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Chapter 1 Introduction

1.1. INTRODUCTION

Over the last few years, the scientific and engineering communities have been
witnessing an impressive progress in the field of nanoscience and nanotechnology.
Nanotechnology deals with small structures and small-sized materials of dimensions in
the range of few nanometers to less than 100 nanometers. The unit of nanometer derives
its prefix nano from a Greek word meaning extremely small. One nanometer (10°° of a
meter) is roughly the length occupied by five silicon or ten hydrogen atoms aligned in a
line. In comparison, the hydrogen atom is about 0.1 nanometer, a virus may be about 100
nanometers, a red blood corpuscle approximately 7,000 nanometers in diameter and an

average human hair is 10,000 nanometers wide.

1.1.1. What is Nanoscience and Nanotechnology?

“Nanoscience” is the study of phenomena exhibited by materials at atomic and
molecular level of dimensions ranging from a few nanometers to less than 100
nanometers. In chemistry, this range of sizes has been associated with colloids, micelles,
polymer molecules, and similar structures such as very large molecules, or aggregates of
many molecules. In physics and electrical engineering, nanoscience is most often
associated with quantum behavior, and the behavior of electrons in nanoscale structures.
Biology and biochemistry have also been deeply associated with nanoscience as
components of the cell; most interesting structures of biology such as DNA, RNA and
subcellular organelles can be considered as nanostructures.

“Nanotechnology” is the application of science to control matter at the molecular
level. At this level, the properties are significantly different from that of bulk materials. It
is also referred to as the term for designing, characterization, production and application

of structures, devices and systems by controlling shape and size at nanometer scale.? In
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other words, nanoscience and technology is a field that focuses on (i) the development of
synthetic methods and surface analytical tools for building structures and materials, (ii)
to understand the change in chemical and physical properties due to miniaturization, and
(iii) the use of such properties in the development of novel and functional materials and
devices.®> Nanoscience offers an exciting possibility to study a state of matter, which is
intermediate between bulk and isolated atoms or molecules, as well as the effect of
spatial confinement on electron behavior. It also provides an opportunity to explore the
problems related to surface or interface because of their interfacial nature.*

It has been well known that living cells are the best examples of machines that
operate at the nano level and perform a number of jobs ranging from generation of
energy to extraction of targeted materials at very high efficiency. The ribosome, histones
and chromatin, the Golgi apparatus, the interior structure of the mitochondrion, the
photosynthetic reaction center, and the fabulous ATPases that power the cell are all
nanostructures, which work quite efficiently.> Ancient Indian medicinal system,
Ayurveda has been using gold in different formulations for curing acute diseases such as
rheumatoid Arthritics.® With present day understanding of nanoscience, one can
unambiguously get enlightened that these formulations contained gold nanoparticles
(Fig. 1.1). Thus, the fusion of ancient wisdom and present understanding of nanoscience
can imparts more light on future development of medical sciences.

The area of research in the field of nanotechnology is as diverse as physics,
chemistry, material science, microbiology, biochemistry and also molecular biology. The
interface of nanotechnology in combination with biotechnology and biomedical
engineering is emerging by the use of nanoscale structures in diagnosis, gene

sequencing, and drug delivery. Nanotechnology holds promise for enabling us to learn
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more about the detailed operation of individual cells and neurons, which could help us to

re-engineer living systems.’

Figure 1.1. TEM micrographs (A-C) and SAD (D) recorded from Fig. 1.1C of gold
powder (commercially available as Swarna Bhasma manufactured and supplied by Shree
Vaidyanath, Ayurved Bhawan, Nagpur, India). These figures (A-C) clearly show the
spherical gold nanoparticles as evident from Fig. D, which is characteristic of fcc gold.
This gold powder (in Sanskrit Swarna meaning gold) is commonly used as one of the

potent traditional formulations in different Ayurvedic food supplements and medicines.

1.1.2. Emergence of Nanotechnology

The first so-called scientific study of nanoparticles took place way back in 1831,
when Michael Faraday investigated the ruby red colloids of gold and made public that
the color was due to the small size of the metal particles. Gold and silver have found

their way into glasses for over 2000 years, usually as nanoparticles. They have most
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frequently been employed as colorants, particularly for church windows. Until 1959,
nobody had thought of using atoms and molecules for fabricating devices. It was first
revisioned by Nobel Laureate Physicist Richard Feynman at a lecture entitled “There is
plenty of room at the bottom”. It was much later in 1974 that Norio Taniguchi, a
researcher at the University of Tokyo, Japan used the term “nanotechnology” while
engineering the materials precisely at the nanometer level. The primary driving force for
miniaturization at that time came from the electronics industry, which aimed to develop
tools to create smaller electronic devices on silicon chips of 40—-70 nm dimensions. The
use of this term, “nanotechnology” has been growing to mean a whole range of tiny
technologies, such as material sciences, where designing of new materials for wide-
ranging applications are concerned; to electronics, where memories, computers,
components and semiconductors are concerned; to biotechnology, where diagnostics and

new drug delivery systems are concerned.

1.1.3. Consequences of Miniaturization

Every substance regardless of composition exhibits new properties when the size
is reduced to less than 100 nm. The electronic structure of a nanocrystal critically
depends on its size. For small particles, the electronic energy levels are not continuous as
in bulk materials, but discrete. This arises primarily due to confinement of electrons
within particles of dimension smaller than the bulk electron delocalization length; this
process is termed as quantum confinement.® Noble metal and semiconductor
nanoparticles are unique examples of this principle (Fig. 1.2).° The average electronic
energy level spacing of successive quantum levels, also known as Kubo gap, (Kubo gap
(8) = 4E«/3n, where E; is the Fermi energy of the bulk material and n is total number of

valence electrons in the nanocrystal), can be tuned to make a system either metallic and
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non-metallic. For example, for an individual silver nanoparticle of 3 nm diameter

containing approximately 10° silver atoms, the value of & would be 5-10 meV. Since the

Mancorystal  lsolated
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Figure 1.2. Density of states for metal and semiconductor nanocrystals. In each case, the
density of states is discrete at the band edges. The Fermi level is in the center of a band
in a metal, and so kT may exceed the electronic energy level spacing even at room
temperatures and small sizes. In contrast, in semiconductors, the Fermi level lies between
two bands, so that the relevant level spacing remains large even at small sizes. The

HOMO-LUMO gap increases in semiconductor crystal of smaller size. [Source: Ref. 10]

thermal energy at room temperature, kT =~ 25 meV (k is Boltzmann’s constant), the 3 nm
particle would be metallic (kT>8). However, at low temperatures, the level spacings

specially in small particles, may become comparable to KT, rendering them
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nonmetallic.'* Thus, the properties such as electrical conductivity and magnetic
susceptibility exhibit quantum size effects due to the presence of the Kubo gap in
individual nanoparticles.*?

Thus, the properties of traditional materials change at nano level due to the
guantum effect and the behavior of surfaces start to dominate the behavior of bulk
materials. The optical, electrical, mechanical, magnetic, and chemical properties can be
systematically manipulated by adjusting the size, composition, and shape of the
nanoscale materials. Nanomaterials have tremendous potential applications in catalysis,*?
photocatalysis,'* optoelectronics,™ single-electron transistors, light emitters,'® nonlinear
optical devices,*’” hyperthermia treatment for malignant cells,'®* magnetic memory storage
devices, magnetic resonance imaging enhancement,'® cell labeling,? cell tracking,? in
vivo imaging,?> and DNA detection.”® The wide range of applications shown by
nanomaterials is mainly due to (i) large surface area and (ii) small size. Electron
transport, manifested in phenomena like Coloumb blockade,* as well as the catalytic and
thermodynamic properties of structures can be tailored when one can rationally design
materials on this length scale. Therefore, analytical tools and synthetic methods allow
one to control composition and design on this nanometer range and will undoubtedly

yield important advances in almost all fields of science.

1.2.  VARIOUS METHODS FOR SYNTHESIS OF NANOPARTICLES
Nanoparticles are being viewed as fundamental building blocks of

nanotechnology. They are the starting point for preparing many nanostructured materials

and devices. Their synthesis is an important component of rapidly growing research

efforts in nanoscale science and engineering. The nanoparticles of a wide range of
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materials can be prepared by a number of methods. In synthesis and assembly strategies
of nanoparticles or nanomaterials, precursors from liquids, solid or gas phase are used.
They employ both chemical and physical deposition approach. They rely on either
chemical reactivity or physical compaction to integrate nanostructure building blocks.
Generally the manufacturing techniques fall under two categories: ‘bottom-up’ and ‘top-
down’ approach. The bottom-up approach refers to the build up of a material from the
bottom, i.e. atom-by-atom, molecule-by-molecule or cluster-by-cluster. The colloidal
dispersion is a good example of bottom up approach in the synthesis of nanoparticles.
Nanolithography and nanomanipulation techniques are also a bottom-up approach. These
techniques have been widely used in the formation of structural composite
nanomaterials. Top-down approach involves starting with a block bulk material and
designing or milling it down to desire shape. This technique is similar to the approach
used by the semiconductor industry in forming devices, utilizing pattern formation (such
as electron beam lithography). Both approaches play very important roles in modern
industry and most likely in nanotechnology as well. There are advantages and
disadvantages in both approaches. The main challenge for top- down approach is the
creation of increasingly small structure with sufficient accuracy whereas in bottom-up
approach, the main challenge is to make structure large enough and of sufficient quality
to be of useful as materials.?®> Bottom-up approach promises a better chance to obtain
nanostructures with less defects, more homogeneous chemical composition, and better
short and long range ordering. This is because the bottom-up approach is driven mainly
by the reduction of Gibbs free energy, so that nanostructures and materials such
produced are in a state closer to a thermodynamic equilibrium state. On the contrary, top-

down approach most likely introduces internal stress, in addition to surface defects. The

Ph.D. Thesis, University of Pune, July 2005 8



Chapter 1 Various Methods for Synthesis of Nanoparticles

different methods for the synthesis of nanoparticles will be discussed under the following

categories:

1.2.1. Synthesis of Nanoparticles by Sol Process

In this approach, the reagents (metal ion solution) are rapidly added into a
reaction vessel containing a hot coordinating solvent such as alkyl phosphate, alkyl
phosphite, pyridine, alkylamine, furan etc. The quick addition of reagents to the reaction
vessel raises the precursor concentration above the nucleation threshold and also the
solution becomes supersaturated due to high reaction temperature. As a result, a short
nucleation brust occurs and consequently the concentration of these species in solution
drops below the critical concentration for nucleation. If the time of nanocluster growth
during the nucleation period is short compared to the subsequent growth processes, the
nanoclusters can become more uniform and monodispersed.?®

An alternative synthetic approach involves mixing of the reagents in a vessel at a
low temperature to prevent any appreciable reaction.?®?” A controlled rise of the solution
temperature accelerates the chemical reaction and produces the required supersaturation,
which is then relieved by a burst of nucleation and the particles start growing. In either
approach, the size distribution of the nanocluster sample is limited primarily by the short
time interval in which the initial crystallites form and begin to grow.

In general, nanocluster size increases with increase in reaction time as more
material is added to nanocluster surfaces and also with increasing temperature as the rate
of addition of material to the existing nuclei increases.?® 2’ The systematic adjustment of
the reaction parameters, such as reaction time, temperature, concentration, and the
selection of reagents and surfactants, can be used to control the size, shape, and quality

of nanoclusters.?® '
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There are number of reports in literature on synthesis the nanoparticles using this
approach. A wide range of nanoparticles have been successfully synthesized by this
method such as CdSe,?® 2" 28 Cds, 2> 2 CdTe, % znSe,* Zn0,* InP,* InAs,* PbSe,*
bimetallic nanoclusters such as AuAg, FePt,*® CoPt,*" core/shell nanoclusters such as
CdSe/ZnS,*® CdSe/CdS,* metal oxides nanoclusters such as Fe;04,%° TiO,,*' BaTiOs.*
Peng et al. demonstrated the one-pot synthesis of high quality cadmium chalcogenides
nanoclusters by heating a mixture of CdO as the cadmium precursor, trioctylphosphine
oxide and tetradecylphosphonic acid at 300-320 °C and then injecting the tellurium
solution into the reaction mixture.>® Recently, Alivisatos et al. reported the synthesis of
nanorods, as well as arrow-, tetrapod- and branched tetrapod-shaped nanocrystals of
CdSe by growing the nanoparticles in a mixture of hexylphosphonic acid and

trioctylphosphine oxide at around 300 °C.%*

1.2.2. Synthesis of Nanoparticles using Micelle

The use of reversed micelles in the synthesis of metal nanoparticles has well been
documented in literature.*® Strong reducing agents such as NaBH., NoHa, and sometimes
hydrogen gas were used. Recently, Pilani et al. has shown that synthesis in reverse
micelles combined with precipitation can lead to highly monodispersed metal and
semiconducting nanoparticles and their spontaneous formation of 2D or 3D networks.
They demonstrated the organization of silver particles in 2D and 3D supperlattices using
N,H, as a reducing agent.** Baglioni et al. reported the synthesis of CusAu alloy
nanocluster by chemical reduction of the cations in water with isooctane as
microemulsion.® A wide variety of nanoparticles have been synthesized using this
process. The nanoparticles of Pt, Rh, Pd, Ir,* Ag,*” Au,* Cu,* Co,* Ni, FeNi,** CoNi,*

etc. have been effectively synthesized.
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Metal oxide nanoparticles can also be prepared inside reverse micelles by the
hydrolysis procedure where metal alkoxide dissolved in oil reacts with water inside the
droplets. Joselevich and Willner™ reported the synthesis of ultrasmall TiO- particles in
situ in a water/oil microemulsion composed of water, cetyldimethylbenzylammonium
chloride (CDBA) and benzene by controlled hydrolysis of TiCl,. Shah et al.**
demonstrated the use of water/triton X-100/hexanol/cyclohexane microemulsions for the
preparation of TiO, nanoparticles in the size range of 20-40 nm. Chang and Fogler®
reported the synthesis of silica particles from the hydrolysis of tetraethylorthosilicate
(TEQOS) in nonionic water/oil (W/O) microemulsion. Metal oxide nanoparticles such as
Zr0,,°® Ti0,,>* ' ° Si0,,> *® and Fe,03>° have been prepared in this fashion. Metal
sulfate,®® metal sulfides,”* metal carbonates,®® and silver halides® can be produced by the
precipitation reaction between reactants in reverse micelles. It has observed that the
water content in the micelles greatly affects the shape of the nanoparticles. Nanowires
such as BaCO3; and BaSO,4 have been synthesized using reverse micelles with different

water contents.

1.2.3. Synthesis of Nanoparticles by Sol-Gel Process

The sol-gel method is based on inorganic polymerization reactions. The sol-gel
process includes four steps: hydrolysis, polycondensation, drying, and thermal
decomposition. The size of the sol particles depends on the solution composition, pH,
and temperature. By controlling these factors, one can tune the size of the particles. This
method has been used to synthesize metal oxide nanostructures, such as TiO2,%* UO,,%
TnO,, Zr0,%® Ce0,% Sn0,%* Si0,* Cu0,” sSnO,™ zn0,”” AlL0s,"” Sc,0s,"

ZnTiO3,” SrTi0s,"® BazrO;,”” CaSn0O;’® and other nanostructures.
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1.2.4. Synthesis of Nanoparticles by Chemical Precipitation

The kinetics of nucleation and particle growth in homogeneous solutions can be
adjusted by the controlled release of the anions and cations. Careful control of the
kinetics of the precipitation can result in monodisperse nanoparticles. Thus, it is essential
to control the factors that determine the precipitation process, such as the pH and the
concentration of the reactants and ions. Organic molecules are used to control the release
of the reagents and ions in the solution during the precipitation process. The particle size
is influenced by the reactant concentration, pH, and temperature. By engineering these
factors, nanoparticles with narrow size distributions can be synthesized. Zr(OH),," Ba-
TiOs,%° CdS,®! HgTe,* HgTe,® and CdTe®*, AuAg nanoparticles have been produced by
this approach. Sordelet and Akinc reported the utilization of urea to control the
nucleation process in the synthesis of Y,Os:Eu nanoparticles.®> Henglein et al.
demonstrated the preparation of CdS nanocrystals with a relatively narrow size
distribution of 4-6 nm by precipitating Cd** ions with the addition of stoichiometric
amount of H,S at higher pH. Yamamura et al. described the preparation of barium
titanate nanoparticles by addition of ethanolic oxalic acid solution to barium titanium
mixed aqueous solution at room temperature.?® Although the method of using
precipitation to prepare nanoparticles is very straightforward and simple, very
complicated nanostructures can also be constructed using this method such as
CdS/HgS/CdS,% CdS/(HgS),/CdS® and HgTe/CdS®® quantum well systems and other

core/shell structures.

1.2.5. Synthesis of Nanoparticles by Hydrothermal Method
Hydrothermal synthesis is a common method to synthesize zeolite/molecular

sieve crystals. This method exploits the solubility of almost all inorganic substances in
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water at elevated temperatures and pressures and subsequent crystallization of the
dissolved material from the fluid. Water at elevated temperatures plays an essential role
in the precursor material transformation because the vapor pressure is much higher and
the structure of water at elevated temperatures is different from that at room temperature.
The properties of the reactants, including their solubility and reactivity, also change at
high temperatures. The changes mentioned above provide more parameters to produce
different high-quality nanoparticles and nanotubes, which are not possible at low
temperatures. During the synthesis of nanocrystals, parameters such as pressure,
temperature, reaction time, and the respective precursor-product system can be tuned to
maintain quite high rate of simultaneous nucleation and narrow particle size distribution.
Different types of nanoparticles such as TiO,,% LaCrOs,*° ZrO,,** BaTiOs,* SrTiO3,*
Y,Si07,% ShS5,% CrN,® snS,,” PbS,® NiP* and SnS, nanotubes,'® Bi,Ss

101

nanorods'™ and SiC nanowires'® have been successfully synthesized using this

methodology.

Different types of nanostructures have also been obtained by solvothermal
synthesis using supercritical fluids as solvents. Min ji et al.!®® described a method to
synthesize metallic silver nanoparticles having diameter from 5-15 nm in supercritical
CO, using water in CO, microemulsion. Ag, %% 1% Cu,10 1% Njj 1% Co, Pt, Ge,%" Au,*®
PdS,'® zns™? and Cds, % ' Ge,**? GaAs™*® and also nanowire, and carbon nanotube®**
have also been synthesized.

In addition, a new approach, named solventless synthesis, has recently been

d’115

develope and various shapes of nanostructures have been synthesized, including

115a,b 115a,b 115a,b

Cu,S nanoparticles, nanorods, nanodisks, nanoplates,™**® NiS nanorods,

and triangular nanoprisms.*®
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1.2.6. Synthesis of Nanoparticles by Pyrolysis

Pyrolysis is a chemical process in which chemical precursors decompose into
solid compound and unwanted waste evaporates away. Upon completion, the desired
new substance is obtained. Generally, the pyrolytic synthesis of compounds leads to
powders with a wide size distribution in the micrometer regime. To get a uniform
nanosized material, some modifications or revisions of the pyrolytic preparation
procedure and reaction conditions are need to be changed such as slowing of the reaction
rate or decomposition of the precursor in the inert solvent. Pyrolysis can be used to
prepare different kinds of nanoparticles including metals, metal oxides, semiconductors,
and composite materials such as Ag,"” Au,**® Zr0,,'*° AlL,03,'® Sn0O,, Ti0,,'** GaN,**
ZnS,'* YBa,Cu307.,,*** Ni,** and carbon nanotubes.'?

The pyrolysis of organic precursors seems to provide a direct and effective
method of producing nanotubes of various kinds such as the one-step synthesis of
aligned carbon nanotubes and Y-junction nanotubes. Carbon nanotubes produced from
organometallic precursors can be used to further prepare gallium nitride nanowires,

silicon nitride nanotubes, and boron nitride nanotubes.?’

1.2.7. Synthesis of Nanoparticles using Chemical Vapor Deposition

In chemical vapor deposition (CVD) technique, the vaporized precursors are
introduced into a CVD reactor and adsorb onto a substance held at an elevated
temperature. These adsorbed molecules will either thermally decompose or react with
other gases/ vapors to form crystals. The CVD process consists of three steps: (a) mass
transport of reactants to the growth surface through a boundary layer by diffusion, (b)
chemical reactions on the growth surface, and (c) removal of the gas-phase reaction

byproducts from the growth surface.
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There are many good examples of the application of this method in the recent
literature. Ostraat et al.'?® have demonstrated a two-stage reactor for producing oxide-
coated silicon nanoparticles that have been incorporated into high-density non-volatile
memory devices. This is one of relatively few examples of a working microelectronic
device in which vapor-phase synthesized nanoparticles perform an active function. In

129
l.

other recent examples of this approach, Magnusson et a produced tungsten

nanoparticles by decomposition of tungsten hexacarbonyl and Nasibulin et al.**
produced copper and copper oxide nanoparticles from copper acetylacetonate.

Another key feature of chemical vapor synthesis is that it allows formation of
doped or multi-component nanoparticle by use of multiple precursors. Schmechel et
al.*® prepared nanocrystalline europium doped yttria (Y,Os:Eu®*) from organometallic
yttrium and europium precursors. Senter et al.™** incorporated erbiumin to silicon
nanoparticles using disilane and an organometallic erbium compound as precursors.

