRD
pattern of a heated sample D, with characteristic peaks of metallic
silver with a cubic lattice. Average crystallite size has been estimated
from the broadening of the 111 peak of the as-synthesized sample
using the Scherrer equation to be y17.5 nm.
Capping of Ag-nps by cysteine. In the absence of a third
chemical entity in the system, besides cysteine and AgNO3,
stabilization of the Ag-nps must have taken place due to their
capping by the cysteine molecules. Presence of organic moieties
along with the metal particles is evidenced from the EDS
spectrum (see inset of Fig. 1) and TEM image of sample C (see
Fig. 3). Capping of nanoparticles may take place either by
physisorption of the organic molecules on to the nanoparticle
surface or by chemically bonding with the same. To investigate
the possible mode of metal–organic interaction in cysteinecapped Ag-nps, spectroscopic studies have been carried out on
solid samples. Fig. 8 shows the main core level XPS spectra of (a)
This journal is ß The Royal Society of Chemistry 2012

Ag3d, (b) O1s, (c) S2p and (d) N1s for the cysteine capped Agnps. The S2p and N1s spectra were deconvoluted using freely
available software XPSPEAK4.1, after smoothing the raw data
with a FFT filter, while a single profile was adequate for both
Ag3d and O1s. The Ag3d peaks [Fig. 8 (a)] are observed at
366.7 eV with spin orbital splitting of 6 eV. The Ag0 peak is
reportedly observed at y368.2 eV.18 Significant red shift of the
binding energy for the cysteine capped samples clearly indicates
that there is a bonding interaction between the Ag-nps and the
capping cysteine molecules. The O1s peak [Fig. 8 (b)] is observed
at 529.3 eV which is also downshifted from its reported value for
free oxygen atoms, which indicates that bonding of cysteine with
Ag-nps possibly took place via carboxylate ions. [Fig. 8 (c)]
shows S2p peak along with its deconvoluted features. Two
components are observed at y162.2 and 163.1 eV. The peak at
y162.2 is tentatively assigned to the thiolate anions that
interacted with the metallic silver. The peak at higher binding
energy is possibly due to the thiolate anions that might have
interacted weakly with the neighbouring cationic amine groups
instead of the metal.19 N1s spectra exhibits two components
and have been attributed to the free amino groups (peak at
y400.3 eV) and those bonded to the metal surface (peak at
y399.6 eV).
Fig. 9 shows the Raman spectrum of sample C drop cast on a
silicon single crystal. Inset shows the same spectrum magnified in
the range 150–350 cm21. The spectrum exhibits peaks at y227,
250 and 260 cm21. The peaks at y227 and 250 cm21 have been
attributed to Ag–S and Ag–N stretching vibrations20 due to the
formation of covalent bonds between the Ag-nps and nitrogen
atom of the amino group and sulphur atom of the thiolate group.
Further evidence of metal cysteine bonding is derived from the
FTIR spectra recorded on solid nanoparticle samples obtained
RSC Adv., 2012, 2, 6496–6503 | 6501
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Fig. 9 Raman spectrum of the sample C drop cast on silicon single
crystal. Inset: The same spectrum magnified in the range 150–350 cm21.

et al.22 discussed the possibility of all the three Ag–S, Ag–N and
Ag–O linkages at the same time. However, all these studies were
carried out in alkaline pH and strong reducing agents like
NaBH4 and Na2S were used to produce Ag-nps. In contrast,
cysteine has been used as the sole reducing and capping agent in
our method and Ag-nps were produced in mildly acidic pH in a
green chemical approach. Jing et al. extensively studied the
adsorption of L-cysteine molecules on gold and silver nanoparticles by both surface enhanced resonance Raman spectroscopy
and DFT calculations.23 They showed that the interaction of Agnps with L-cysteine, especially in the presence of NO32 takes
place primarily through carboxylate and amino groups.
However, a few molecules may exist in the PH and PN
conformations as well. Based on spectroscopic evidences and
input from the literature, it may be safely concluded that the
capping of Ag-nps by cysteine in our samples took place through
either or all the three thiolate, amino and carboxylate linkages
via PH conformation as shown in the insets of Fig. 10. The dual
role of cysteine both as a reducing and capping molecule in the
preparation of Ag-nps was thus firmly established.

4. Conclusions

Fig. 10 FTIR spectra of (a) pure cysteine powder and (b) cysteine
capped Ag-nps. Insets: Magnified region of the spectra showing nC-S and
nCO22 vibrations.

after centrifugation. Fig. 10 shows the FTIR spectra of (a) pure
cysteine powder and (b) cysteine capped Ag-nps. The peak at
y2080 cm21 is assigned to N–H stretching vibrations of the
NH3+ group in the cysteine molecule and that at y2552 cm21 to
S–H vibration in the thiol group. The N–H stretching band of
the amino group shifts to the lower wavenumbers and the peak
due to S–H vibration almost vanishes for the nanoparticle
sample. Absence of the S–H band in the spectrum of the Ag-nps
may be attributed to the deprotonation of the thiol group in the
cysteine molecule that is the pre-requisite for the formation of
Ag–S bonding in the cysteine-capped Ag-nps. Moreover, peaks
due to C–S and COO2 stretching vibrations shift to the lower
wavenumbers and increase in intensity. The shift in the peak
positions and change in their intensity clearly suggests that there
exists a bonding interaction between the Ag-nps and either or all
the three S2, COO2 and NH3+ groups of the capping cysteine
molecules. Earlier, Mandal et.al.21 reported on the capping of
Ag-nps by cysteine molecules via thiolate linkages. Thakur
6502 | RSC Adv., 2012, 2, 6496–6503

The feasibility of synthesizing stable silver nanoparticles using
cysteine in a biomimetic approach has been amply demonstrated
in the manuscript. The dual role of cysteine as the reducing and
capping molecule has been established. Capping of the nanoparticles took place via covalent bonding of either or all the three
thiolate, amino and carboxylate groups of the cysteine molecule.
The silver sol produced by reacting 0.1 mM of cysteine with
1 mM of AgNO3 was stable for over 1 month. It exhibited
excellent antibacterial efficacy against a number of pathogens.
The MIC value registered against E.coli was one of the lowest
reported in the literature and was comparable with that of
Ag-nps obtained via fungal route. The particle sizes are also
comparable in the two cases, signifying that the products
synthesized by cysteine and obtained by the fungal route mimic
each other in terms of morphology and properties.
In spite of the aforementioned advantages of our bio-mimetic
approach over the conventional biological syntheses, the
maximum stability of the sol that could be synthesized using
cysteine was over 1 month as against over 1 year (in darkness)
for sols synthesized by T. asperellum.9 This underlines the
applicability and significance of biosynthesis, despite it being
elaborate and involved. Our immediate outlook is to find an
appropriate water soluble and bio compatible capping agent that
would stabilize silver nanoparticles for longer periods.
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