Srdic et al.*®

prepared zirconia particles doped with alumina. It is also possible to make
composite nanoparticles where one material is encapsulated within another. A
particularly promising approach to this is the sodium metal/metal halide chemistry used
by Ehrman et al.™** In this approach, a halide, such as SiCly, is reacted with sodium vapor
in a heated furnace to produce NaCl-encapsulated particles. For example, SiCl, reacts
with sodium to produce NaCl-encapsulated Si particles. The salt-encapsulation can
potentially be used to prevent agglomeration of particles, and the salt can then be washed
away in a post-processing step.

A wide variety of nanoparticles can be synthesized using other techniques, which

fall under the vapor phase process viz, inert gas condensation,**® pulsed laser ablation,**

137 139

ion sputtering,**” thermal plasma synthesis,**® flame synthesis,**° etc.
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1.2.8. Synthesis of Nanoparticles using Bio-based Protocol

The utilization of microorganisms such as bacteria'®® and yeast***

in the synthesis
of nanoparticles is a relatively recent phenomenon. The microorganisms minimize the
toxicity by reduction of the metal ions or by formation of insoluble complexes with
metal ions (e.g. metal sulfides) in the form of colloidal particles. An amalgamation of
curiosity, environmental compulsions, and understanding that nature has evolved the
processes for synthesis of inorganic materials on nano- and micro-length scale have
created great interest among material scientists for the utilization of microorganisms in
the synthesis of nanomaterials. It is well known that many unicellular organisms such as
bacteria and algae are capable of synthesizing inorganic materials, both intra- and
extracellularly.*? Some of the examples include magnetotactic bacteria, which
synthesize magnetite nanoparticles,'** diatoms and radiolarians that synthesize siliceous

materials'**

and S-layer bacteria that produce gypsum and calcium carbonate as surface
layers.** These bioinorganic materials can be extremely complex both in structure and
function, and also exhibit exquisite hierarchical ordering from the nanometer to
macroscopic length scale, which has not even remotely been achieved in the laboratory
based syntheses.

The accumulation of inorganic particles in microbes has been reported by
Zumberg, Sigleo and Nagy (gold in Precambrian algal blooms),**® Hosea and coworkers
(gold in algal cells),**" Beveridge and coworkers (gold in bacteria),"*® Aiking and
coworkers (CdS in bacteria),*** Reese and coworkers (CdS in yeast),**® Temple and

1% and Blakemore, Maratea and Wolfe

Leroux (ZnS in sulfate-reducing bacteria)
(magnetite in bacteria).’> More recent and detailed investigations into the use of

microbes in the synthesis of nanoparticles of different chemical compositions and shape
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include bacteria for silver,* gold,**** *%* cdS,*>* znS (sphalerite),**® magnetite,*** 1%

157

iron sulfide,®®” yeast for PbS™® and CdS™® and algae for gold.*®® Very recently, the

synthesis of nanoparticles of variable morphology using leaves of different plants,
sprouts, roots and stems of live alfalfa plants have been demonstrated.®* 1%

Tanja Klaus and co-workers showed that the metal-resistant bacterium,
Pseudomonas stutzeri AG259 (originally isolated from a silver mine), when challenged
with high concentrations of silver ions during culturing resulted in the intracellular
formation of silver nanoparticles, ranging in size from few nm to 200 nm.*** ® Most of
the nanoparticles were found to be composed of elemental silver, while occasionally the
formation of Ag,S was observed. Biofilms of metal nanoparticles embedded in a
biological matrix may have important applications in the synthesis of eco-friendly and
economically viable cermet materials for optically functional thin film coatings. Jorger,
Klaus and Granqgvist showed that heat treatment of the Ag nano-bacteria biomass yielded
hard coatings of a cermet, which was resistant to mechanical scratching with a knife and
whose optical properties could be tailored by varying the silver loading factor.***® The
cermet material was composed primarily of graphitic carbon and up to 5 % by weight (of
the dry biomass) of silver. Recently, Nair and Pradeep have demonstrated that exposure
of large concentration of metal ions to bacteria may also be used to grow
nanoparticles.”®® They showed that Lactobacillus strains present in buttermilk, when
exposed to silver and gold ions, resulted in the production of nanoparticles within the
bacterial cell.®®®® They also concluded that the nucleation of the gold and silver
nanoparticles occurs on the cell surface through sugars and enzymes in the cell wall,
following which the metal nuclei are transported into the cell where they aggregate and

grow to larger-sized particles. Holmes and co-workers have demonstrated that on

Ph.D. Thesis, University of Pune, July 2005 17



Chapter 1 Various Methods for Synthesis of Nanoparticles

exposure of the bacterium, Klebsiella aerogenes to Cd®* ions resulted in the intracellular
formation of CdS nanopaticles in the size range 20-200 nm.*** They also showed that
the composition of the nanoparticles formed was a strong function of buffered growth
medium for the bacterium. In an interesting extension of the bacteria-based methodology
for the growth of magnetic nanoparticles, Roh and coworkers showed that metals such as
Co, Cr, and Ni may be substituted into magnetite crystals biosynthesized in the
thermophilic iron-reducing bacterium Thermoanaerobacter ethanolicus.*** This
procedure led to the formation of octahedral-shaped magnetite nanoparticles in large
guantities that co-existed with a poorly crystalline magnetite phase near the surface of
the cells. In a classical study, Dameron and co-workers for the first time have
demonstrated that the yeasts such as Schizosaccharomyces pombe and Candida glabrata
produced intracellular CdS nanoparticles when challenged with cadmium salt in
solution.’*® Yeast cells exposed to Cd®* ions produce metal-chelating peptides
(glutathiones), and this is accompanied by an increase in the intracellular sulfide
concentration and the formation of nanocrystalline CdS. The biogenic CdS quantum dots
are capped and stabilized by the peptides, glutathione and its derivative phytochelatins
with the general structure (y-glu-cys),Gly. Based on an extensive screening programme,
Kowshik and co-workers have identified the yeast, Turolopsis sp., is capable of
intracellular synthesis of PbS nanoparticles when exposed to aqueous Pb®* ions.
These crystallites were recovered from the biomass by freeze thawing and analyzed by a
variety of techniques. The CdS nanocystals in the size range of 1-1.5 nm synthesized
intracellularly in Schizosaccharomyces pombe yeast cells exhibit ideal diode
characteristics. In an interesting study, Yacaman and coworkers have demonstrated the

growth of gold and silver nanoparticles in sprouts, roots and stems of live alfalfa plants.
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Very recently, Sastry and coworkers have demonstrated the synthesis of gold
nanotriangles by using the extract of lemongrass.'®** They also showed that, by simple
variation of the experimental conditions, it is possible to vary the size of the gold
nanotriangles, which show interesting absorption in the near-infrared (NIR) region of the

electromagnetic spectrum. %

1.3. PHYSICOCHEMICAL CHARACTERIZATION
The nanomaterials can be characterized by various techniques, which provide

important information for the understanding of different physicochemical features. The
most extensively used techniques can be categorized into the following:
(a) X-ray diffraction (XRD),
(b) Scanning electron microscopy (SEM),
(c) Transmission electron microscopy (TEM).
(d) Optical Spectroscopy

(i) Ultraviolet-visible (UV-Vis) spectroscopy,

(ii) Fluorescence spectroscopy,

(iii)Fourier transform infrared (FTIR) spectroscopy,
(e) X-ray photoelectron spectroscopy (XPS),

(F) Atomic absorption spectroscopy (AAS).

1.3.1. X-Ray Diffraction

X-ray diffraction is a very important technique that has long been used to
determine the crystal structure of solids, including lattice constants and geometry,
identification of unknown materials, orientation of single crystals, defects, etc.'®® The X-

ray diffraction patterns are obtained by measurement of the angles at which an X-ray
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beam is diffracted by the crystalline phases in the specimen. Bragg’s equation relates the
distance between two hkl planes (d) and the angle of diffraction (20) as: ni = 2dsin®,
where, A = wavelength of X-rays, n = an integer known as the order of reflection (h, k
and | represent Miller indices of the respective planes).'** From the diffraction patterns,
the uniqueness of nanocrystal structure, phase purity, degree of crystallinity and unit cell
parameters of the nanocrystalline materials can be determined. X-ray diffraction
technique is nondestructive and does not require elaborate sample preparation, which
partly explains the wide use of XRD methods in material characterization.

X-ray diffraction broadening analysis has been widely used to determine the
crystal size of nanoscale materials. The average size of the nanoparticles can be

estimated using the Debye—-Scherrer equation: D = ki / Bcos6, where D = thickness of

the nanocrystal, k is a constant, A = wavelength of X-rays, B = width at half maxima of

(111) reflection at Bragg’s angle 20.*%
1.3.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is one of the most widely used techniques
for characterization of nanomaterials and nanostructures. The resolution of the SEM
approaches a few nanometers, and the instruments can operate at magnifications that are
easily adjusted from ~10 to over 300,000. This technique provides not only
topographical information like optical microscopes do, but also information of chemical
composition near the surface. A scanning electron microscope can generate an electron
beam scanning back and forth over a solid sample. The interaction between the beam and
the sample produces different types of signals providing detailed information about the

surface structure and morphology of the sample. When an electron from the beam
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encounters a nucleus in the sample, the resultant coulombic attraction leads to a
deflection in the electron's path, known as Rutherford elastic scattering. A fraction of
these electrons will be completely backscattered, reemerging from the incident surface of
the sample. Since the scattering angle depends on the atomic number of the nucleus, the
primary electrons arriving at a given detector position can be used to produce images
containing topological and compositional information.’®® The high-energy incident
electrons can also interact with the loosely bound conduction band electrons in the
sample. However, the amount of energy given to these secondary electrons as a result of
the interactions is small, and so they have a very limited range in the sample. Hence,
only those secondary electrons that are produced within a very short distance from the
surface are able to escape from the sample. As a result, high-resolution topographical

images can be obtained in this detection mode.*®’

1.3.3. Transmission Electron Microscopy

Transmission electron microscopy (TEM) is typically used for high resolution
imaging of thin films of a solid sample for nanostructural and compositional analysis.
The technique involves: (i) irradiation of a very thin sample by a high-energy electron
beam, which is diffracted by the lattices of a crystalline or semicrystalline material and
propagated along different directions, (ii) imaging and angular distribution analysis of
the forward-scattered electrons (unlike SEM where backscattered electrons are detected),
and (iii) energy analysis of the emitted X-rays.'*® The topographic information obtained
by TEM in the vicinity of atomic resolution can be utilized for structural characterization
and identification of various phases of nanomaterials, viz., hexagonal, cubic or
lamellar.’®® One shortcoming of TEM is that the electron scattering information in a

TEM image originates from a three-dimensional sample, but is projected onto a two-
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dimensional detector. Therefore, structural information along the electron beam direction
is superimposed at the image plane.

Selected area diffraction (SAD) offers a unique advantage to determine the
crystal structure of individual nanomaterials, such as nanocrystals and nanorods, and the
crystal structures of different parts of the sample. In SAD, the condenser lens is
defocused to produce parallel illumination at the specimen and a selected-area aperture is
used to limit the diffracting volume. SAD patterns are often used to determine the
Bravais lattices and lattice parameters of crystalline materials by the same procedure
used in XRD.!"

In addition to the capability of structural characterization and chemical analyses,
TEM has been also explored for the other applications in nanotechnology. Examples
include the determination of melting points of nanocrystals, in which, an electron beam
is used to heat up the nanocrystals and the melting points are determined by the
disappearance of electron diffraction.'’* Another example is the measurement of

mechanical and electrical properties of individual nanowires and nanotubes.'”

1.3.4. Optical Spectroscopy

Optical spectroscopy has been widely used for the characterization of
nanomaterials and the techniques can be generally categorized into two groups:
absorption (UV-Vis) and emission (fluorescence) and vibrational (infrared)
spectroscopy. The former determines the electronic structures of atoms, ions, molecules
or crystals through exciting electrons from the ground to excited states (absorption) and
relaxing from the excited to ground states (emission). The vibrational technique involves

the interactions of photons with species in a sample that results in energy transfer to or
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from the sample via vibrational excitation or de-excitation. The vibrational frequencies

provide the information of chemical bonds in the detecting samples.

1.3.4.1. UV-Vis Spectroscopy

It deals with the study of electronic transitions between orbitals or bands of
atoms, ions or molecules in gaseous, liquid and solid state.'”® The metallic nanoparticles
are known to exhibit different characteristic colors. Mie was the first to explain the origin
of this color theoretically in 1908 by solving Maxwell’s equation for the absorption and
scattering of electromagnetic radiation by small metallic particles.}™ This absorption of
electromagnetic radiation by metallic nanoparticles originates from the coherent
oscillation of the valence band electrons induced by an interaction with the
electromagnetic field.'” These resonances are known as surface plasmons, which occur
only in the case of nanoparticles and not in the case of bulk metallic particles.”® Hence,

UV-Vis can be utilized to study the unique optical properties of nanoparticles.’’

1.3.4.2. Fluorescence Spectroscopy

In this technique, light of some wavelength is directed onto a specimen,
prompting the transition of electron from the ground to excited state, which then
undergoes a non-radiative internal relaxation and the excited electron moves to a more
stable excited level. After a characteristic lifetime in the excited state, the electron
returns to the ground state by emitting the characteristic wavelength in the form of light.
This emitted energy can be used to provide qualitative and sometime quantitative
information about chemical composition, structure, impurities, Kinetic process and

energy transfer.
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1.3.4.3. Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy deals with the vibration of
chemical bonds in a molecule at various frequencies depending on the elements and
types of bonds. After absorbing electromagnetic radiation the frequency of vibration of a
bond increases leading to transition between ground state and several excited states.
These absorption frequencies represent excitations of vibrations of the chemical bonds
and thus are specific to the type of bond and the group of atoms involved in the
vibration. The energy corresponding to these frequencies correspond to the infrared
region (4000-400 cm™) of the electromagnetic spectrum. The term Fourier transform
(FT) refers to a recent development in the manner in which the data are collected and
converted from an interference pattern to an infrared absorption spectrum that is like a
molecular “fingerprint".!”® The FTIR measurement can be utilized to study the presence
of protein molecule in the solution, as the FTIR spectra in the 1400-1700 cm™ region

provides information about the presence of -CO- and -NH- groups.'™

1.3.5. X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is widely used for probing the electronic
structure of atoms, molecules and condensed matter. When an X-ray photon of energy hv
is incident on a solid matter, the kinetic energy (Ex) and the binding energy (Ey) of the
ejected photoelectrons can be related as follows: Ex = hv — Ep.

This kinetic energy distribution of the photoelectrons is fabricated by a series of
discrete bands, which symbolizes for the electronic structure of the sample.'*® The core
level binding energies of all the elements (other than H and He) in all different oxidation

states are unique, which provides instant detection of the chemical composition of the
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sample after a full range scan.'®* However, to account for the multiplet splitting and
satellites accompanying the photoemission peaks, the photoelectron spectra should be
interpreted in terms of many-electron states of the final ionized state of the sample, rather

than the occupied one-electron states of the neutral species.'®?

1.3.6. Atomic Absorption Spectrometry

The principle of atomic absorption is based on energy absorbed during transitions
between electronic energy levels of an atom. When some sort of energy is provided to an
atom in ground state by a source such as a flame (temperature ranging from 2100-2800
°C), outer-shell electrons are promoted to a higher energy excited state. The radiation
absorbed as a result of this transition between electronic levels can be used for
quantitative analysis of metals and metalloids present in solid matrices, which have to be
dissolved by appropriate solvents before analysis. The basis of quantitative analysis
depends on measurement of radiation intensity and the assumption that radiation
absorbed is proportional to atomic concentration. Analogy of relative intensity values for

reference standards is used to determine elemental concentrations.*®®

1.4. PROPERTIES OF NANOMATERIALS

The reduction of materials’ dimension has pronounced effects on the physical
properties that may be significantly different from the corresponding bulk material.
Some of the physical properties exhibited by nanomaterials are due to (i) large surface
atom, (ii) large surface energy, (iii) spatial confinement, and (iv) reduced imperfections.

The few properties of nanomaterials are discussed in the following:
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1.4.1. Optical Property

For last few decades, metallic nanoparticles have fascinated researchers due to
their colorful colloidal solutions. Mie was the first to explain the red color of gold
nanoparticle in 1908 by solving Maxwell’s equation for an electromagnetic light wave
interacting with small metallic spheres. The color exhibited by metallic nanoparticles is
due to the coherent excitation of all the “free” electrons within the conduction band,
leading to an in-phase oscillation and is known is surface plasmon resonance. Thus, the
color of metallic nanoparticles may change with their size due to surface plasmon
resonance.

Unique optical property of nanomaterials may also be due to quantum size effect,
which arises primarily because of confinement of electrons within particles of dimension
smaller than the bulk electron delocalization length. This effect is more pronounced for
semiconductor nanoparticle, where the band gap increases with a decreasing size. The
same quantum size effect is also shown by metal nanoparticles, when the particle size is

>2 nm.

1.4.2. Magnetic Property

Magnetic properties of nanostructured materials are distinctly different from that
of bulk materials. Ferromagnetic particles become unstable when the particle size
reduces below a certain size as the increase in surface energy provides a sufficient energy
for domains to spontaneously switch polarization directions and become paramagnetic.
But this transformed paramagnetism behaves differently from the conventional
paramagnetism and thus is referred to as superparamagnetism.® In other words,
ferromagnetism of bulk materials disappears and get transferred to superparamagnetism

in the nanoscale due to the high surface energy.
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1.4.3. Mechanical Property

The mechanical properties of nanomaterials increase with the decrease in size.
Most of the studies have been focused on the mechanical properties of one dimensional
structure such as nanowire. The enhanced mechanical strength of nanowires or nanorods
is ascribed to the high internal perfection of the nanowires. Generally, imperfections
such as dislocations, micro-twins, impurities, etc. in crystals are highly energetic and
should be eliminated from the perfect crystal structures. The smaller the cross-section of
nanowires, the less is the probability of finding in it any imperfections as nanoscale

dimension makes the elimination of such imperfections possible.

1.4.4. Thermal Property

Metal and semiconductor nanoparticles are found to have significantly lower
melting point or phase transition temperature as compared to their bulk counterparts. The
lowering of the melting points is observed when the particle size is >100 nm and is
attributed to increase in surface energy with a reduction of size. The decrease in the
phase transition temperature can be ascribed to the changes in the ratio of surface energy

to volume energy as a function of size.

15. APPLICATION OF NANOMATERIALS

Nanotechnology offers an extremely broad range of potential applications from
electronics, optical communications and biological systems to new smart materials. The
wide range of applications shown by nanostructures and nanomaterials are due to (i) the
unusual physical properties exhibited by nanosized materials, e.g. gold nanoparticles
used as an inorganic dye for coloration of glass, (ii) the large surface area, such as gold

nanoparticles supported on metal oxide are used as low temperature catalyst and
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nanoparticles for various sensors, and (iii) small size. For many applications, new
materials and new properties are introduced. For example, various organic molecules are
incorporated into electronic devices.*® Some of the applications of nanostructures and

nanomaterials are highlighted in the following:

1.5.1. Molecular Electronic and Nanoelectronics

The last few years have been witnessing a tremendous progress in the molecular

186

electronic and nanoelectronics. In molecular electronics, single molecules are

designed to control electron transport, which offers the promise of exploring the vast
variety of molecular functions for electronic devices. The control over electronic energy
levels at the surface of conventional semiconductors and metals is achieved by

assembling on the solid surfaces and molecules can be designed into a working circuit. If

molecules are biologically active, then bioelectronic devices could be developed.*® ¢

Many nanoelectronic devices have been developed which includes tunneling

188 186f

junctions,*® electrically configurable switches,**® carbon nanotube transistors,'® single

molecular transistors'®® etc. Various techniques have been used in the fabrication of

191 192

nanoelectronics such as focused ion beam (FIB),”" electron beam lithography—“ and

imprint lithography.'*®

Gold nanoparticles have been extensively used in nanoelectronics and molecular
electronics using its surface property and uniform size. For example, gold nanoparticles
function as a carrier by attaching various functional organic molecules or
biocomponents.’® Gold nanoparticles can also be used as a mediator to connect different

functionalities together in the construction of nanoscale electronics for the applications

of sensors and detectors.'*®
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1.5.2. Nanorobots

Promising applications of nanotechnology in medical science, also referred to as
nanomedicine, have fascinated a lot. One of the attractive applications of nanomedicine
is the creation of nanoscale devices for improved therapy and diagnostics. Such
nanoscale devices are known as nanorobot.'*® These nanorobots have the potential to
serve as vehicles for delivery of therapeutic agents and detectors against early disease

and perhaps may repair metabolic or genetic defects.

1.5.3. Biological Application

One of the important biological applications of colloidal nanocrystals is
molecular recognition.®” Certain biological molecules can recognize and bind to other
molecules with extremely high selectivity and specificity. For molecular recognition
application, antibodies and oligonucleotides are widely used as receptors. If, for
example, a virus enters an organism, antibodies will recognize the virus as a hostile
intruder, or antigen, and bind to it in such a way that the virus can be destroyed by other
parts of the immune system.'*™
Antibodies and oligonucleitides are typically attached to the surface of

nanocrystals via (i) thiol-gold bonds to gold nanoparticles,**

(ii) covalents linkage to
silanized nanocrystals with bifunctional crosslinker molecules,*® and (iii) a biotin-avidin
linkage, where avidin is adsorbed on the particle surface.?®® Nanocrystals thus conjugated
or attached to a receptor molecules can be directed to bind to positions where ligand
molecules are present, which ‘fit’ the molecular recognition of the receptor.”* This

facilitates a set of applications including molecular labeling.”*?% For example, the

change in color of gold nanoparticles from ruby-red to blue due to aggregation has been
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exploited for the development of very sensitive colorimetric methods of DNA
analysis.”®

Other potential biological applications of nanostructure and nanomaterials
include the use of colloidal semiconductor nanocrystals as fluorescent probes to label

204

cells®® and chemical libraries®® and the use of nanostructured materials as artificial

bones.%4

1.5.4. Catalytic Application

Any material to show good catalytic activity must possess high surface area.
Nanomaterials have tremendous implications in catalysis since the surface area of
nanomaterials markedly increases with the reduction of their size. For example, a
nanocrystal of 10 nm diameter will have ~15 % of its atoms on the surface while
nanocrystal of 1 nm diameter will have ~100 %. Thus, a small nanocrystal with a higher
surface area would be more catalytically active. Furthermore, the change in electronic
properties arising due to quantum confinement in small nanocyrstals will also bestow
unusual catalytic properties on these particles.’®® Yates et al. demonstrated that the
decrease in catalytic activity per unit surface area of nickel with the increase in particle
size in the hydrogenation reaction of ethane.”’ In a series of papers, Corrolleur, Gault
and their co-workers demonstrated that the effect of particle size on mechanisms and
product distributions of hydrogenolysis reactions over platinum catalysts.?®® There have
been quite a few interesting examples of nanostructured metal oxides and sulfides
exhibiting unusual catalytic properties.’® Ying et al. reported the use of cerium oxide
nanoparticles in the selective reduction of SO, by CO with excellent poisoning resistance
towards H,O and CO,.2*° Very recently, Liu et al. developed a highly efficient catalyst

system for CO oxidation with Au-Ag alloy nanoparticles supported on the mesoporous
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MCM-41 and observed that the size effect is no longer a critical factor and Ag is
believed to play a key role in the activation of oxygen.*"*

Surface science investigations®'? and theoretical calculations®™® have proved that
the smooth surface of gold is catalytically inactive for both hydrogenation and oxidation
reactions. It is due to the absence of no characteristic dissociative absorption of H, and
O, over the smooth surface of gold at a temperature below 473 K. However, in a series
of papers, Bond et al. and Haruta et al. demonstrated the nano-effect of gold particle in
heterogeneous catalysis.”** They have reported that when nanosized gold (>10 nm)
deposited on certain metal oxides exhibits surprisingly high catalytic activity in
hydrogenation reaction and oxidation of carbon monoxide. Bond and sermon
demonstrated the hydrogenation of linear alkenes over Au/SiO, catalyst.?***" Haruta et
al. showed that the gold nanoparticles with clean surface if deposited on partly reactive
oxides, such as Fe;O3, C0,03, NiO, MnO,, y-alumina and titania was found to be
extremely reactive in the oxidation of carbon monoxide even at a temperature of —70
°C.?"® The enhanced catalytic activities are due to combined effect of gold particle size
and the selection of appropriate transition metal oxide supports. Parravano and his
coworkers dispersed small gold particles over MgO and Al,O5 for oxygen and hydrogen
transfer reactions.® Recently, Mukherjee et al. reported the catalytic activity of gold
nanoparticles supported on fumed silica in the hydrogenation of cyclohexane.?” Suo et
al. reported the liquid phase oxidation of cyclohexane over Au/ZSM-5 and Au/MCM-
41.*® Thiol-stabilized gold nanoparticles have also been exploited for catalysis
applications. Examples include asymmetric dihydroxylation reactions,**° carboxylic ester

220

cleavage,?® electrocatalytic reductions by anthraquinone functionalized gold particles®
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and particle-bound ring opening metathesis polymerization.??? Thus, these observations

clearly suggest that the smaller gold particles can exhibit appreciable catalytic activity.

1.6. SCOPE AND OBJECTIVES OF THE THESIS

One of the important areas of nanotechnology is the development of reliable
processes for the synthesis of nanomaterials over a range of sizes (with good
monodispersity) and chemical composition. Hence, the current research is directed
towards the development of different experimental protocols for the synthesis of
nanomaterials of variable sizes and shapes. Chemically a number of reports prevail in
literature that is eco-unfriendly and expensive. Thus, there is a need to develop eco-
friendly processes that do not employ toxic chemicals in the synthesis protocols. This has
fuelled the researchers to look at the biological systems. Recently, the utilization of
prokaryotic cell (such as bacteria, algae) has emerged as novel methods for the synthesis
of nanomaterials. Although, several reports of the use of microbes has been addressed for
nanoparticle synthesis but the exposure of different inorganic salts to these prokaryotic
cells resulted in the synthesis of nanoparticles intracellularly. However, such
biotransformation-based nanoparticle synthesis strategies would have greater commercial
viability if the nanoparticles could be synthesized extracellularly directly in the aqueous
medium. Towards this objective, the thesis will focus on the extracellular synthesis of
nanoparticles using such bio-based protocols. Prokaryotic and eukaryotic organisms such
as actinomycetes and fungi respectively, for the first time, have been used for the
extracellular synthesis of nanoparticles.??

Very recently, a number of fungal strains for the biotransformation of Baeyer-

Villiger type reaction were screened in our laboratory. Mandal et al. demonstrated the
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fungus, Fusarium oxysporum, to be a new biocatalyst for the biotransformation of
carbonyl compounds, both cyclic aliphatic and aromatic compounds.?** Observing the
redox nature of the fungus, Fusarium oxysporum, in the Baeyer-Villiger type reaction,
the same microorganism has been found to reduce the inorganic salts extracellularly. It
has been observed that the exposure of aqueous solutions of metal salts and a mixture of
metal salts to Fusarium oxysporum resulted in extracellular formation of nanoparticles of
dimensions 5-50 nm and alloy nanoparticles of dimensions 8-14 nm, respectively. In-
depth characterization of these nanoparticles will be highlighted to understand the high
stability of nanoparticles and the probable pathways of their formation.

The main challenges frequently encountered by the researchers of nanoparticle
synthesis are (i) controlling the particle size/shape and (ii) achieving the monodispersity.
The synthesis of nanoparticles with controlled monodispersity is a recent demand by the
material developers for the advancement of nanotechnology. Various chemical methods
to control size and the distribution of the nanoparticles involve micelle, Langmuir-
Blodgett, and organometallic techniques. As chemical protocols for the synthesis of
nanoparticles are focusing on controlled monodispersity, a number of actinomycetes
have been screened for the similar objective. It has been identified that the
alkalothermophilic  (extremophilic) actinomycete, Thermomonospora sp., and
alkalotolerant actinomycete, Rhodococcus sp., are the exciting candidate for the
synthesis of metal nanoparticles with good monodispersity.??

The semiconductor nanoparticles have generated great interest during the past
decades due to their quantum confinement effects and size dependent photoemission
characteristics. These semiconductor nanocrystals have been applied to many different

20-23

technological areas including biological labeling and diagnostics, single-electron
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transistors and light-emitting diodes. Both prokaryotic (bacteria) and eukaryotic
organisms (such as yeast) have been found to produce semiconductor nanoparticles
intracellularly.™* % % However, the synthesis of metal sulfide nanoparticles will be
more viable if it could be accomplished extracellularly. Here too, eukaryotic organisms
such as fungi were found to be a good candidate for the synthesis of metal sulfide
nanoparticles extracellularly.?”® The fungus, Fusarium oxysporum, when exposed to
aqueous solution of metal sulfate, leads to the formation of extremely stable metal
sulfide nanoparticles in solution.

Metallic gold when deposited on selected metal oxides as ultrafine particles of
nanometer size range (~2-3 nm) is found to be very active in many important reactions
for chemical industry and environmental protection. Industrial application of anyone
these methods can either be hazardous or eco-unfriendly. The gold nanoparticle
synthesized extracellularly by fungus, Fusarium oxysporum, supported on SiO, has been
exploited to study the catalytic activity in the aerial oxidation of cyclohexane to adipic
acid.

The specific problems chosen are:

> Biosynthesis of metal (gold and silver) and bimetallic alloy (gold silver)
nanoparticles using fungus, Fusarium oxysporum.

> Biosynthesis of metal (gold and silver) nanoparticles with better size and controlled
monodispersity using actinomycetes.

> Biosynthesis of technologically important semiconductor metal (cadmium, lead, zinc,
manganese and nickel) sulfide nanoparticles using fungus, Fusarium oxysporum, by

a purely enzymatic process.
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> To study the catalytic activity of aerial oxidation of cyclohexane to adipic acid using

supported gold nanoparticles synthesized using fungi.

1.7. OUTLINE OF THE THESIS
The THESIS will be presented in SIX (6) chapters, a brief summary of which is

given below.

Chapter 1. Introduction and Literature Survey

Chapter 1 presents a general introduction about various physicochemical aspects
of nanomaterials. The different characteristic properties of nanomaterials, their
chemically synthesized protocols, characterization techniques, and their applications are
discussed in brief. Based on these reviews, the scope and objective of the present work

have been outlined.

Chapter 2. Biosynthesis of metal and bimetallic alloy nanoparticles using fungus,
Fusarium oxysporum

Chapter 2 presents a novel biological process towards metal and bimetallic alloy
nanoparticles. Gold and silver nanoparticles in the size range of 5-50 nm and bimetallic
Au-Ag alloy nanoparticles of dimensions 6-14 nm of different compositions have been
synthesized using fungus, Fusarium oxysporum. The probable mechanism of the metal

and bimetallic alloy nanoparticles has been discussed.

Chapter 3. Biosynthesis of metal nanoparticles using actinomycetes
Chapter 3 deals with microorganism actinomycetes for the synthesis of metal

nanoparticles of better size/shape and controlled monodispersity. The exposure of
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actinomycete, Thermomonospora sp., to metal ions solution resulted in the reduction of
metal ions and formation of fairly monodispersed metal nanoparticles extracellularly.
However, the use of actinomycete, Rhodoccocus sp., leads to the formation of metal
nanoparticles intracellularly with good dispersity. The probable mechanism of the extra-
and intracellular growth of metal nanoparticles by Thermomonospora sp. and

Rhodoccocus sp. respectively has been discussed.

Chapter 4. Biosynthesis of metal sulfide nanoparticles using fungus, Fusarium
oxysporum

Chapter 4 focuses on a novel method for the synthesis of technologically
important semiconductor metal sulfide nanoparticles using fungus, Fusarium oxysporum,
by a purely enzymatic pathway. When Fusarium oxysporum was challenged with
aqueous solution of metal sulfate (where, metal = cadmium, lead, zinc and nickel),
highly stable quantum dots of metal sulfide nanocrystals can be formed extracellularly
by a purely enzymatic process. The metal sulfide quantum dots are formed by reaction of
M?* ions (metal ions) with sulfide ions that are formed by the enzymatic reduction of

sulfate ions where the enzymes are released in situ by Fusarium oxysporum.

Chapter 5. Aerial oxidation of cyclohexane to adipic acid

Chapter 5 deals with the study of catalytic activity shown by gold nanoparticles
in the aerial oxidation of cyclohexane to adipic acid using extracellularly synthesized
gold nanoparticles by Fusarium oxysporum supported on amorphous (fumed) SiO,. A
comparative study between the catalytic activities of supported gold nanoparticles

synthesized chemically and biologically using fungi will also be discussed.
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Chapter 6. Summary and Conclusions
The summary of the results obtained and the conclusions drawn are presented in

this chapter. The scope for future work is also discussed.
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2.1. INTRODUCTION

The use of nanostructured materials is gaining importance in recent years because
of their expected impact in biomedical sciences, optoelectronics, magnetics, catalysis,
etc.' However, the preparation of such nanostructured materials poses several unique
challenges. Several different manufacturing techniques are in use, that usually employs
atomistic, molecular and particulate processing in a vacuum or in a liquid medium. Most
of the techniques are environmental unfriendly and expensive. Consequently, researchers
in the field of nanoscale material synthesis and assembly have been eagerly looking at
biological systems. Recently, the utilization of biological systems has emerged as a novel
method for the synthesis of nanoparticles. Some of the examples of the use of microbes
in the synthesis of nanoparticles of different chemical compositions include bacteria for
gold,2 silver,® cadmium sulfide,* zinc sulfide,’ magnetite,6 iron sulfide,’ yeast for lead
sulfide® and cadmium sulfide’ and algae for gold.'® Mandal et al. have recently embarked
on a programme of biotransformation of Baeyer-Villiger type reaction in our laboratory.
A number of fungal strains were screened in this effort and it has been observed that
Fusarium oxysporum is an exciting biocatalyst for the biotransformation of carbonyl
compounds, both cyclic aliphatic and aromatic compounds.'' Observing the redox nature
of fungus, Fusarium oxysporum, in the Baeyer-Villiger type reaction, the scope of
biotransformation was further explored for the reduction of metal ions, and it was
observed that the fungus, Fusarium oxysporum, when challenged with aqueous solution
of AuCly and Ag' ions leads to their reduction and formation of gold and silver
nanoparticles respectively, extracellularly in the size range of 5-50 nm dimensions."?

However, Fusarium oxysporum when exposed simultaneously with an aqueous mixture
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of 1 mM gold and silver salts results in the extracellular synthesis of bimetallic Au-Ag

alloy nanoparticles of varying mole fractions."

2.2. EXPERIMENTAL

The fungus, Fusarium oxysporum, was obtained from National Collection of
Industrial Microorganisms (NCIM), NCL, Pune and maintained on potato-dextrose agar
slants at 25 °C. Stock cultures were maintained by subculturing at monthly intervals. The
fungus was grown at pH 7.0 and 25 °C for 5-6 days; the slants were preserved at 15 °C.
From an actively growing stock culture, subcultures were made on fresh slants and after
5-6 days incubation at pH 7.0 and 25 °C, were used as the starting material for synthesis
of nanoparticles.

For the synthesis of nanoparticles, the fungus was grown in 500 mL Erlenmeyer
flasks each containing MGYP media (100 mL), composed of malt extract (0.3 %),
glucose (1.0 %), yeast extract (0.3 %) and peptone (0.5 %) at 25-28 °C under shaking at
200 rpm for 96 h. The mycelial mass were then separated from the culture broth by
centrifugation (5000 rpm) at 10 °C for 20 min and the settled mycelia were washed thrice
with sterile distilled water. Some of the harvested mycelial mass (20 g) was then used for

the synthesis of gold, silver nanoparticles and gold silver alloy nanoparticles.

2.2.1. Biosynthesis of Gold and Silver Nanoparticles

In a typical synthesis of gold and silver nanoparticles, 20 g of fungus, Fusarium
oxysporum, wet biomass was exposed to an aqueous solution of 1 mM chloroauric acid
(HAuCly) and silver nitrate (AgNO3) respectively, and the whole mixture was put into a

shaker at 28 °C (200 rpm).
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2.2.2. Biosynthesis of Gold Silver Alloy Nanoparticles

In a typical experiment, 30 g, 40 g, 50 g and 60 g of Fusarium oxysporum wet
biomass was taken in four conical flasks each containing 100 mL of distilled water. A
carefully weighed quantity of HAuCly and AgNO; was added to each of the conical flask
to yield an overall concentration of AuCl, and Ag’ ions of 1 mM in the aqueous

solution. The whole mixture was thereafter put into a shaker at 28 °C (200 rpm) for 96 h.

2.2.3. Instruments for Characterization

The reduction of metal ions was routinely monitored by visual inspection of the
solution as well as by measuring the UV-Vis spectra of the solution by periodic sampling
of aliquots (2 mL) of the aqueous component. The UV-Vis spectroscopy measurements
were recorded on a Shimadzu dual-beam spectrophotometer (model UV-1601 PC)
operated at a resolution of 1 nm. The fluorescence measurements were carried out on a
Perkin-Elmer LS 50B luminescence spectrophotometer.

The films of nanoparticles were made on Si(111) substrates by drop-coating the
metal nanoparticle solution to study FTIR, XRD and XPS. Fourier transform infrared
spectroscopic (FTIR) studies were performed on a Shimadzu FTIR-8201 PC instrument
in the diffuse reflectance mode at a resolution of 4 cm'. X-ray diffraction (XRD)
patterns were recorded in the transmission mode on a Philips PW 1830 instrument
operating at 40 kV and a current of 30 mA with Cu K, radiation (A = 1.5404 A). The
XPS measurements were carried out on a VG MicroTech ESCA 3000 spectrometer
equipped with a multichanneltron hemispherical electron energy analyzer at a pressure

no higher than 1 x 107 Torr. The electrons were excited with unmonochromatized Mg

Ko X-rays (energy) 1253.6 eV, and the spectra were collected in the constant analyzer
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energy mode at pass energy of 50 eV. This leads to an overall resolution of ca. 1 eV for
the measurements. The core level spectra were background corrected using the Shirley
algorithm'* and the chemically distinct species resolved using a nonlinear least squares
procedure. The core level binding energies (BEs) were aligned with the adventitious
carbon binding energy of 285 eV.

The nanoparticle films were also formed on carbon coated copper grids (40 um x
40 pm mesh size) and transmission electron microscopy (TEM) images were scanned on

a JEOL 1200EX instrument operated at an accelerated voltage of 120 kV.

2.3. CHARACTERIZATION

2.3.1. Extracellular Synthesis of Gold Nanoparticles

2.3.1.1. Visual Inspection
Two conical flasks with Fusarium oxysporum biomass before (A) and after (B)

reaction with 1 mM HAuCl, solution for 48 h are shown in Figure 2.1.

A B

Figure 2.1. Picture of conical flasks containing Fusarium oxysporum biomass before (A)

and after (B) exposure to AuCly ions for 48 h.
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The pale yellow color of the biomass before reaction with AuClsy” ions can
clearly be observed (A) which changes to dark purple on completion of the reaction (B).
The appearance of the purple color clearly indicates the formation of gold nanoparticles
in the reaction mixture and is due to excitation of surface plasmon resonance in the

nanoparticles.'”

2.3.1.2. UV-Vis spectroscopy

48h
36h
24h
20h
15h
10h
6h
2h

Absorbance (a.u.)
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Wavelength (nm)

Figure 2.2. UV-Vis spectra recorded with respect to time after the reaction of 1mM

HAuCl, solution with 20 g Fusarium oxysporum wet biomass for 48 h.

The UV-Vis measurement of the reaction mixture at different interval of time is
plotted in Figure 2.2. The spectra show a well-defined surface plasmon band centered at
around 545 nm, which is the characteristic of gold nanoparticles and clearly indicates the
formation of nanoparticles in solution."” Various studies have established that the surface
plasmon resonance band of gold appears around this value for colloidal gold in the size
range of 30 nm. The exact position of absorbance depends on a number of factors such as

the dielectric constant of the medium, size of the particle etc. The gold nanoparticles
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solution was found to be extremely stable, with no evidence of flocculation of the
particles even a month after the reaction. The resonance is sharp and indicates no

aggregation of gold nanoparticles in solution.

2.3.1.3. X-ray Diffraction

(111)

(200) (312)

(220)

Intensity (a.u.)

20 5 60 70 80
20 (°)

Figure 2.3. XRD pattern recorded from the thin film prepared by drop coating the gold

nanoparticle solution on a Si(111) wafer. The principal Bragg reflections are identified.

The evidence of formation of elemental gold extracellularly is provided by X-ray
diffraction (XRD) analysis of the thin film prepared by drop coating the gold
nanoparticle solution on Si(111) substrate and is shown in Figure 2.3. The intense peaks
due to (111), (200), (220) and (311) Bragg reflection at 20 = 38°, 45°, 67° and 78°
respectively, were the only features observed corresponding to bulk fec gold.'® An
estimate of the mean size of the gold nanoparticles formed in the reaction mixture was

made by using the Debye—Scherrer equation by determining the width of the (111) Bragg
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reflection.'” The average size of the gold nanoparticles was thus determined to be about

25 nm.

2.3.1.4. X-ray Photoelectron Spectroscopy

Intensity (a.u.)

80 85 90
Binding Energy (eV)

Figure 2.4. Au 4f core level spectra recorded from the drop coated gold nanoparticle

solution on a Si(111) substrate. The two spin-orbit components are shown in the Figure.

The chemical analysis of the gold nanoparticle solution was performed using X-
ray photoelectron spectroscopy (XPS) to confirm the reduction of chloroaurate ions. The
sample of gold nanoparticle was solution casted in the form of a film onto a Si(111)
substrate and is shown in Figure 2.4. The Au 4f spectrum from the gold-fungal reaction
mixture could be decomposed into two spin-orbit components 1 and 2 (spin-orbit
splitting ~ 3.8 eV). The Au 4f;, and 4fs;, peaks occurred at a binding energy (BE) of
84.3 eV and 88.1 eV respectively and are characteristic of metallic Au. '® The absence of
a higher binding energy Au 4f component clearly reveals that all the chloroaurate ions

are fully reduced by the fungus, Fusarium oxysporum. Thus, it can be concluded from
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the XPS measurements that all the gold ions used in the nanoparticle synthesis are

reduced and in the metallic form.

2.3.1.5. Fourier Transform Infrared Spectroscopy

Transmittance (%)

1

1300 1400 1500 1600 1700 1800
Wavenumber (cm™)

Figure 2.5. FTIR spectrum recorded from a drop-coated film of an aqueous solution

incubated with Fusarium oxysporum and treated with AuCl, ions for 48 h.

To confirm the presence of protein molecules in the reaction mixture and to
determine the effect of chloroauric acid on the structure of protein molecules, the FTIR
measurement was performed. The sample was prepared by drop-coating the gold
nanoparticle—fungus reaction solution on Si(111) substrate and the spectrum is shown in
Figure 2.5. The spectrum shows the three bands at 1650 cm™ (1), 1540 cm™ (2) and
1450 cm™ (3), which confirm the presence of proteins in the reaction mixture. The bands
at 1650 and 1540 cm ' are identified as the amide I and II bands and arise due to
carbonyl stretch and —N-H stretch vibrations in the amide linkages of the proteins,

respectively.'” The positions of these bands are close to that reported for native proteins
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and are in excellent agreement with that observed in gold colloid-pepsin bioconjugates.
The FTIR results thus also indicate that the secondary structure of the proteins is not
affected as a consequence of reaction with AuCly ions or binding with the gold
nanoparticles. The band at ca. 1450 cm ' is assigned to methylene scissoring vibrations

from the proteins in the solution.

2.3.1.6. Transmission Electron Microscopy

T |

50 nm 100 nm

Figure 2.6. TEM micrographs recorded from two different regions of a drop—coated film
of an aqueous solution incubated with Fusarium oxysporum and treated with AuCly ions
for 48 h.

The two TEM pictures recorded from the gold nanoparticle film deposited on a
carbon coated TEM grid are shown in Figure 2.6. In the left picture, well-separated gold
particles having spherical and triangular morphology are seen. The right picture shows
aggregates of gold nanoparticles. Even though there is large—scale association of the
particles, individual, discrete gold nanoparticles can clearly be discerned in this
micrograph. The gold nanoparticles are thus undoubtedly stabilized by the proteins that

prevent their sintering, a result in agreement with the UV-Vis spectroscopy
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measurements which showed the gold solutions to be exceptionally stable. Optical
microscopy analysis of number of such pictures yielded nanoparticles of 840 nm. The
TEM results indicate that it is indeed possible to synthesize gold particles of nanoscale
dimensions and tolerable monodispersity by using the fungus, Fusarium oxysporum. The
gold nanoparticles synthesized with Fusarium oxysporum are much smaller and more
monodisperse than those synthesized intracellularly with bacteria.*"
2.3.2. Extracellular Synthesis of Silver Nanoparticles
2.3.2.1. Visual Inspection

Figure 2.7A shows a conical flask of the fungal cells after removal from the
culture medium and before immersion in 1 mM AgNOs solution (1). The pale yellow
color of the fungal cells can clearly be observed in the Figure. A picture of the conical
flask containing the fungal cells after immersion in 1 mM AgNO; solution for 72 h is
shown in Figure 2.7B. It can be observed that the pale yellow color of the reaction
mixture changed to the brownish color after 72 h of reaction. The appearance of a
yellowish-brown color in solution containing the biomass is a clear indication of the
formation of silver nanoparticles in the reaction mixture and the color of the solution is

due to the excitation of surface plasmon vibrations in the silver nanoparticles.

A

Figure 2.7. Picture of conical flasks containing Fusarium oxysporum biomass before (A)

and after (B) exposure to Ag" ions for 72 h.
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2.3.2.2. UV-Vis Spectroscopy

The UV-Vis spectra recorded from the Fusarium oxysporum reaction vessel at
different reaction times are plotted in Figure 2.8. The time at which the aliquots were
removed for measurement is indicated next to the respective curves. The strong surface
plasmon resonance centered at ca. 413 nm, characteristic of colloidal silver. The spectra
clearly show the increase in intensity of silver solution with time, indicating the
formation of increased number of silver nanoparticles in the solution. Quite interestingly,

the solution was extremely stable even after a month of reaction, with no evidence of

aggregation of particles.

Absorbance (a.u.)

200 300 400 500 600 700 800 900
Wavelength (nm)

Figure 2.8. UV-Vis spectra recorded with respect to time after the reaction of 1 mM

AgNOj solution with 20 g Fusarium oxysporum wet biomass for 72 h.

2.3.2.3. Transmission Electron Microscopy

A representative TEM picture recorded from the silver nanoparticle film
deposited on a carbon coated copper TEM grid is shown in Fig. 2.9. This picture shows

individual silver particles as well as a number of aggregates. The morphology of the
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nanoparticles is highly variable, with spherical and occasionally triangular nanoparticles
observed in the micrograph. Under observation of such images in an optical microscope,
these assemblies were found to be aggregates of silver nanoparticles in the size range 5—
50 nm. The nanoparticles were not in direct contact even within the aggregates,
indicating stabilization of the nanoparticles by a capping agent. As discussed earlier, the
silver nanoparticle solution, synthesized by the reaction of Ag’ ions with Fusarium
oxysporum, is exceptionally stable and the stability is likely to be due to capping with
proteins secreted by the fungus. The separation between the silver nanoparticles seen in
the TEM image could be due to capping by proteins and would explain the UV-Vis
spectroscopy measurements, which is characteristic of well-dispersed silver
nanoparticles. The silver particles are crystalline, as can be seen from the selected area

diffraction pattern recorded from one of the nanoparticles in the aggregates (Fig. 2.9B).

Figure 2.9. (A) TEM micrograph recorded from a drop-coated film of an aqueous
solution incubated with Fusarium oxysporum and reacted with Ag™ ions for 72 h. The
scale bar corresponds to 100 nm. (B) Selected area of electron diffraction pattern
recorded from one of the silver nanoparticles shown in Figure (A). The diffraction rings

have been indexed with reference to fcc silver.
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2.3.2.4. X-ray Diffraction

The extracellular formation of silver nanoparticles is provided by X-ray
diffraction (XRD) analysis of the silver nano solution and is shown in Figure 2.10. The
sample of nanoparticles was solution casted in the form of a thin film onto a Si(111)
substrate. The presence of sharp reflections due to (111), (200), (220) and (311) agree
well with those reported for fcc silver. The inset of Fig. 2.10 shows the (111) Bragg
reflection of silver, along with a Lorentzian fit to the reflection. An estimate of the size
of the nanoparticles was made from the line broadening of the (111) reflection using the
Debye—Scherrer formula. It is found to be ca. 11 nm, which is in fairly good agreement

with the nanoparticle size estimated by the TEM analysis (Fig. 2.9A).
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Figure 2.10. XRD pattern recorded from the thin film prepared by drop coating the
silver nanoparticle solution on a Si(111) wafer. The principal Bragg reflections are
identified. The inset shows the (111) Bragg reflection for a silver nanoparticle film
grown by reaction of Ag" ions with Fusarium oxysporum. The solid line is a Lorentzian

fit to the data and has been used to estimate the silver nanoparticles size.
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2.3.2.5. X-ray Photoelectron Spectroscopy (XPS) Measurements

The additional support of reduction of Ag” ions to elemental silver by Fusarium
oxysporum is provided by X-ray photoelectron spectroscopy (XPS) analysis and is
shown in Figure 2.11. The sample was prepared by drop-coating the silver nanoparticles-
fungal biomass reaction mixture on Si(111) substrate. The Ag 3d spectrum could be
decomposed into a single spin-orbit pair (spin-orbit splitting ~ 5.9). The Ag 3ds, and
3d;/, peaks occurred at a binding energy (BE) of 368.1 eV and 374 eV respectively and
are assigned to the metallic Ag. The absence of a higher binding energy Ag 3d
component clearly indicates that all the silver ions are fully reduced by the fungus,

Fusarium oxysporum, and are in the metallic form.

Intensity (a.u.)

360 365 370 375 380 385
Binding Energy (eV)

Figure 2.11. Ag 3d core level spectra recorded from a drop coated silver nanoparticle

solution on Si(111) substrate. A single spin-orbit pair is shown in the Figure.
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2.3.2.6. Fourier Transform Infrared Spectroscopy

The amide linkages between amino acid residues in polypeptides and proteins
give rise to well known signatures in the infrared region of the electromagnetic spectrum.
The positions of the amide I and II bands in the FTIR spectra of proteins are a sensitive
indicator of conformational changes in the protein-secondary structure.’” The Figure
shows the FTIR spectrum recorded from a drop-coated film of the silver nanoparticle-
fungus reaction mixture on Si(111) substrate. The spectrum shows the presence of three
bands (Fig. 2.12). The bands at 1650 (1) and 1540 (2) cm ' are due to —-C=0 and -N-H
stretch vibrations present in the amide linkages of the proteins, respectively. The
positions of these bands are close to that reported in literature for native proteins. Thus,
the FTIR measurement indicates that the secondary structure of proteins is not affected
because of its interaction with Ag” ions or nanoparticles. The band at ca. 1450 (3) cm ' is

due to methylene scissoring vibrations present in the proteins.

Transmittance (%)
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1200 1300 1400 1500 1600 1700 1800
Wavenumber (cm™)

Figure 2.12. FTIR spectrum recorded from a drop-coated film of an aqueous solution
incubated with Fusarium oxysporum and reacted with Ag’ ions for 72 h. The amide

bands are identified in the Figure.
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2.3.3. Probable Mechanism of Formation of Gold and Silver Nanoparticles

Absorbance (a.u.)

200 250 300
Wavelength (nm)

Fugure 2.13. The UV-Vis absorption spectrum in the low wavelength region recorded
from the reaction medium of silver nanoparticles 72 h after commencement of the

reaction.

The Figure 2.13 shows the UV-Vis spectrum in low wavelength region recorded
from the reaction medium of silver nanoparticles 72 h after reaction. The presence of the
absorption edge at ca. 270 nm is due to the electronic excitations in tryptophan and
tyrosine residues present in the proteins moiety.”' This observation clearly indicates the
release of proteins into solution by Fusarium oxysporum and that are responsible for the
reduction of the metal ions present in the solution. In order to demonstrate that the
reduction of the gold or silver ions does indeed take place extracellularly, possibly
through the release of reducing agents by the fungus into solution, a control experiment
was performed. 20 g of Fusarium oxysporum biomass was immersed in 100 mL of water
for 72 h, and then the aqueous extract was separated by filtration. To this aqueous
extract, ImM HAuCly or 1| mM AgNO; solution was added. It was observed that this
initially colorless aqueous solution gradually changed to purple color (for gold solution)

and to pale yellowish-brown (for silver solution) within 24 h of reaction. It clearly
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suggests that the reduction of the ions occurs extracellularly through reducing agents
released into the solution by Fusarium oxysporum. While the above experiments clearly
establish that the reduction of the AuCly and Ag" ions occurs extracellularly, it would be
important to identify the reducing agents responsible for this. A preliminary gel
electrophoresis study shows the presence of a minimum of four high molecular weight
proteins released by the biomass in solution. The protein extract for gel electrophoresis
was obtained by suspending the Fusarium oxysporum mycelial biomass for 72 h and was
concentrated by ultrafiltration through a YM-3 ultrafiltration membrane and then
dialyzed against distilled water by using a 3K cut-off dialysis bag. This process removes
the low molecular weight components in the extract such as co-factors. The protein
mixture obtained after dialysis failed to reduce Au™ and Ag” ions. However, on addition
of stoichiometric amounts of NADH to the protein extract, the reduction of ions occurs
quite readily. This clearly suggests that the reduction of Au™ and Ag" ions by NADH
dependent reductases in the extract and the subsequent formation of nanoparticles. It may
be mentioned here that in bacteria, an NADH-dependent iron (III) reductase has been
observed in the outer membrane of Geabacter sulfurreducens,” while a periplasmic iron
(I11) reductase has been isolated from Magnetospirillum magnetotacticum.”> We would
like to point out here that this reductase is specific to Fusarium oxysporum-prolonged
reaction of AuCl; or Ag" ions with another fungus, Fusarium moniliforme, did not result
in the formation of gold or silver nanoparticles, neither intracellularly nor extracellularly.
The long term stability of the nanoparticles solution mentioned earlier may be due to the
stabilization of the gold or silver particles by the proteins. Metal nanoparticles have been
reported to interact strongly with enzymes such as cytochrome c,** and a similar binding

mechanism may be operative in this study.
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2.3.4. Effect of Biomass Concentration

The effect of biomass concentration on the extracellular synthesis of gold and
silver nanoparticles was studied by exposing 5 g, 10 g, 20 g and 30 g of wet biomass of
Fusarium oxysporum to 1 mM aqueous solution of HAuCly and AgNO; respectively.
The Figure 2.14A shows UV-Vis spectra of the reaction mixtures of gold nanoparticles
by exposing 5 g, 10 g, 20 g and 30 g respectively of wet biomass of Fusarium oxysporum
to aqueous solution of I mM HAuCly. The pH of the reaction mixture at the beginning
was 3.3. It can be observed that when an aqueous solution of 1 mM HAuCly exposed to 5

g to 10 g of wet biomass of Fusarium oxysporum, the absorbance of surface plasmon

-

S

o

N

(0]

[&]

e

©

O

} -

(@]

(72}

Qo 30¢g

< 20g
109
59

200 300 400 500 600 700 800
Wavelength (nm)
Figure 2.14. UV-Vis spectra of the reaction mixtures of gold nanoparticles by exposing

5¢g,10 g, 20 g and 30 g respectively of wet biomass of Fusarium oxysporum to aqueous

solution of 1 mM HAuCly The spectra have been shifted vertically for clarity.

resonance of reaction mixtures show an apparent broadening and red shift at 550 nm
indicating the aggregation of gold nanoparticles whereas when the amount of biomass is

increased to 20 g to 30 g, no broadening or red shift of absorbance is observed. This
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indicates that when less amount of wet biomass of Fusarium oxysporum (5-10 g)
exposed to an aqueous solution of 1 mM HAuCly at pH = 3.3, which is generally a harsh
condition for survival of fungus, Fusarium oxysporum, it releases enzyme in solution in
faster rate than the capping protein (which is necessary to prevent the aggregation of gold
nanoparticles). The secreted enzyme then reduces the Au™ ions to Au’ and aggregates
due to the absence of required amount of capping proteins. Further, support of formation
of aggregated particles, when low amount of biomass is used, is provided by TEM
analysis (Fig. 2.15).

The Figure 2.15 (A-D) shows the TEM images recorded from gold nanoparticle
solution synthesized using different amount of biomass 5 g, 10 g, 20 g and 30 g
respectively. It can be observed in Figure 2.15 (A and B) that when the gold
nanoparticles are synthesized using 5 g and 10 g fungal biomass, the aggregated
nanoparticles of bigger sizes are formed. Although the few smaller particles are also
observed in the TEM images, but the concentration of bigger particles are much higher.
On careful inspection of the micrographs reveals that the particles are not well separated
within the aggregates, indicating the presence of less amount of capping protein in the
reaction mixtures. But when the slightly increased amount of biomass 20 g and 30 g is
used, well separated and polydispersed particles are observed [Fig. 2.15 (C and D)].

However, when the same reaction was performed with 1 mM AgNOj solution at
pH = 6.7, no broadening or red shift of absorbance maxima is observed (Fig. 2.16). This

observation is completely converse to that observed for gold nanoparticles.
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Figure 2.15. (A-D) TEM micrographs recorded from gold nanoparticle solutions
synthesized by exposing 5 g, 10 g, 20 g and 30 g wet biomass of Fusarium oxysporum to

aqueous solution of 1 mM HAuCl,.
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Figure 2.16. UV-Vis spectra of the reaction mixtures of silver nanoparticles by exposing
5¢g,10 g, 20 g and 30 g respectively of wet biomass of Fusarium oxysporum to aqueous

solution of 1 mM AgNOs.
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It can be inferred from above observations that either metal ion or the pH of the
reaction mixture has a role to play. In order to determine the role of pH, a set of
experiments were designed in which the reduction of HAuCly was carried out at pH 6.7
and of AgNOj; at pH 3.3 keeping all other parameters constant. In both the cases, there
was no deviation from the results obtained earlier (Fig. 2.14 and 2.16).

Thus, it can be concluded that the synthesis of gold and silver nanoparticles using
fungus, Fusarium oxysporum, is independent of pH of the reaction mixture. Since all
other factors are common for both the reactions, the difference in the observation can be
attributed to the difference in metal ions themselves. Thus, this phenomenon can be an
indicator to the differential toxicity of metal ions towards fungus, Fusarium oxysporum.
The higher toxicity of gold ion for Fusarium oxysporum may trigger the release of higher
amount of reducing agent in the solution to convert A’ to Au® for its survival in that
environment, whereas the release of capping proteins may remain unaffected by the
toxicity of gold ion. This may explain the higher aggregation of gold nanoparticles at

lower amount of biomass, which is not observed for silver nanoparticles.

2.3.5. Effect of pH on Stability of Nanoparticle Solution

The effect of pH on the stability of gold and silver nanoparticle solution
synthesized extracellularly by exposing 20 g of wet biomass of Fusarium oxysporum to 1
mM aqueous solution of HAuCl, and AgNOj respectively and is shown in Figure 2.17. It
can be clearly seen from the UV-Vis spectra that the absorption maxima are uniform in
the pH range from 7.5 to >12.0 for both gold and silver nanoparticle solutions indicating
the extreme stability of nanoparticles at higher pH [Fig. 2.17 (A and B)]. But at lower pH

(6.5 to < 2.0), the broadening of absorbance with a little red shift of absorption maxima
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is observed for both gold and silver nanoparticles solution indicating the aggregation of
particles [Fig. 2.18 (A and B)]. This observation can be attributed to the capping
proteins secreted by the fungus, Fusarium oxysporum, in solution are very much stable at
higher pH and the capping protein retains its characteristics as can be seen from FTIR
measurement (Figure 2.19A) and hence the nanoparticle solutions remain stable at higher
pH. But at lower pH, at around pH =3.4, the protein structure gets affected and the
protein gets denatured and loses its activity (Figure 2.19B), thus aggregation of
nanoparticle is observed. Thus, it can be concluded from above observation that the
proteins secreted by Fusarium oxysporum in solution for the capping of both gold and
silver nanoparticles are stable at basic pH but not in acidic pH which can be attributed to

the stability of capping protein.
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Figure 2.17. UV-Vis spectra of gold nanoparticle—fungus reaction mixture after 48 h of
reaction at higher pH (A) and at lower pH (B).
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Figure 2.18. UV-Vis spectra of silver nanoparticle-fungus reaction mixture after 72 h of

reaction at higher pH (A) and at lower pH (B).
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Figure 2.19. FTIR spectra recorded from a drop-coated film of nanoparticles—fungus

reaction mixture after 48 h of reaction (A) at pH higher than 12 and (B) at pH less than 2.
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2.3.6. Extracellular Synthesis of Bimetallic Gold Silver Alloy Nanoparticles

2.3.6.1. Visual Inspection

The inset of Figure 2.20 shows four test tubes (1-4) of the reaction mixture of
HAuCl,; and AgNOs solution after the treatment with 60 g Fusarium oxysporum wet
biomass at different interval of time. The gradual change of color from purple to deep
brown is the clear indicative of the formation of Au-Ag alloy nanoparticles. The color
change from purple to deep brown is found to be dependent on the rate of reduction of

Ag’ ions by the fungus, Fusarium oxysporum.
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36h
24h
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Figure 2.20. UV-Vis spectra of Au-Ag alloy nanoparticles, exhibiting increasing Ag
mole fraction with time, after the reaction of a mixture of a solution containing 1 mM
HAuCly and 1 mM AgNO; with 60 g Fusarium oxysporum wet biomass for 96 h. The

inset shows test tubes (1-4) containing these diluted colloidal solution.
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2.3.6.2. UV-Vis Spectroscopy

The Figure 2.20 shows the UV-Vis absorption spectra of Au-Ag alloy
nanoparticles solution recorded from the reaction mixture of a solution containing 1 mM
HAuCly and 1 mM AgNO; with 60 g Fusarium oxysporum biomass at different interval
of time. The spectra show a gradual shift of surface plasmon bands, as a function of time
for 96 h from 543 nm to 443 nm and are commensurate with the increasing Ag mole
fraction. It can be observed that all the peaks are located at intermediate positions of pure
nano Au and Ag plasmon bands (545 nm and 413 nm respectively, as described earlier in
chapter 2). The presence of only one plasmon resonance, shifting gradually from nano
gold to silver plasmon bands, clearly suggests the formation of gold silver alloy
nanoparticles, rather than, segregated metal or core-shell type structure, otherwise, two
bands for both nano gold and nano silver would have been observed.” The plasmon
absorptions of the gold silver nano composites are linearly blue shifted from that of Au
in proportion to the increase in the mol fraction of the Ag content and is shq—e—g) Figure

2.21, where, the UV-Vis absorption maximum is plotted against the mol fraction of Au.
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Figure 2.21. UV-Vis absorption position of the surface plasmon maximum is plotted

against the mole fraction of gold in Au-Ag bimetallic nanoparticles.
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2.3.6.3. X-ray Photoelectron Spectroscopy

A chemical analysis of drop-coated film on Si(111) of Au-Ag nano alloy solution
exposed to fungal biomass for 96 h was carried out by XPS. All the recorded core level
spectra were decomposed into individual chemical components using a nonlinear least-
squares fitting procedure as shown in Figure 2.22. Au 4f spectrum resolved into two
spin-orbit components 1 and 2 (Figure 2.22A). The Au 4f7,, and 4fs/, peaks occurred at a
binding energy (BE) of 84.4 eV and 88.1 eV respectively and are assigned to the metallic
gold. Figure 2.22B shows the Ag 3d spectrum resolved into a single spin-orbit pair. The
Ag 3ds, peak occurred at a BE of 368.1 eV and corresponds to that of metallic silver.
These results demonstrate that only one form of Au and Ag are present in solution and it
is in the form of Au(0) and Ag(0). Thus, it is concluded from the XPS measurements that
all the gold and silver ions used in the nanoparticle synthesis are reduced and are in the

metallic form.

Intensity (a.u.)
Intensity (a.u.)

80 83 86 89 92 365 370 375 380
Binding Energy (eV) Binding Energy (eV)

Figure 2.22. (A) Au 4f (B) Ag 3d core-level spectra recorded from a drop-coated Au-Ag
nanoparticles solution on a Si(111) substrate. The two spin-orbit components are shown

in the Figure of each element.
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2.3.6.4. Transmission Electron Microscopy Measurements

Transmission electron microscopy was used to analyze the size and electron
density of the alloy nanoparticles recorded from the drop-coated films of the bimetallic
alloy nanoparticles synthesized using Fusarium oxysporum after treating an equimolar
concentration of HAuCly and AgNO; in 100 mL with the 60 g wet biomass for 96 h and

are shown in Figure 2.23.

S T, L L}
LA ers

Figure 2.23. TEM images of Au-Ag nanoparticles formed by reaction of a mixture of 1
mM HAuCl, and 1 mM AgNOs, with 60 g Fusarium oxysporum wet biomass for 96 h.

At lower magnification, well-separated nanoparticles with occasional aggregation
in the size range 8—14 nm are clearly observed. TEM of bimetallic core-shell type
nanoparticulate structures are known to show electron density banding with dark gold
core and a lighter silver shell. However, the TEM analysis of our particles shows almost
uniform contrast within each particle suggesting that the electron density is homogenous
within the volume of the particle. This is not unexpected since gold and silver are

completely miscible in all proportions due to their almost identical lattice constants. As a

Ph.D. Thesis, University of Pune, July 2005 83



Chapter 2 Extracellular Synthesis of Bimetallic Gold Silver Alloy Nanoparticles

result, the Au-Ag alloy unit-cell size changes only by less than 1 % over the whole range
from pure Au to pure Ag.”® The uniformity in contrast in the bimetallic particles
observed herein clearly suggests the fact that the particles are in the alloy form and not of
the core-shell structure. These results are in agreement with the UV-Vis data discussed

earlier in section 2.7.2.

2.3.6.5. Effect of Biomass Concentration
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Figure 2.24. The graph showing the change in wavelength with respect to time of the
mixture of a solution of 1 mM HAuCly and 1 mM AgNO; after the treatment with

different amount of Fusarium oxysporum wet biomass viz. 30 g, 40 g, 50 g and 60 g.

The Figure 2.24 shows the change in wavelength with respect to time of the
reaction mixture of HAuCly and AgNOs solution after the treatment with different
amount of Fusarium oxysporum wet biomass viz. 30 g, 40 g, 50 g and 60 g respectively.
It can be observed from Figure that when 30 g of wet biomass was used, the UV-Vis

absorbance levels off at 96 h with A, of 543 nm. When the biomass amount was
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increased to 40 g, 50 g, 60 g and 70 g, the absorbance leveled off at 96 h with A, of 496
nm, 470 nm, 443 nm, 440 nm respectively.

Thus, when amount of biomass was 30 g only gold nanoparticles are formed
whereas with increase in biomass from 40 g to 60 g, Au-Ag alloy nanoparticles with
higher mole fraction (w. r. t. silver) were formed. With further increase in the amount of
biomass to 70 g, there was no further shift in the A,x observed. In other words, when 30
g of wet biomass is exposed to a mixture of HAuCly and AgNO;, it is capable to reduce
only AuCly ions at that biomass concentration. However, when the biomass
concentration is slightly increased to 40 g, the UV-Vis absorbance maxima blue shifts to
500 nm, indicating the beginning of reduction of Ag" ions along with AuCl, ions. This
indicates that the critical biomass concentration is essential for reduction of Ag' in
presence of Au’" ions; below this critical biomass only gold ions will be reduced. On
further increase in amount of biomass till 60 g, the UV-Vis absorbance maxima blue
shifted to 443 nm, indicating the increase in the amount of silver in the synthesized alloy
nanoparticles. However, on further increase in amount of biomass, no appreciable shift in
the UV-Vis absorbance was observed. This suggests that the amount of biomass 60 g is
the limiting amount of biomass; above this limiting value no further shift in the UV-Vis
absorbance or no further increase in the amount of silver in the synthesized alloy

nanoparticles will be observed.

2.3.6.6. Probable Mechanism of Formation of Au-Ag Alloy Nanoparticles

The fungus, Fusarium oxysporum, is known to secrete NADH dependent
enzymes in reaction mixture as discussed earlier in section 2.4.'* *" To determine the
relation between the biomass concentration and the ability of reduce both AuCly, and

Ag’ ions few controlled experiments were designed. Accordingly, 100 mL solution of
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ImM HAuCly and ImM AgNO; was treated with different amounts, 100 uL, 200 pL,
300 pL and 400 pL, of NADH, (0.1% W/V) respectively (i) in the presence of 30g
Fusarium oxysporum biomass (ii) and in absence of biomass. It was observed that the
shift in the UV-Vis absorbance of these reaction mixtures after 24 h were similar when
(1) the amount of biomass was increased from 30 to 60 g, or (ii) the amount of NADH
was increased from 100 uL to 400 pL keeping the biomass amount constant at 30 g.
However no shift in UV-Vis absorbance was observed when the experiment was
performed in absence of biomass. It is clear from above experiments that as the amount
of biomass are increased, more and more cofactor, NADH is being released by the
fungus in solution and that enables the enzymes, secreted by the fungus, Fusarium
oxysporum, in reaction mixture, to reduce the metal ions. The cofactor, NADH secreted
by the 30 g biomass of fungus, Fusarium oxysporum, in reaction mixture for 96 h is
sufficient only for more easily reducible Au’" and thus UV-Vis absorbance is observed at
543 nm without any shift.”® But as the amount of wet biomass is increased from 30 to 60
g, the fungus releases more NADH in reaction mixture, which helps the enzymes to
reduce both Au’" and Ag” ions, thus a gradual shift in UV-Vis absorbance is observed. It
should be mentioned here that the HAuCly and AgNO; are not toxic to fungus, Fusarium
oxysporum, as it found to grow on agar plate even after 96 h of reaction. Thus, the
cofactor NADH plays an important role in controlling the composition of Au-Ag
nanoparticles by the fungus, Fusarium oxysporum. In other words, by varying the
amount of NADH, the different composition of Au-Ag alloy nanoparticles can be

synthesized.
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2.7. SUMMARY

In this chapter, it has been shown for the first time the use of eukaryotic system
such as fungi in the extracellular synthesis of metal nanoparticles. The high stability of
the nanoparticle solution is due to secretion of reducing enzyme and capping protein by
the fungus, Fusarium oxysporum, in the reaction mixture and is responsible for both
formation and capping of the metal nanoparticle. The preliminary study of protein extract
obtained by suspending the fungus, Fusarium oxysporum, biomass for 72 h reveals the
presence of NADH dependent reductases in the extract. The stability of capping protein
is found to be pH dependent. At higher pH the nanoparticle solution remains stable while
it aggregates at lower pH as the protein gets denatured. It has been observed that the
Fusarium oxysporum lacks sufficient defence mechanism to circumvent the toxic effect
of gold ions in compare to silver ions. In presence of AuCly ions and at lower amount of
biomass, the Fusarium oxysporum releases higher amount of reducing enzyme compare
to capping protein in solution and results in the formation of aggregated nanoparticle
while in presence of Ag” ions under similar condition, no aggregation of nanoparticle is
observed. This efficient process of nanoparticle synthesis has been further extended for
the synthesis of bimetallic Au-Ag alloy nanoparticle by using the equimolar mixture of
gold and silver solution. It has been observed that the composition of Au-Ag nano alloy
is cofactor NADH dependent. The Au-Ag alloy nanoparticle of varying composition can
be synthesized by controlling the release of amount of cofactor by using the controlled
amount of biomass, Fusarium oxysporum. The extracellular synthesis of nanoparticle
makes it possible to harness and immobilize/deposit onto desired solid support for the

use of different practical purposes.
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3.1. INTRODUCTION

The synthesis of nanoparticles of controlled particle size and good
monodispersity is essential to explore the unique physical and chemical properties of
nanomaterials. Many potential applications of nanoparticles such as quantum dot,
tunable laser diodes require extreme monodispersity of nanoparticles.! A number of
chemical methods to control the size and distribution of the nanoparticles include
micelle,? langmuir-Blodgett,® and organometallic techniques.* However, these techniques
employ toxic and expensive chemicals and also the synthesized nanoparticles are
relatively unstable and tend to agglomerate quickly. Thus, there is a growing need to
develop clean, non-toxic and inexpensive synthesis protocols. Recently, the use of
microbes has emerged as a novel method for the synthesis of nanoparticles.” Klaus and
co-workers isolated a metal-resistant bacterium, Pseudomonas stutzeri AG259 from
silver mine, and treated it with high concentrations of silver ions resulting in the
intracellular formation of silver nanoparticles with polydispersed morphology.® Recently,
Nair and Pradeep have demonstrated that exposure of large concentration of metal ions
to bacteria Lactobacillus isolated from buttermilk found to synthesize the nanoparticles
of variable morphology intracellularly.” Thus, the use of prokaryotes such as bacteria
resulted in the intracellular synthesis of nanoparticles with polydispersed morphology.
However, such biotransformation-based nanoparticle synthesis strategies would have
greater application if the nanoparticles with controlled dispersity could be synthesized
extracellularly as the harnessing of the nanoparticles from the cell is not easy.

It has been demonstrated in chapter 2 that the use of eukaryotic microorganism
such as fungi, Fusarium oxysporum resulted in the synthesis of gold® and silver® but with

polydispersity. Towards the objective to synthesize the nanoparticles with controlled
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dispersity, a number of species of actinomycetes have been screened. It was observed
that the alkalothermophilic (extremophilic) actinomycete, Thermomonospora sp., and
alkalotolerant actinomycete, Rhodococcus sp., are quite promising as an exciting
candidate for the synthesis of metal nanoparticles. We observed that the exposure of
metal ions to Thermomonospora sp. resulted in the extracellular synthesis of
nanoparticles with fairly monodispersity while the use of Rhodococcus sp. resulted in the
formation of high concentration of nanoparticles with good monodispersity within the
actinomycete cells.®® Although the intracellular synthesis of metal and semiconductor
nanoparticles has until now been reported only from bacteria and fungi, the use of

actinomycetes in the intracellular synthesis of nanoparticles is yet to be investigated.>®°

3.2. EXPERIMENTAL
3.2.1. Extracellular Biosynthesis of Metal Nanoparticles using Actinomycete,

Thermomonospora sp.

An alkalothermophilic (extremophilic) actinomycete, Thermomonospora sp.,
having optimum growth at pH 9 and 50 °C was isolated from self heating compost from
the Barabanki district of Uttar Pradesh, India. The extremophiles are microorganisms
which can grow under extreme conditions e.g. extremes of temperature, from -14 °C
(psychrophiles) to 45 °C (thermophiles) to 110 °C (hyperthermophiles)]; extremes of pH
[from 1 (acidophiles) to 9 (alkalophiles)]; very high barostatic pressure (barophiles);
non-aqueous environment containing 100 % organic solvents; excess heavy metal
concentration; etc. These microorganisms have developed numerous special adaptations

to survive in such extreme habitats, which include new mechanisms of energy
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transduction, regulating intracellular environment and metabolism, maintaining the
structure and functioning of membrane and enzymes, etc.

The actinomycete, Thermomonospora sp., was maintained on MGYP (malt
extract, glucose, yeast extract and peptone) agar slants and was maintained by
subculturing at monthly intervals. The actinomycete was grown at pH 9 and 50 °C for
four days and the slants were preserved at 15 °C. From an actively growing stock culture,
subcultures were made on fresh slants and after four days of incubation at pH 9 and 50
°C and were used as the starting material for nanoparticles synthesis.

For the synthesis of nanoparticles, the actinomycete, Thermomonospora sp., was
grown in 250 mL Erlenmeyer flasks containing 50 mL MGYP medium which is
composed of malt extract (0.3 %), glucose (1.0 %), yeast extract (0.3 %) and peptone
(0.5 %). Sterile 10 % sodium carbonate was used to adjust the pH of the medium to 9.
The culture was grown with continuous shaking on a rotary shaker (200 rpm) at 50 °C
for 96 h. The mycelia (cells) were then separated from the culture broth by centrifugation
(5000 rpm) at 20 °C for 20 minutes and were washed thrice with sterile distilled water
under sterile conditions. Some of the harvested mycelial mass (10 g) was then used for

the synthesis of metal nanoparticles.

3.2.2. Intracellular Biosynthesis of Gold Nanoparticles using Actinomycete,
Rhodoccocus sp.
An alkalotolerant actinomycete, Rhodococcus sp., having optimum growth at pH
7 at 27 °C was isolated from fig trees (Ficus carica family Moraceae) from the Pune
district of Maharashtra, India. The alkalotolerant organisms are those, which can grow
over a broad pH range (pH 5-10), the optimum being more towards the alkaline pH. The

alkalotoretant actinomycete was maintained on potato-dextrose-agar (PDA) slants. Stock
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cultures were maintained by subculturing at monthly intervals. After growing at pH 7
and 27 °C for four days the slants were preserved at 15 °C. From an actively growing
stock culture, subcultures were made on fresh slants and, after 4 days incubation at pH 7
and 27 °C, were used as the starting material for fermentation experiments.

For the synthesis of metal nanoparticles, the actinomycete mycelia were grown in
500 mL Erlenmeyer flasks containing 100 mL MGYP medium which is composed of
malt extract (0.3 %), glucose (1.0 %), yeast extract (0.3 %) and peptone (0.5 %). The
culture was grown with continuous shaking on a rotary shaker (200 rpm) at 27 °C for 96
h. The mycelia (cells) were separated from the culture broth by centrifugation (5000
rpm) at 10 °C for 20 min and washed thrice with sterile distilled water under sterile
conditions. Some of the harvested mycelial mass (10 g) was then used for the synthesis

of metal nanoparticles.

3.2.3. Biosynthesis of Gold Nanoparticles

For the extracellular synthesis of gold nanoparticles, 10 g wet biomass of
Thermomonospora sp. was exposed to 50 mL aqueous solution of 1 mM chloroauric acid
(HAUCly) in 250 mL of Erlenmeyer flask at pH 9. The pH of the solution was adjusted
using 10 % Na,CO; solution. The whole mixture was put into a shaker at 50 °C (200
rpm) for 5 days and maintained in the dark.

For the intracellular synthesis of gold nanoparticles, 10 g wet biomass of
Rhodococcus sp. was incubated with 1 mM aqueous solution of HAuUCI, in 500 mL of
Erlenmeyer flask at pH 7 and the whole mixture was put onto a shaker at 25-28 °C (200

rpm) for 48 h.
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3.2.4. Biosynthesis of Silver Nanoparticles

In a typical synthesis of silver nanoparticle extracellularly, 50 mL aqueous
solution of 1 mM silver nitrate (AgNOs3) was treated with 10 g wet biomass of
Thermomonospora sp. in 250 mL of Erlenmeyer flask at pH 9. The pH was adjusted
using 10 % Na,COj3 solution. The whole mixture was put into a shaker at 50 °C (200

rpm) and maintained in the dark.

3.2.5. Instruments for Characterization

The bioreduction of the Au** / Ag* ions in solution was monitored by periodic
sampling of aliquots (2 mL) of the aqueous component and by measuring the UV-Vis
spectra of the solution. For the intracellular synthesis of gold nanoparticles, after the
reaction periods, the biomass was washed thrice with copious amounts of sterile distilled
water and films of the actinomycete cells (both before and after exposure to AuCl,™ ions
for 24 h) for UV-Vis spectroscopy and X-ray diffraction (XRD) studies were prepared
by solution-casting the washed fungal cells onto a Si(111) wafers and thoroughly drying
the film in flowing N,. UV-Vis spectroscopy measurements of the films were made on a
Shimadzu dual-beam spectrophotometer (model UV-1601PC) operating in the reflection
mode at a resolution of 1 nm. It is pertinent to mention here that, since the films of the
Au-Rhodococcus cells were rough, the results are not quantitative and have been merely
used to detect the presence of gold nanoparticles in the biomaterial. UV-Vis spectra of
the aqueous HAUCI, solution after reaction with the actinomycete cells for 24 h were
recorded in the transmission mode on the same instrument.

X-ray diffraction (XRD) measurements of the bioreduced chloroauric acid / silver

nitrate solution drop-coated on glass substrate as well as the Au nano actinomycete
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biofilm on Si(111) substrate were carried out on a Philips PW 1830 instrument operating
at 40 kV voltage and a current of 30 mA with Cu K, radiation.

For Fourier transform infrared (FTIR) spectroscopy measurement, the gold /
silver nanoparticle solution was drop-coated on Si(111) wafer and was carried out on a
Perkin-Elmer instrument in the diffuse reflectance mode at a resolution of 4 cm™,

The transmission electron microscopy (TEM) analysis of extracellularly
synthesized gold / silver nanoparticles were prepared by drop-coating biosynthesized
gold / silver nanoparticles solution on carbon-coated copper TEM grids (40 pum x 40 pum
mesh size). TEM measurements were performed on a JEOL model 1200EX instrument
operated at an accelerating voltage at 120 kV. For the intracellularly synthesized gold
nanoparticles, transmission electron microscopy (TEM) studies of thin sections of the Au
nano-actinomycete cells were carried out on the same instrument to examine the exact
location of the reduction of gold nanoparticles by the enzymes. Thin sections of the
Rhodococcus cells, after reaction with AuCl,~ ions were prepared for TEM analysis as
follows:

Approximately 1 mm? aliquots of the Au nano-Rhodococcus biomass were taken
and fixed in 2.5 % gluteraldehyde in distilled water for 2 h at room temperature. After
fixation, the cells were sedimented (1500 rpm, 10 min) and washed three times with
distilled water. Without post fixation, the pellet was subjected to dehydration with 30,
50, 70 and 90 % ethanol for 15 min at each concentration followed by two changes in
absolute ethanol. Since ethanol is poorly miscible with epoxy resins, propylene oxide
was used as a linking agent. The dehydrated pellet was kept in propylene oxide for 15
min following which the infiltration of the resin was carried out by placing the pellet in a

1:1 mixture of propylene oxide and Epon 812 overnight at room temperature. Embedding

Ph.D Thesis, University of Pune, July 2005 97



Chapter 3 Experimental

was carried out by using a mixture of the resin (Epon 812) and hardeners (DDSA:
dodecynyl succinic anhydride and MNA: methyl nadic anhydride) in the ratio 1:1.5. To
this, two drops of tridimethylaminomethyl phenol (DMP30) was added to accelerate the
polymerization process. Polymerization was carried out using this mixture at 60 °C for 3
days. Ultrathin sections were cut using an ultramicrotome (Leica Ultracut UCT) and
were taken on copper TEM grids (40 mm x 40 mm mesh size). The sections were
slightly stained with uranyl acetate and lead citrate prior to TEM analysis.

To identify the number of proteins secreted by the actinomycete,
Thermomonospora sp. and their molecular weights in the extracellular synthesis of gold
and silver nanoparticles, the actinomycete biomass [10.0 g of wet mycelia (cells)] was
resuspended in 100 mL of sterile distilled water at pH 9 and the whole mixture was put
into a shaker at 50 °C for a period of 4 days. The mycelia were then removed by
centrifugation, and the aqueous supernatant thus obtained was concentrated by
ultrafiltration using an YM3 (molecular weight cutoff 3K) membrane and then dialyzed
thoroughly against distilled water using a 3K cutoff dialysis bag. This concentrated
aqueous extract containing protein was analyzed by PAGE (polyacrylamide gel
electrophoresis) and carried out at pH 8.3 according to the procedure published by

Laemmli.t
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3.3. CHARACTERIZATION
3.3.1. Extracellular Biosynthesis of Gold and Silver Nanoparticles using
Actinomycete, Thermomonospora sp.
3.3.1.1. Visual Inspection and UV-Vis Spectroscopy
The picture of test tubes of chloroauric acid and silver nitrate solution after
exposure to actinomycete, Thermomonospora sp. are shown in the inset of Figure 3.1A
and 3.1B respectively. The appearance of the ruby red and brown color clearly indicates
the formation of gold and silver nanoparticles respectively in the reaction mixture. The
characteristics ruby red and brown color of colloidal gold and silver solution respectively
is due to the excitation of surface plasmon vibrations in the nanoparticle and provides a

convenient spectroscopic signature of their formation.*?

120 h
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36 h

Absorbance (a.u.)

24h

12h

300 400 500 600 700 800 900 200 300 400 500 600 700 800 900
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Figure 3.1. UV-Vis spectra recorded as a function of time of reaction of 1 mM aqueous
solution of (A) HAuCI, and (B) AgNO3 with Thermomonospora sp. biomass. The inset
of respective Figures show a test tube of the gold (A) and silver (B) nanoparticle solution

formed at the end of the reaction.
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The UV-Vis spectra recorded from the aqueous chloroauric acid- and silver
nitrate-actinomycete reaction medium as a function of time of reaction are shown in
Figure 3.1 (A and B). It can be observed that the gold surface plasmon band occurs at ca.
520 nm while that of silver occurs at 410 nm respectively and steadily increases in
intensity as a function of time of reaction. The surface plasmon band in the gold and
silver nanoparticles solution remains close to 520 and 410 nm respectively throughout
the reaction period, suggesting that the particles are dispersed in the aqueous solution
with no evidence for aggregation. After completion of the reaction, the gold and silver
nanoparticles solution was separated from the actinomycete biomass and tested for
stability. It was observed that the nanoparticle solution of gold and silver was extremely
stable for more than six months with no signs of aggregation even at the end of this
period. The particles are thus stabilized in solution by the capping agent that is likely to

be proteins secreted by the biomass.

3.3.1.2. X-ray Diffraction

Figure 3.2 (A and B) show the X-ray diffraction pattern recorded from gold and
silver nanoparticles film deposited on a Si(111) substrate respectively. Prominent Bragg
reflections corresponding to fcc gold and silver nanoparticles have been identified in the
Figure.** An estimate of the mean size of the gold and silver nanoparticles formed in the
cells were made by using the Debye—Scherrer equation by determining the width of the
(111) Bragg reflection.'* The size of the gold and silver nanoparticles was calculated to

be about 9 and 18 nm respectively.
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Figure 3.2. X-ray diffraction patterns recorded from (A) gold and (B) silver

nanoparticles films deposited on a Si(111) wafer.

3.3.1.3. Transmission Electron Microscopy

Figure 3.3 (A and B) show TEM pictures recorded from drop-coated films of the
gold nanoparticles. The low magnification TEM image clearly shows dense assembly of
uniformly sized gold nanoparticles (Fig. 3.3A). The whole surface of the grid was evenly
covered with gold nanoparticles as shown in this image. At higher magnification, the
morphology and size of the particles can be clearly visualized (Fig. 3.3B). The particles
are essentially spherical and appear to be reasonably monodispersed. The particle size
histogram derived from the particles shown in this image and other similar images is
shown in Fig. 3.3C. It can be seen that the mean particle size is ca. 8.5 nm with some
particles of 9-10 nm size and a very small percentage having diameters 7 and 12 nm.
Figure 3.3D shows the selected area electron diffraction (SAED) pattern obtained from

the gold nanoparticles shown in Fig. 3.3B. The Scherrer ring pattern characteristic of
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face centered cubic (fcc) gold is clearly observed showing that the structures seen in the

TEM images are nanocrystalline in nature.
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Figure 3.3. (A and B) TEM micrographs recorded from drop-cast films of the gold

nanoparticle solution formed by the reaction of chloroauric acid solution with

Thermomonospora sp. biomass for 120 h at different magnifications. (C) Particle size

distribution histogram determined from the TEM micrograph shown in Fig B. (D)

Selected area diffraction pattern recorded from the gold nanoparticles shown in Fig. B.

A representative TEM picture recorded from the silver nanoparticles film

deposited on a carbon-coated copper TEM grid is shown in Figure 3.4. It can be seen
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from TEM micrograph that the distribution of silver nanoparticles are polydispersed. The
morphology of the particles is highly variable. Careful inspection of the image shows
that the silver nanoparticles with different variable morphology as well as smaller,
polydispersed spherical particles. Optical microscopy analysis of many such TEM

images gave an average size of dimensions of 8-30 nm.

Figure 3.4. TEM micrograph recorded from drop-cast film of silver nanoparticle
solution formed by the reaction of silver nitrate solution with Thermomonospora sp.

biomass.

3.3.1.4. Probable Mechanism of Formation of Metal Nanoparticles Using

Thermomonospora sp.

The presence of amide linkages between amino acid residues in polypeptides
provides a well known signature in the infrared region of the electromagnetic spectrum.
The positions of —N-H and —CO stretching vibrations in the FTIR spectra of proteins are
a sensitive indicator to conformational changes in the secondary structure of proteins.™
The Fourier Transform Infrared (FTIR) spectra recorded from the chloroauric acid (a)

and silver nitrate (b) solution after reaction with Thermomonospora sp. for 120 h and are

shown in Figure 3.5. The spectra show the presence of three bands at 1650, 1540 and
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Figure 3.5. FTIR spectrum recorded from drop-cast films of (a) HAuCl, and (b) AgNO3
solution after reaction with Thermomonospora sp. for 120 h. The amide | and Il bands
are identified in the Figure. The inset shows the native gel electrophoresis of aqueous
protein extract obtained from Thermomonospora sp. mycelia (cells); 7.5 % (w/v)

polyacrylamide slab gel, at pH 8.3.

1450 cm™ for both gold and silver nanoparticle solution. The 1650 and 1540 cm™ bands
may be assigned to the amide | and Il bands (labeled as 1 and 2 in Fig. 3.5) and are due
to —CO stretch and —-N-H stretch vibrations in the amide linkages of proteins
respectively.'® It is well known that proteins can bind to gold and silver nanoparticles
either through free amine groups or cysteine residues in the proteins,'” therefore,
stabilization of the nanoparticles by proteins is a possibility.

To understand the exact mechanism of reduction of metal ions by actinomycete,
the release of protein into reaction mixture by Thermomonospora sp. in terms of the
number of different proteins secreted and their molecular weights have been analyzed.
Preliminary gel electrophoresis measurement (inset in Fig. 3.5) indicates that the

actinomycete secretes atleast four different proteins of molecular masses between 80 kDa
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and 10 kDa. One or more of these proteins may be enzymes that reduce chloroaurate ions
and silver ions and cap the gold and silver nanoparticles formed by the reduction process.

The actinomycete is found to synthesize the metal nanoparticle with different
particle size distribution, e.g. the gold nanoparticle synthesized by Thermomonospora sp.
is fairly monodispersed while silver nanoparticles are polydispersed. These phenomena
may be a pointer towards the specific interaction between gold nanoparticles and one of
the capping proteins and non specific interaction of silver nanoparticles with different
capping proteins giving fairly monodispersed gold nanoparticles and silver with
polydispersity. This can be indicative of subtle difference in activity of gold and silver
nanoparticles. In other words, the nature and strength of interaction of different proteins
with different crystallographic faces of metal nanocrystals may vary and this may lead to
complex morphologies and size control. Recently, Heuer et al. reported that the complex
morphology of calcium carbonate crystals in red abalone shells is modulated by
insoluble proteins present in the organism,'® and a similar mechanism may be operative

in this study.
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3.3.2. Intracellular Biosynthesis of Gold Nanoparticles using Actinomycete,
Rhodococcus sp.

3.3.2.1. Visual Inspection

—

A) B) -

Figure 3.6. (A) Rhodococcus sp. biomass after removal from the culture medium. (B)
Rhodococcus sp. actinomycete cells after exposure to 1 mM aqueous solution HAuUCI,
for 24 h.

Figure 3.6 shows a conical flask of the actinomycete cells after removal from the
culture medium and before immersion in HAuClI, solution (A). The saffron color of the
actinomycete cells can clearly be seen in the Figure 3.6A. A picture of the conical flask
containing the actinomycete cells after exposure to 1 mM aqueous solution of HAuCl,
for 24 h is shown in Figure 3.6B. A vivid purple color of the actinomycete cells can
clearly be observed, which indicates the formation of Au nanoparticles by the cells. It is
also clear that the aqueous HAUCI, medium is colorless, thereby strongly indicating that

the extracellular reduction of the AuCl,™ ions has not occurred.
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3.3.2.2. UV-Vis Spectroscopy
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Figure 3.7. UV-Vis spectra recorded from biofilms of the Rhodococcus sp. biomass
before (curve 1) and after exposure to 1 mM aqueous HAuClI, solution for 24 h (curve 2).

Figure 3.7 shows the UV-Vis spectra recorded from a film of the actinomycete
cells before (curve 1) and after immersion in 1 mM HAuUCI, solution for 24 h (curve 2).
The gold nanoparticles absorb radiation in the visible region of the electromagnetic
spectrum due to the excitation of surface plasmon vibrations giving gold nanoparticles
striking colors in various media. The UV-Vis spectra (Figure 3.7) show no evidence of
absorption in the spectral window 400-800 nm for the as-harvested actinomycete cells
(curve 1), whereas the actinomycete cells exposed to AuCl, ions show distinct
absorption at around 540 nm (curve 2). The presence of the broad resonance indicates an
aggregated structure of the gold particles in the film. As mentioned earlier, scattering

from the rough biomass surface would also contribute to the broadening of the
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resonance. This absorption is close to that observed for thin films of gold nanoparticles

grown by different techniques.*

3.3.2.3. X-ray Diffraction
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Figure 3.8. XRD pattern recorded from an Au nano-Rhodococcus biofilm deposited on

a Si(111) wafer. The principal Bragg reflections are identified.

Further evidence for the intracellular formation of gold nanoparticles is provided
by XRD analysis of the Au nano-actinomycete biofilm deposited on a Si(111) substrate
(Figure 3.8). The prominent peaks corresponding to (111), (200), (220) and (311) Bragg
reflections are characteristic of fcc gold and agrees with those reported for gold
nanocrystals. An estimate of the mean size of the gold nanoparticles formed in the cells
was made by using the Debye—Scherrer equation by determining the width of the (111)
Bragg reflection. The average size of the gold nanoparticles thus calculated was found to

be about 12 nm.
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3.3.2.4. Transmission Electron Microscopy
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Figure 3.9. (A-C) Representative TEM micrographs recorded at different magnifications
from thin sections of stained Rhodococcus cells after reaction with AuCl,™ ions for 24 h.
(D) A particle size distribution histogram determined from the TEM image shown in
Figure 3.9C.

Figure 3.9 (A-C) shows representative TEM pictures of the thin sections of the
Au nano-actinomycete cells synthesized by using actinomycete after reacting with

chloroauric acid for 24 h. At lower magnification, the image shows small particles of
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gold organized on the walls of the actinomycete cells (Figure 3.9A). At slightly higher
magnification, one TEM image shows the junction between two cells wherein the
individual cells are more clearly resolved (Figure 3.9B). The gold nanoparticles can
clearly be seen on the cell wall as well as on the cytoplasmic membrane. Furthermore,
the concentration of gold nanoparticles is much higher on the cytoplasmic membrane
than on the cell wall. At a still higher magnification, a better idea of the morphology and
the size of the particles may be obtained (Figure 3.9C). The highly concentrated particles
are essentially spherical with occasional evidence of aggregation. The size distribution of
particles is represented in a histogram after considering > 100 gold nanoparticles shown
in the many TEM images and is shown in Figure 3.9D. It can be seen that the average
particle size is ~ 9 nm with some particles of 10-12 nm size and a very small percentage

having diameters 5, 14 and 16 nm.
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34. SUMMARY

In this chapter, extra- and intracellular biosynthesis of metal nanoparticles with
controlled monodispersity using actinomycetes, Thermomonospora sp. and Rhodococcus
sp. have been demonstrated. It has been observed that on exposure of AuCl, ions to
alkalothermophilic (extremophilic) actinomycete, Thermomonospora sp. results in the
synthesis of gold nanoparticles in solution (extracellularly). However, the use of
alkalotolerant actinomycete, Rhodococcus sp. results in the formation of gold
nanoparticles within the Rhodococcus cells. It has been demonstrated earlier in chapter 2,
that the fungi, Fusarium oxysporum, when exposed to aqueous solution of chloroauric
acid, resulted in the extracellular formation of gold nanoparticles with variable
morphology. The reduction was faster with Fusarium oxysporum than
Thermomonospora sp. (48 h vs 120 h). However, the gold nanoparticles synthesized
using the fungi were polydisperse and ranged in size from 8-40 nm. If biosynthesis of
metal nanoparticles using microorganisms is to be a viable alternative to chemical
methods currently, then greater control over particle size and polydispersity would need
to be established. This was one of the goals in screening different species of fungi and
now, actinomycetes. Thus, a significant improvement in the monodispersity has been
achieved using actinomycetes. The size and dispersity control may be the consequence of
larger amounts of proteins/enzymes secreted by actinomycetes in comparison with fungi.
It is also to be noted that the synthesis conditions are completely different. In the case of
actinomycetes, Thermomonospora sp., the reaction is carried out under alkaline
conditions and at slightly elevated temperatures. Under these extreme conditions, fungi
such as Fusarium oxysporum would not survive. The use of extreme biological

conditions in the synthesis could also be contributory factors in the size and
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monodispersity control observed using actinomycetes. It has also been observed that the
same actinomycete, Thermomonospora sp. cannot synthesize different metal
nanoparticles with similar monodispersity. This may be due to the difference in mode of

interactions between different metal nanoparticles and the capping proteins.
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Chapter 4 Introduction

4.1. INTRODUCTION

Among the various nanoparticles, colloidal semiconductor nanoparticles have
attracted significant attention of researchers due to their quantum confinement effects
and size dependent photoemission characteristics.'” The semiconductor nanoparticles
have been applied to many different technological areas including light-emitting diodes,
electroluminescent devices, photovoltaic devices, lasers, and single-electron transistors.*
The ability to tune the optical properties of semiconductor nanoparticles during UV-light
irradiation by simply changing the nanoparticle size is particularly attractive in diverse
areas of application such as cell labeling,’ cell tracking,® in vivo imaging,” diagnostics
and DNA detection.®

Semiconductor nanoparticles having variable sizes and different shapes have
been synthesized by various solution-phase synthetic processes.”'? CdSe nanoparticles
have been the intensively studied; while relatively little work has been done on
semiconductor sulfide nanoparticles. Steigerwald et al. demonstrated the synthesis of
sulfide nanoparticles from the reaction of alkaline solution of metal salt with H,S in the
presence of a suitable stabilizing agent.'’ Recently, several groups reported the synthesis
of sulfide nanoparticles from the thermolysis of single-source precursors.'' Most of the
colloidal solutions of nanoparticles prepared by these methods are less stable against
agglomeration, environmental unfriendly, cumbersome and non-uniform in size
distribution. Therefore, the researchers in the field of nanoparticles synthesis have been
seeking inspiration from biological systems where biominerals are routinely
synthesized."”!” Of late, bacteria and yeast have been used successfully in the synthesis

18-20

of CdS and PbS nanoparticles. Holmes and coworkers have demonstrated that on

exposure of cd®” jons to the bacterium, Klebsiella aerogenes results in the intracellular
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formation of CdS nanoparticles in the size range 20-200 nm."® Dameron and coworkers
reported that the yeasts such as Schizosaccharomyces pombe and Candida glabrata
produced intracellular CdS nanoparticles when challenged with aqueous solution of
cadmium salt."” Recently, Kowshik and coworkers have identified the yeast, Turolopsis
sp. and found to synthesis intracellular PbS nanoparticles when exposed to aqueous lead
salt solution.”’

As mentioned in previous chapters 2 and 3, that the use of eukaryotic and
prokaryotic microorganisms like fungi and actinomycetes respectively, in the synthesis
of nanoparticles is a relatively new and exciting area of research with considerable
potential for development. It was demonstrated that the reaction of metal ions with the
fungus, Verticillium sp. resulted in the intracellular synthesis of metal nanoparticles such
as gold®' and silver.”? For the extracellular synthesis of gold,” silver** and bimetallic
gold silver alloy” nanoparticles, the fungus, Fusarium oxysporum, was identified (as
described in chapter 2). These results encouraged us to try to use the fungus, Fusarium
oxysporum, to synthesize quite important semiconductor metal nanoparticles
extracellularly by a purely enzymatic process.”® It is observed that Fusarium oxysporum
secretes sulfate reductase enzymes when exposed to aqueous MSO4 (where M = Cd, Pb,
Mn and Zn) solution and results in the formation of extremely stable metal sulfide

nanoparticles in solution.

4.2. EXPERIMENTAL
It may be recalled from chapter 2 that the fungus, Fusarium oxysporum, was
obtained from National Collection of Industrial Microorganisms (NCIM), NCL, Pune

and maintained on potato-dextrose agar slants at 25 °C. Stock cultures were maintained
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by subculturing at monthly intervals. From an actively growing stock culture, subcultures
were made on fresh slants at pH 7.0 and 25 °C and were used after 5-6 days as the
starting material for fermentation experiments.

The fungus was grown in 500 mL Erlenmeyer flasks each containing MGYP
media (100 mL), composed of malt extract (0.3 %), glucose (1.0 %), yeast extract (0.3
%), and peptone (0.5 %) at 25-28 °C under shaking at 200 rpm for 96 h. After 96 h of
fermentation, mycelial mass were separated from the culture broth by centrifugation
(5000 rpm) at 10 °C for 20 min and the settled mycelia were washed thrice with sterile
distilled water. Some of the harvested mycelial mass (20 g) was then used for the

synthesis of metal sulfide quantum dots.

4.2.1. Biosynthesis of Metal Sulfide Nanoparticles

For the syntheses of cadmium, lead, zinc, manganese and nickel sulfide
nanoparticles, 20 g wet biomass of Fusarium oxysporum was incubated with an aqueous
solution of 1 mM metal sulfate (CdSO4, PbSO4, ZnSO4, MnSO,4 and NiSO4) and the

reaction mixture was then put onto a shaker at 28 °C (200 rpm) and kept for 15 days.

4.2.2. Instruments for Characterization

The optical properties of metal sulfide nanoparticles have been characterized by
using UV-Vis and fluorescence spectroscopy. The measurements were performed on a
Shimadzu dual-beam spectrophotometer (model UV-1601 PC) operated at a resolution of
1 nm and Perkin-Elmer LS 50B luminescence spectrophotometer, respectively.

The metal sulfide nanoparticles were characterized by using transmission electron
microscopy (TEM), X-ray diffraction (XRD) measurements and the effect of the

structure of enzymes/proteins due to interaction with metal sulfide nanoparticles was
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studied by Fourier transform infrared spectroscopic (FTIR) measurements of the reaction
mixtures. The films of nanoparticles were made on Si(111) substrates by drop-coating
the metal nanoparticle solution to study FTIR and XRD. FTIR studies were performed
on a Shimadzu FTIR-8201 PC instrument in the diffuse reflectance mode at a resolution
of 4 cm . XRD patterns were obtained in the transmission mode on a Philips PW 1830
instrument operating at 40 kV and a current of 30 mA with Cu K, radiation (A = 1.5404
A). Transmission electron microscopy (TEM) images were scanned on a JEOL 1200EX
instrument operated at an accelerated voltage of 120 kV.

To determine the number of proteins released by Fusarium oxysporum in the
extracellular synthesis of metal sulfide nanoparticles, 20 g of biomass was immersed in
100 ml of distilled water for 12 days. The aqueous extract thus obtained after filtration
was concentrated by ultrafiltration using an YM3 (molecular weight cut off 3K)
membrane and then dialyzed against distilled water using a 3K cutoff dialysis bag. The
concentrated aqueous extract containing protein was analyzed by polyacrylamide gel

electrophoresis (PAGE) carried out at pH 4.3.

4.3. CHARACTERIZATION
4.3.1. Cadmium Sulfide Nanoparticles

The inset of Figure 4.1A shows test tubes of the CdSO4 reaction solution at the
beginning (left) and after 12 days of reaction (right) with the Fusarium oxysporum
biomass. The bright yellow color of the solution after reaction indicates the presence of
CdS nanoparticles in solution. The Figure 4.1A shows the UV-Vis spectra recorded from
the Fusarium oxysporum—CdSOy solution reaction medium at different time intervals (in

days). The spectra exhibit a well-defined absorption band at around 380 nm, which is
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considerably blue shifted relative to the bulk band gap for CdS crystals (515 nm).>’ Thus,
with the reduction in particle size, the band gap of the semiconductor becomes larger due
to quantum size effect and there is concomitant blue shift in the absorption spectra.”’ The
absorption maximum is progressively increases in intensity as the reaction progresses. It
has been observed that the colloidal solution of CdS nanoparticles was extremely stable
with no evidence of aggregation even after six months of storage. An absorption band at
ca. 270 nm can be observed in the Figure 4.1A, which is due to electronic excitations in
tryptophan and tyrosine residues of proteins® and suggests the release of proteins into
the solution by Fusarium oxysporum. The long-term stability of the CdS nanoparticle
solution is due to the presence of the proteins in the nanoparticle solution that bind to the

surface of the nanoparticles and hence prevents aggregation.
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Figure 4.1. (A) UV-Vis spectra recorded from the aqueous 1 mM CdSOy solution as a
function of time (in days) of addition of the fungal biomass. The inset shows test tubes
containing CdSO, solution before (left) and after reaction with the fungal biomass for 12
days (right). (B) Fluorescence emission spectra recorded from the same solution used for

UV-Vis measurements.
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The luminescence characteristics shown by semiconductor particles have
potential implications in the field of optoelectronic (light emitting) devices® and
biosensors.” This property is dependent on the nature of the semiconductors, physical

2729 This was studied

dimensions as well as the chemical environments of the particles.
by fluorescence measurement of the CdS nanoparticle after exciting the reaction mixture
at 320 nm and is shown in Figure 4.1B. The emission band at 410 nm is considerably red
shifted compared to its absorption onset and is attributed to the band gap or near band
gap emission resulting from the recombination of the electron-hole pairs in the CdS
nanoparticles.®’ The small stokes' shift of the band indicates that the nanocrystals
possess a continuous surface with most surface atom exhibiting the coordination and
oxidation states of their bulk counterparts.’® The intensity of the peak gradually increases
as the reaction progresses, but the emission spectra have the same general features. The

absence of any red shifted emission band with respect to time in the fluorescence spectra

indicates the synthesis of uniformly distributed cadmium sulfide nanoparticles.
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Figure 4.2. XRD pattern recorded from the CdS nanoparticle film deposited on a
Si(111) wafer.
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Another evidence for the formation of CdS nanoparticles in solution by Fusarium
oxysporum is provided by X-ray diffraction (XRD) pattern recorded from a CdS
nanoparticle film prepared by drop-coating the Fusarium oxysporum—CdSO, reaction
mixture on Si(111) substrate and is shown in Figure 4.2. The Prominent Bragg
reflections due to (111), (101), (002) and (220) reveals the hexagonal structure of CdS

crystal.*® The crystal size of CdS nanoparticles calculated, from the line broadening of

4

(111) reflection using the Debye—Scherrer formula, was found to be ~10 nm.’

Figure 4.3. Bright field (A) and dark field (B) TEM pictures of CdS nanoparticles
formed by reaction of CdSO4 with the fungal biomass for 12 days. The inset of Figure
(B) shows the selected area diffraction pattern recorded from one of the CdS
nanoparticles shown in (A). The diffraction rings have been indexed with reference to

hexagonal CdS.

A bright and dark field transmission electron microscopy (TEM) images obtained
from a drop-coated film of the CdS nanoparticles solution and are shown in Figure 4.3.
The assemblies of well-dispersed spherical particles are observed in the bright field
image while individual shining particles in the dark field image (Fig. 4.3B). Under

observation of these images in an optical microscope, the size of CdS nanoparticles
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found to be in the range 5-15 nm. The hexagonal CdS particles are crystalline, as can be
observed from the selected area diffraction pattern recorded from one of the
nanoparticles in the TEM micrograph (inset of Fig. 4.3B).

Similarly, other metal sulfides (PbS, ZnS, MnS and NiS), prepared in the same
way as CdS nanoparticles were synthesized, have been characterized and described

below.

4.3.2. Lead Sulfide Nanoparticles

Like other semiconductors, lead sulfide is also quite interesting material. The
bulk PbS exhibits a very small band gap of 0.41 eV at room temperature, with an
absorption onset at 3020 nm and is very sensitive against the finite size effect of PbS
crystals.”® By changing the size and shape from bulk material to nanoparticles, it is
possible to tune the band gap energy from ~0.41 eV to 5.2 eV *® and could be used to
build the optical sensors with adjustable properties. Lead sulfide can also be used in
other applications such as in photography,’’ near-IR communication®® and a solar
absorber.*” This interesting material has been synthesized using fungus, Fusarium
oxysporum, with particle of nanosize range. The Figure 4.4A displays the UV-Vis
spectrum of Fusarium oxysporum—PbSO, reaction mixture. The spectrum reveals a weak
absorption edge at ~ 360 nm, corresponding to an energy band gap of ~3.43 eV. Thus,
the absorption edge of PbS shows a large blue shift (~2660 nm) when the crystallite size
is reduced to the nanometer size range. The origin of large blue-shift can be attributed to
quantum confinement of charge carrier in the nanoparticles.

The surface quality of the PbS nanoparticles has been examined by fluorescence
measurement. The Figure 4.4A shows the fluorescence spectrum of PbS nanoparticle

recorded from Fusarium oxysporum—-PbSO4 reaction mixture. A relatively broad
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emission band is observed at 425 nm and is ascribed to deep trap emission, which arises
from the recombination of trapped electrons and holes with broad energy distributions.*?
The broadness of emission band indicates that the surface of PbS nanocrystals are
irregular.”

Furthermore, the X-ray diffraction (XRD) pattern of PbS nanoparticles showed in
Figure 4.4B reveals the characteristic of cubic rock salt structure of PbS nanoparticles.

The crystal size of the nanoparticles calculated using Debye—Scherrer formula was about

14 nm.**
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Figure 4.4. (A) UV-Vis spectrum (left) and fluorescence emission spectrum (right)
recorded from the aqueous 1 mM PbSOy solution of addition of the fungal biomass. (B)

XRD pattern recorded from the PbS nanoparticle film deposited on a Si(111) wafer.

The transmission electron microscopy (TEM) images of PbS nanoparticles are
shown in Figure 4.5. The lower magnification TEM image shows a thallus like structure
of PbS nanoparticles [Fig. 4.5 (A and B)]. On careful inspection of the micrographs at
higher magnification reveal that these thalli like structures consist of star shaped fractal

units [Fig. 4.5 (C and D)]. It can be suggested that the individual PbS nanoparticles
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Figure 4.5. (A-D) TEM images of PbS nanoparticles at different magnifications
recorded from Fusarium oxysporum-PbSO, reaction mixture. The inset of Figure (D)
shows the selected area diffraction pattern of PbS nanoparticle. The diffraction rings

have been indexed with reference to cubic PbS.

(primary unit) arranged themselves in star like fractals (secondary unit), which in turn
form the thallus like body (tertiary structure) while maintaining the crystalinity of PbS
nanoparticles as evident from the selected area electron diffraction pattern (inset of Fig.
4.5D). It is to emphasize that the transition of PbS nanoparticles from primary to

secondary units and finally to tertiary structure do not lead to any aggregation. The
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analysis of the number of areas of the TEM grid showed the similar results. The stars like

structures are of dimension of 15-20 nm.

4.3.3. ZnS Sulfide Nanoparticles

Zinc sulfide semiconductor has been used in a wide range of applications, such
as, in nonlinear optical devices,"’ as an LED when doped,*' and as a pigment.** The UV-
Vis spectrum of ZnS nanoparticles is shown in Figure 4.6A, exhibiting a very weak
absorption edge at 335 nm and is blue shifted (~10 nm) compared to the bulk ZnS, which
shows the the absorption onset at 345 nm.?’ This shift can be attributed to the decrease in
size of synthesized ZnS particles to nano range. The Figure 4.6A shows the fluorescence
spectrum of the same solution. It exhibits a broad trap state emission centered at around
425 nm. A marked blue shift of the emission band position relative to that of the bulk
ZnS (450-500 nm) also clearly indicates the formation of ZnS nanoparticles of quantum
size regime.

The X-ray diffraction (XRD) pattern of ZnS nanoparticle solution recorded from
a thin film of Fusarium oxysporum-ZnSOy reaction mixture deposited onto Si(111)
substrate is shown in Figure 4.6B. The XRD pattern indicates the characteristic of zinc
blende structure and is good agreement with the literature.”” The size of the blende
particles calculated from the half-width of the diffraction peaks using Debye—Scherrer
formula was ~13 nm.** The TEM micrographs recorded from the ZnS nanoparticle film
deposited on a carbon coated TEM grid is shown in Figure 4.6C. It indicates the larger
fractal and diffused thallus like structures of ZnS nanoparticles whereas in case of PbS
nanoparticles formed under similar conditions (as described earlier) were more defined.
The high crystalinity of the ZnS particle can be seen from the selected area electron

diffraction pattern (Fig. 4.6D).

Ph.D. Thesis, University of Pune, July 2005 126



Chapter 4 Characterization of MnS Nanopatrticles

A = B
§ S
\8-/\/
=) v 5
8 E 8
S S 2
:
5 S o
2 | L c
<
300 400 500 600 25 30 35 40 45 50 55
Wavelength (nm) 20 (°)
, C
ﬁ‘)"’...- - r'f:
A~
T

Figure 4.6. (A) UV-Vis spectrum (left) and fluorescence emission spectrum (right)
recorded from Fusarium oxysporum-ZnSQOy reaction mixture. (B) XRD pattern recorded
from the ZnS nanoparticle film deposited on a Si(111) wafer. (C) TEM images of ZnS
nanoparticles recorded from Fusarium oxysporum—ZnSQO, reaction mixture. (D) Selected
area diffraction pattern of ZnS nanoparticle. The diffraction rings have been indexed

with reference to zinc blende ZnS.

4.3.4. Manganese sulfide Nanoparticles
The synthesis of MnS is important due to its most extensive study as diluted
magnetic semiconductors, which show unique optomagnetic properties and could find

application in solar cell as a window/buffer material.** The transmission electron
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micrograph images recorded from the manganese sulfide nanoparticle film deposited on
a carbon coated TEM grid is shown in Figure 4.7A. The picture shows individual, well
separated MnS particles with polydispersed morphology. Optical microscopy analysis of
such images yielded nanoparticles of 10—15 nm. The MnS particles are crystalline as can

be observed in the selected area electron diffraction pattern (inset of Fig. 4.7B).
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Figure 4.7. (A and B) TEM images of MnS nanoparticles at different magnifications
recorded from Fusarium oxysporum-MnSO, reaction mixture. The inset of Figure (B)
shows the selected area electron diffraction pattern of MnS particle. The diffraction rings
have been indexed with reference to hexagonal MnS. (C) XRD pattern recorded from the
MnS nanoparticle film deposited on a Si(111) wafer. (D) UV-Vis spectrum (left) and

fluorescence emission spectrum (right) of MnS nanoparticle solution.
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The Figure 4.7C shows the XRD of the MnS nanoparticles. The observed peaks
in the XRD spectrum are the characteristic of hexagonal wurtzite structure of MnS
crystals. The average particle size is 10 nm, as estimated from the Debye—Scherrer
formula, which is nearly consistent with the size of the MnS nanoparticles as determined
by TEM measurements.**

A weak absorption edge is observed in the UV-Vis spectrum of Fusarium
oxysporum-MnSOy4 reaction mixture (Fig. 4.7D). The appearance of absorption edge at
350 nm is clear indication of the formation of MnS nanoparticles. A broad emission band
is observed in the fluorescence spectrum of the same solution (Fig 4.7D) and is attributed
to deep trap emission. The broad feature of the deep trap emission indicates that the

presence of number of trap states.>

4.3.5. Nickel Sulfide Nanoparticles

Figure 4.8A shows the UV-Vis spectra of NiS nanoparticles recorded from the
reaction mixture of NiSO, and Fusarium oxysporum biomass. The appearance of
absorption edge at 360 nm indicates the formation of NiS nanoparticles of band gap
energy 3.43 eV. The fluorescence spectrum (Fig. 4.8A) of the NiS shows a broad
emission band centered at around 440 nm and is due to broad trap state emission.> The
broad feature of the trap state emission band suggests the existence of large number of
trap states. The large stokes’ shift shown by PbS, ZnS, MnS and NiS nanoparticles
indicates the occurrence of surface irregularity in the semiconductor particles that can
arise due to missing atoms, uncommon oxidation states or adsorbed impurities on the
surface of the particle. The presence of these defects in the synthesized metal sulfide
nanoparticles can be attributed to the fact that when nanoparticles size is reduced in such

a way that the particle is essentially on surface, the curvature of the surface becomes so
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high that virtually all of the surface atoms have a slightly different coordination and/or

effective oxidation state.*
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Figure 4.8. (A) UV-Vis spectrum (left) and fluorescence emission spectrum of NiS

nanoparticle solution. (B and C) TEM micrographs of NiS nanoparticles recorded from

Fusarium oxysporum-NiSO,4 reaction mixture at different magnifications. (D) XRD

pattern recorded from the NiS nanoparticle film deposited on a Si(111) wafer.

The transmission electron microscopy analysis of NiS nanoparticle solution at

lower magnification shows the well-separated polydispersed particles (Fig. 4.8B). At
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higher magnification, it shows spherical and some aggregated nanoparticles (Fig. 4.8C).
On careful examination of this image indicates that the nickel sulfide nanoparticles are
enclosed by the proteins secreted by fungus in the reaction mixture. This suggests the
high stability of nanoparticles is due to stabilization by surface bound proteins present in
the solution. The average particle size calculated under optical microscope was found to
be about 7-15 nm. The intense peaks observed in the XRD pattern of the NiS
nanoparticles (Fig. 4.8D) revealed the characteristic of hexagonal structure of nickel
sulfide crystals. The average size is 11.2 nm as calculated using Debye—Scherrer
equation, which is in good agreement with the size of the NiS nanoparticles determined

by the TEM observations.**

44. PROBABLE MECHANISM OF FORMATION OF METAL SULFIDE

NANOPARTICLES

The Fourier Transform Infrared (FTIR) spectrum recorded from the cadmium
sulfide solution (Fig. 4.9A) exhibits bands at 1650 (1) and 1540 (2) cm ' and are due to
carbonyl stretch and —N-H stretch vibrations in the amide linkages of proteins
respectively.*> The nanoparticles are known to interact with protein either through free
amine groups or cysteine residues and therefore the high stability of metal sulfide
nanoparticles solutions may be due to the capping of nanoparticles by surface-bound
proteins present in reaction mixture. An absorption band at ca. 270 nm is observed (Fig.
4.1A) in the UV-Vis spectra of metal sulfide nanoparticle solution, which is due to
electronic excitations in tryptophan and tyrosine residues of proteins® and suggesting a
possible sulfate reducing enzyme secreted by Fusarium oxysporum in solution for the

synthesis of metal sulfide nanoparticles. To establish the secreted enzymes are indeed
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sulfate reductase, few set of reactions were designed wherein the Fusarium oxysporum
biomass was reacted with (i) a 1 mM aqueous solution of MNOs3 and (ii) an aqueous
solution containing a mixture of the salts MCl, and Na,SO4 (1:1 M2+:SO427 concentration
in solution = 1 mM), where M= Cd, Pb, Zn, Mn and Ni. Metal sulfide nanoparticles were
observed to form in the latter case after just 4 days of reaction, while in the former case;
there was no evidence of nanoparticle formation even after 21 days of reaction. To rule
out the possibility of entrapment of the M*" jons in the fungal mass followed by reaction
with sulfide ions and then release of the nanoparticles into solution, another control
experiment was performed wherein the fungal biomass was immersed in sterile water for
12 days, the reaction mixture was filtered, and the filtrate was reacted with 1 mM MSO4

solution.
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Figure 4.9. (A) FTIR spectrum recorded from drop-cast films of the cadmium sulfide
nanoparticle solution. The carbonyl stretch (1) and —N-H stretch (2) are identified in the
Figure. (B) The native gel electrophoresis of aqueous protein extract obtained from

Fusarium oxysporum mycelia; 10 % (w/v) polyacrylamide slab gel, pH 4.3.
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It was observed that metal sulfide nanoparticles formed readily within 6 days of
reaction. From the above experiments, it is clear that Fusarium oxysporum releases
reductase enzymes into solution that are responsible for the formation of metal sulfide
nanoparticles from M*" and SO,* ions. The aqueous solution exposed to the fungal
biomass for 12 days was analyzed for its protein content. The inset of Figure 4.9B shows
the polyacrylamide gel electrophoresis (PAGE) results of the aqueous extract carried out
at pH 4.3. The electrophoresis measurement indicates the presence of at least four
different proteins of molecular masses between 66 kDa and 10 kDa. Addition of an
aliquot of the aqueous protein extract after dialysis to remove small molecular weight
compounds (using a dialysis bag of 3 K molecular weight cutoff) to an aqueous solution
of metal sulfate did not result in the formation of sulfide nanoparticles. However,
addition of ATP and NADH to the protein dialysate restores the nanoparticle formation
ability of the protein solution either by direct reaction with metal sulfate solution or by
an aqueous solution consisting of a mixture of MCl, and Na,SOy. This clearly indicates
that the reduction of SO4> to S* ions by NADH dependent reductases in the extract and

the subsequent formation of metal sulfide nanoparticles.
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45. SUMMARY

In this chapter, the extracellular biosynthesis of technologically important
semiconductor metal sulfide nanoparticles using fungus, Fusarium oxysporum, has been
demonstrated. The extracellular synthesis of metal sulfide is due to the release of NADH
dependent sulfate reductase enzyme in solution by the fungus, Fusarium oxysporum,
which results in the reduction of SO42’ ions to S*” and subsequent formation of metal
sulfide nanoparticles. While such processes are known in sulfate reducing bacteria
(which are strictly anaerobic),* this is the first demonstration on the secretion of sulfate
reducing enzymes by a fungus. The high stability of the metal sulfide nanoparticle
solution is due to stabilization by surface bound proteins present in the reaction mixture.
It has also been observed that the presence of protein moiety on the surface of the metal
sulfide does not affect their optoelectronic property. The fluorescence measurements
recorded from CdS solution reveal the small stokes’ shift indicating that the surfaces of
sulfide are regular with most surface atoms satisfying the coordination or oxidation states
of their bulk counterpart. However, the measurements recorded from other sulfides, PbS,
ZnS, MnS and NiS exhibit broad emission band, indicating the surfaces of sulfides are
irregular, which may arise due to the uncommon oxidation or missing of atom or

adsorbed impurities on the surface of the particle.*
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51. INTRODUCTION

Oxidation of cyclohexane to adipic acid in air using heterogeneous catalysts is an
important reaction of industrial importance.® The oxidation of cyclohexane, via,
cyclohexanol and cyclohexanone, leads to adipic acid, which is an important precursor
for the production of nylon-6 and nylon-66 polymers, fibers, plastics, and lubricant
additive as well as important intermediate for pharmaceuticals and insecticides
industries.?

Commercially, adipic acid is manufactured in a two-step process by the oxidation
of cyclohexanol and cyclohexanone (KA oil), obtained either by the oxidation of
cyclohexane or hydrogenation of phenol. First step involves the cyclohexane oxidation to
a mixture of cyclohexanol-cyclohexanone (KA oil) using a soluble cobalt catalyst at
around 150 °C and 1-2 MPa pressure. In the second step, this mixture, KA oil is further
oxidized to adipic acid using 40-60 % HNOg3 in presence of copper and vanadium
catalysts.® Table 5.1 summarizes salient feature of various processes reported on
cyclohexane to KA oil using the range of reaction conditions.

However, the use of nitric acid as oxidant causes environmental constraints since
it generates NOy effluent, which contributes to global warming and ozone layer
depletion.* Thus, there is an increasing need to replace the present commercial hazardous
processes with a more effective catalytic process. The greater environmental concerns
among scientists in recent years demand the use of benign oxidant such as molecular
oxygen or hydrogen peroxide. Sato et al. reported the oxidation of cyclohexene to adipic
acid with 30 % H,0; in presence of Na,WQO, and [CH3(n-CgH17)sNJHSO, as a phase
transfer catalyst.” Recently, Pillai et al. reported that a calcined vanadium phosphorus

oxide (VPO) catalyst with a P/V ratio of 1:1 using H,O, gave 91 % conversion with a
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Table 5.1. Reaction conditions for aerial oxidation of cyclohexane
Process and Temp., | Press., | Catalyst | Reactor | Cyclo KA Ref.
Company °C MPa or Type -hexane | yield,
Additives Conv., | Mol %
Mol %
Metal-Catalyzed
Du Pont 170 1.1 Co Column 6 76 6
Stamicarbon 155 0.9 Co Tank 4 77 !
High Peroxide
BASF
Oxidation 145 1.1 None Tank 3 83 8
Deperoxidation | 125 Co/NaoH
Du Pont
Oxidation 160 | 10 Co | Column | 4 82 o
Deperoxidation | 120 Co, Cr
Rhone Poulenc 10
Oxidation 175 1.8 None Tank 4 84
Deperoxidation | 115 Cr,V, Mo
Stamicarbon 11
Oxidation 160 1.3 None Tank 3 86
Deperoxidation | 100 Co/NaOH
Boric acid
Halcon 165 1.0 H;BO4 Tank 3 87 12
ICl 165 | 10 | HsBO, | Tank 5 85 | 1o
IFB 165 1.2 H3BO4 12 85 15
Solutia (formerly 165 1.0 H3BO,4 Tank 4 87
Monsanto)
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product distribution of oxidation with tert-butylhydroperoxide or iodosylbenzene over 36
% cyclohexanol and 64 % cyclohexanone.'® The extensive study of cyclohexane using
metal phthalocyanine complexes incapsulated in zeolite-Y has well been documented in
literature.*” Tanaka reported a single step, liquid phase oxidation of cyclohexane to
adipic acid using cobalt acetate catalyst with the addition of a promoter like
acetaldehyde, H,O, etc. at 90 °C under oxygen atmosphere. Very recently, Thomas et al.
oxidized cyclohexane and n-hexane with air over metal containing aluminum phosphate
molecular sieves.'®

Among the transition metals, gold is chemically inert because of its smooth
surface and unusual properties shown by individual gold atom. Thus, it is considered to
be the least catalytically active.® The unusual properties of gold atom are attributable to
the so-called relativistic effect that stabilizes the 6s® electron pairs and thus much of the
chemistry (including the catalytic properties) of the novel group elements is determined
by the high energy and reactivity of the 5d electrons.'*® This explains the low catalytic
activity of gold catalyst in comparison to platinum group metal for many reactions.
Recently, Hammer and Norskov had explained theoretically why the smooth surface of
gold is noble in the dissociative adsorption of molecular hydrogen.'®® However, a
substantial amount of work done by Haruta et al.?° has established that nanosized gold
particles when deposited on certain oxides, such as Fe;O3, NiO, MnO,.y-alumina®* and
titania,?” exhibits surprisingly high catalytic activity in oxidation of carbon monoxide at
or below ambient temperatures. The excellent catalytic activity of supported gold
nanoparticles for partial and complete oxidation of hydrocarbons, oxidation of carbon
monoxide, nitric oxide and unsaturated hydrocarbons has been reported.?® Thiol-

stabilized gold nanoparticles have also been exploited in asymmetric hydroxylation
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% carboxylic ester cleavage® and particle-bound ring opening metathesis

reactions, 2
polymerization.?®

The remarkably high catalytic activity of gold arises from the formation of very
small particles. It is known that the bulk metal and larger metallic particles cannot
chemisorb most of the reactant molecules and the chemisorption occurs only when a
satisfactory number of low-coordination number surface atoms are present, preferably on
smaller particles lacking complete metallic character. Recent literature on supported gold
catalysts suggests that the main factors for attaining high catalytic activity are (i) smaller
particle size and (ii) support.?®

Recognizing the immense importance of nanocomposites in many application
including catalysis, the extracellularly synthesized gold nanoparticles using fungus,
Fusarium oxysporum,”® (as described in chapter 2), has been supported on amorphous
(fumed) silica and also intracellularly synthesized gold nanoparticles by fungus,
Verticillium sp.,%” have been explored for oxidation reaction.

In this chapter, the catalytic potential of the supported Au-SiO, nanocomposite
will be exploited in an aerial oxidation of cyclohexane to adipic acid in a solvent free
system in batch type reactor. The effect of reaction temperature, air pressure and amount
of catalyst is extensively studied. A comparative study on the effect of nano gold particle
size on the conversion of cyclohexane has also been studied. A possible pathway of

formation of adipic acid by oxidation of cyclohexane using supported gold

nanocomposites as catalyst for has also been discussed.
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5.2. EXPERIMENTAL
5.2.1. Synthesis of Gold Nanoparticles Supported on Fumed Silica

Gold nanoparticles supported on amorphous (fumed) SiO, (Au-SiO,-FO) using
Fusarium oxysporum were synthesized as follows: 20 g of fungus, Fusarium oxysporum,
was taken in a conical flask containing 100 mL of distilled water. An appropriate
quantity of HAuCl, was added to conical flask to yield an overall concentration of 1 mM
gold in aqueous solution. To this mixture 500 mg of amorphous (fumed) silica was added
and the whole mixture was thereafter put into a shaker at 28 °C (200 rpm) for 48 h. On
reduction of AuCl, ions by Fusarium oxysporum for 48 h (as discussed in chapter 2),
the gold nanoparticle solution was subjected to filtration to separate solid from the liquid
solution. The solid Au-SiO,-FO along with biomass was washed several times with
sterile water and heated at 150 °C overnight to remove water from solid including the

fungal biomass.

5.2.2. Synthesis of Gold Nanoparticle Supported on Fungal Biomass

The gold nanoparticle supported on fungal biomass, Verticillium sp. (Au-Vert)
was synthesized as follows: The acidophillic fungus, Verticillium sp., was isolated from
the Taxus plant and maintained on potato-dextrose agar slants at 25 °C. The fungus was
grown in 500 mL Erlenmeyer flasks each containing MGYP media (100 mL), composed
of malt extract (0.3 %), glucose (1.0 %), yeast extract (0.3 %), and peptone (0.5 %) at
25-28 °C under shaking (200 rpm) for 96 h. After 96 h of fermentation, mycelia were
separated from the culture broth by centrifugation (5000 rpm) at 10 °C for 20 minutes
and the settled mycelia were washed thrice with sterile distilled water. Some of the
harvested mycelial mass (10 g) was re-suspended in sterile distilled water (100 mL) in

500 mL Erlenmeyer flasks at pH 5.5-6.0 and to this suspension an aqueous solution of
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chloroauric acid (1 mM HAuUCI4, 100 mL) was added. The whole mixture was put into a
shaker at 28 °C (200 rpm) and left for 72 h. The nano Au-Vert thus synthesized for 72 h
is filtered and thoroughly washed several times with distilled water, dried at 110 °C

overnight under vacuum.

5.2.3. In Situ Preparation of Nanogold-Fumed Silica Composite Materials

The nano-Au-SiO, (Au-SiO,-Chem) composite material of 8 nm size of nano
gold was prepared using chemical method by in situ reduction of AuCl, ions as reported
by Mukherjee et al.?® It was achieved by treating 500 mg of amorphous (fumed) silica
with 100 mL of 0.1 mM HAuCI, solution for 96 h at ambient conditions followed by
filtration, washing thoroughly with copious amount of water and acetone and finally
dried under vacuum. This material was used to study the cyclohexane oxidation for

comparative purpose.

5.2.4. Instruments for Characterization

The presence of gold nanoparticles on Au-SiO,-Chem, Au-SiO,-FO and Au-Vert
composite materials were confirmed by recording XRD on the same Rigaku MiniFlex
instrument between 30-80° at a scan rate of 2 °/min. From the broadening of the
Au(111) reflection, the average size of the gold nanoparticles was evaluated using the
Debye—Scherrer equation: D = kA / BcosO, where, D = thickness of the nanoparticle, Kk is
a constant, A = wavelength of X-rays (1.5404 A), B = width at half maxima of (111)
reflection at Bragg’s angle 26.

The UV-Vis spectra of the gold nanoparticles on Au-SiO,-Chem, Au-SiO,-FO
and Au-Vert composite materials were recorded on a Shimadzu UV-2102 PC

spectrophotometer operating at the reflectance mode at a resolution of 1 nm using barium
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sulfate as a standard for the background correction. Since the films of the
bionanocomposite were rough, the results are not quantitative and have been used to
merely detect the presence of gold nanoparticles in the biomaterial.

To estimate the mass loading of gold nanoparticles on Au-SiO,-Chem, Au-SiO,-
FO and Au-Vert nanocomposites, the atomic absorption spectrophotometer was used.
Fifty milligrams of each of the catalyst bound with gold nanoparticles were dissolved in
10 mL of aqua regia (concentrated HCl/concentrated HNOs, 3:1), and volume was
adjusted up to 100 mL using deionized water. The solutions were analyzed by Chemito
201 atomic absorption spectrophotometer and were compared with a standard gold
solution to estimate the weight percent of loading of gold nanoparticles in the supports.

The reaction mixtures and esterified acid products were analyzed by an Agilent
6890 series gas chromatography (GC) containing chiral capillary column (10 %
permethylated B-cyclodextrin, 30 m x 0.32 mm x 0.25 um film thickness) and flame
ionization detector. The acid products were also confirmed by GC-Mass spectroscopy
(GCMS) on a Shimadzu GCMS-QP 2000A instrument. The gaseous products were
analyzed by 5765 NUCON GC containing 1/8” SS Packed Poropak-Q column of 3 m

long and TCD detector.

5.2.5. Catalytic Reaction of Cyclohexane to Adipic acid

Catalytic reaction of aerial oxidation of cyclohexane was performed in a high
pressure autoclave using 30 mL (278.2 mmol) of cyclohexane in presence of 25 mg of
Au-SiO,-FO or Au-Verticillium sp. or Au-SiO,-Chem in a solvent free condition at
different temperatures (110 to140 °C) and pressures (2.1 to 4.3 MPa). After the complete
consumption of oxygen (observed by pressure drop), the reaction was stopped and the

reactor was cooled to 25 °C. A crystalline solid product was observed, which was not
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observed in a controlled experiment in absence of catalyst. The solid product was
esterified to test the presence of acids, and analyzed by GC with FID detector. The acid
products were also confirmed by GC-MS. The detailed mass balance was calculated by
analyzing the liquid products by GC with FID detector. The gaseous products were

analyzed using GC with TCD detector.

5.3. CHARACTERIZATION

5.3.1. Powder X-Ray Diffraction

(111)
(200)
(220)

Intensity (a.u.)

" o " s MAL.L
Aamenus : M N
T T T T T

40 50 60 70
206 (°)

Figure 5.1. XRD patterns recorded from (a) Au-Vert, (b) Au-SiO,-FO (c) Au-SiO,-
Chem samples.

The presence of gold nanoparticles on (a) Au-Vert (b) Au-SiO,-FO and (c) Au-
SiO,-Chem nanocomposites were confirmed by XRD measurements between 35-80° at
a scan rate of 2 °/min. and are shown in Figure 5.1. The occurrence of intense peaks in

all the spectra at (111), (200) and (220) Bragg’s reflections are the characteristic of face
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centred cubic structures of gold crystals.”® An estimate of the mean size of the gold
nanoparticles on these nanocomposites were calculated using the Debye-Scherrer
equation by determining the width of the (111) Bragg reflection.®® The average size of
the gold nanoparticles in Au-SiO,-Chem, Au-SiO,-FO and Au-Vert nanocomposites was

found to be about 8, 13 and 20 nm respectively.

5.3.2. UV-Vis Spectroscopy

Figure 5.2 depicts the DR UV-Vis spectra of Au-SiO,-Chem, Au-SiO,-FO and
Au-Vert. The broad resonance at around 550 nm in all spectra indicates the presence of
the gold in these nanocomposites. As mentioned earlier, scattering from the rough
surface would also contribute to the broadening of the resonance. This absorption is
close to that observed for thin films of gold nanoparticles grown by different

techniques.®
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Figure 5.2. UV-Vis spectra recorded from (a) Au-SiO,-Chem (b) Au-SiO,-FO and (c)

Au-Vert nanocomposites.
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The estimation of the mass loading of gold nanoparticles on Au-SiO,-Chem, Au-
SiO,-FO and Au-Vert. nanocomposites was performed by the atomic absorption
spectrophotometer analysis. The weight percentage loading of gold nanoparticles in Au-
Si0,-Chem, Au-SiO,-FO and Au-Vert. nanocomposites was found to be 0.4463, 1.4880

and 1.6208 respectively.

54. CATALYTIC ACTIVITY OF Au-SiO,-FO ON AERIAL OXIDATION OF

CYCLOHEXANE
5.4.1. Effect of Temperature

The influence of reaction temperature on aerial oxidation of cyclohexane to
adipic acid at 4.3 MPa in a solvent free condition using Au-SiO,-FO is shown in Figure
5.3. It has been observed that a smaller amount of cyclohexane is oxidized to
cyclohexanol and cyclohexanone at 110 °C. However, the conversion of cyclohexane
increases with the increase in reaction temperature till 120 °C and reaches plateau as the
oxygen concentration becomes the limiting factor for higher conversion. Selectivity of
cyclohexanone and acid products is more at 120 °C and gradually decreases as the
temperature is further increased. Selectivity of cyclohexanol is less at this temperature
and increases on further increase in reaction temperature. The increase in selectivity of
cyclohexanone at lower temperature may be attributed to the preferential conversion of
cyclohexanol to cyclohexanone as the former is more reactive than cyclohexane. The
decrease in selectivity of acid products beyond 120 °C is due to the oxidation and
decomposition of adipic acid to lower acids viz., glutaric, succinic acids. The lower acids
may also further react with available oxygen in the reaction medium to give finally
gaseous oxidative products such as CO,, H, and water, which are evident from the

analysis of gaseous products by GC with TCD detector.
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Figure 5.3. Influence of temperature on conversion, selectivity and acid product
distribution in aerial oxidation of cyclohexane catalyzed by Au-SiO,-FO. Reaction

condition: Duration = 8 h, Air Pressure = 4.3 MPa, Stirring speed = 400 rpm.

To ascertain the effect of cyclohexane conversion and products selectivities after
complete consumption of oxygen in air, the autoclave was refilled twice (Figure 5.4). It
has been observed that the rate of cyclohexane conversion increases linearly and
selectivity of acids continue to increase further. However, on further refilling (4" time),
the rate of cyclohexane conversion slows down and selectivity of adipic acids decreases
(Table 5.2). The decrease in the rate of cyclohexane conversion can be attributed to
various reasons like deactivation of the catalyst either due to leaching of gold
nanoparticles or adsorption of products on the surface of Au-SiO,-FO and preferred
oxidation of products (acids) vis-a-vis reactant. The leaching of gold nanoparticles from

catalyst after each refilling with air was monitored by AAS analysis and the data is
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shown table 5.3. The decrease in selectivity of acid products is attributed to the oxidation
of more reactive products and oxidative decomposition of adipic acid to lower acids viz.,
glutaric, succinic acids as the gold catalyst gets deactivated after refilling four times with
air as evident from the table 5.2. Thus, the oxygen present in the reaction mixture is used

up in the oxidation of more reactive products and oxidative decomposition of adipic acid.
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Figure 5.4. Influence of oxygen concentration on conversion, selectivity and acid
product distribution in aerial oxidation of cyclohexane catalyzed by Au-SiO,-FO in a
solvent free condition. Reaction condition: Duration = 8 h (1st), 3 h 30 min (2nd), 2 h
(3rd) and 2 h (4th), Temperature = 120 °C, Air Pressure = 4.3 MPa (each time), Stirring
speed =400 rpm.
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Table 5.2. Influence of oxygen concentration on conversion, selectivity and acid product
distribution in aerial oxidation of cyclohexane catalyzed by Au-SiO,-FO at 120 °C.

No. of Air CeHiz Time Product Selectivity (%) Acid Product
Refilling Press. Conv. (h) Distribution (%)
with Air  (MPa) (%)

- - acids UDP AA GA SA other

nol  none acids
1. 4.3 5.4 8 31.3 49.2 160 35 906 6.6 1.0 1.8
2. 4.3 6.9 115 219 365 353 63 915 6.1 1.1 1.3
3. 4.3 8.3 135 167 282 474 7.7 865 8.7 3.2 1.6
4, 4.3 8.6 155 165 288 403 144 695 177 104 24

(a) Reaction condition: Cyclohexane = 30 mL, Catalyst = 25 mg, Temperature = 120 °C, Stirring Speed =
400 rpm. (b) Overall Yield: Product Abbreviations: -nol = Cyclohexanol; -none = Cyclohexanone; UDP =
Unidentified Products; AA = Adipic Acid; GA = Gluteric Acid; SA = Succinic Acid.

Table 5.3. AAS analysis of catalyst, Au-SiO,-FO after each refilling of reaction mixture

with air.
Catalyst Au % Leaching  Conv. (%) % Increase in Conv.
(Au-SiO,-FO) Wt (%)
First Charge 1.42 - 5.4 -
Second Recharge 1.40 1.4 6.9 1.5
Third Recharge 1.35 5 8.3 2.9
Fourth Recharge 1.30 8.5 8.6 3.2
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5.4.2. Effect of Pressure

The Figure 5.5 depicts the effect of pressure on aerial oxidation of cyclohexane to
adipic acid at 120 °C in a solvent free condition using Au-SiO,-FO as catalyst. It can be
clearly seen that the cyclohexane conversion as well as selectivity of acid products is
increased with increasing pressure. This observation is anticipated, as more oxygen was
available at higher pressure. Selectivity of cyclohexanol decreases, while cyclohexanone
increases with increasing pressure, which again indicates that the cyclohexanol is first
getting converted to cyclohexanone. The cyclohexanone is further oxidized to 1,2-dione

to produce adipic acid by ring opening of cyclohexane as reported earlier.
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Figure 5.5. Influence of air pressure on conversion, selectivity and acid product
distribution in the oxidation of cyclohexane catalyzed by Au-SiO,-FO in a solvent free
condition. Reaction condition: Duration = 6.5 h (2.07 MPa), 7 h (2.7 MPa) and 8 h (4.3
MPa), Temperature = 120 °C, Stirring speed = 400 rpm.
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5.4.3. Effect of Amount of Catalyst

The effect of the amount of catalyst on the aerial oxidation of cyclohexane to
adipic acid at 120 °C and 4.3 MPa without using any solvent is shown in Figure 5.6. The
conversion of cyclohexane increases with increasing amount of catalyst. It has been
observed that the selectivity of cyclohexanol increases while that of cyclohexanone
decreases with increasing amount catalyst. The decrease in selectivity of cyclohexanone
can be due to the preferential oxidation to acid products. Selectivity of acid products is

found to decrease slightly with the increasing amount of catalyst.
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Figure 5.6. Influence of concentration of Au-SiO,-FO catalyst on conversion, selectivity
and acid product distribution in aerial oxidation of cyclohexane. Reaction conditions:
Duration = 8 h, Temperature = 120° C, Air Pressure = 4.3 MPa, Stirring speed = 400

rpm.
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5.4.4. Comparative Study using Au-SiO,-Chem, Au-SiO,-FO and Au-Vert with

Different Particle Size of Nano Gold
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Figure 5.7. Influence of nano Au particle size on conversion, selectivity and acid
product distribution in aerial oxidation of cyclohexane. Reaction conditions: Duration =
5 h (Au-SiO,-Chem), 8 h (Au-SiO,-FO) and 12 h (Au-Vert), Temperature = 120 °C Air
Pressure = 4.3 MPa, Stirring speed = 400 rpm.

The influence of the particle size of nano gold on the catalytic activity and
selectivity of Au-SiO,-Chem, Au-SiO,-FO and Au-Vert having gold particles of
diameter 8 nm, 13 nm and 20 nm, respectively, and is presented in Figure 5.7. It has been
observed that among Au-SiO,-Chem, Au-SiO,-FO and Au-Vert catalysts, Au-SiO,-
Chem show nearly same cyclohexane conversion. However, among the products,
selectivity of acids and cyclohexanol increases while of cyclohexanone decreases with

the decrease in particle size of nano Au containing catalysts. This may be due to the
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increased oxidation of cyclohexanone to a more reactive species, 1,2 dione, which
subsequently oxidized to adipic acid. The extent of oxidation of cyclohexanone is found
to increase with the decrease in size of gold nanoparticles, obviously due to availability
of more surface area for the reactant molecules to get adsorbed onto the nano gold
surface. This also explains the lower concentration of cyclohexanone in the reaction

mixture for Au-SiO,-Chem compare to other catalysts, Au-SiO,-FO and Au-Vert.

5.5, PROBABLE REACTION PATHWAY OF CYCLOHEXANE OXIDATION
TO ADIPIC ACID
The aerial oxidation of cyclohexane in the absence of catalyst at 120 °C and 2.1-
4.3 MPa, results in the formation of only cyclohexanol and cyclohexanone. The reaction
may be schematically represented as follows:

°]

—_— +

OH O

However, the use of gold nanoparticles as catalyst under similar condition along
with cyclohexanol and cyclohexanone forms acid products, such as adipic acid (AA),
gluteric acid (GA) and succinic acid (SA). The oxidation of cyclohexane to adipic acid
involves 1,2-cyclohexanedione as an intermediate, which results due to oxidation of
cyclohexanone.?* This keto-form yields the desire adipic acid while the enol-form leads
to other lower acids. The lower acids (such as GA, SA, etc.) can also form by oxidative
degradation of adipic acid. Thus, the oxidation of cyclohexanone to 1,2-
cyclohexanedione intermediate, is the key step for adipic acid formation. It can be

inferred from above observation that the oxidation of cyclohexanone to 1,2-
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cyclohexanedione may involve relatively high activation energy pathway and may not be
achievable in absence of catalyst. However, the use of supported gold nanoparticles may
lower this activation energy, which results in the formation of adipic acid and other

lower acids. This may be schematically represented as follows:

oﬂ»&fi

[O]

1,2-Cyclohexanedione

CO
2 o
COOH
< COOH
OOH COOH COOH
Succinic Acid  Glutaric Acid Adipic Acid
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56. SUMMARY

In this chapter, a novel, solvent free, aerial oxidation of cyclohexane to adipic
acid using gold nanoparticles supported on amorphous (fumed) silica, as catalyst, in an
environmentally benign oxidation process has been efficiently demonstrated. The
cyclohexane conversion and acid selectivity was found to be dependent on temperature,
pressure and amount of catalyst used. The conversion of cyclohexane oxidation is ~ 5-6
% but with respect to the concentration of oxygen in reaction mixture, the consumption
of oxygen is almost 100 %. The particle size of nano gold plays an important effect on
the product distribution in the aerial oxidation of cyclohexane. It has been observed that
the selectivity of cyclohexanol and acid increases while cyclohexanone decreases with

the decrease in particle size.
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Chapter 6 Summary

6.1. SUMMARY

The thesis gives an account of

(i) The extracellular syntheses of gold, silver, metal sulfide (CdS, PbS, ZnS, MnS and
NiS) nanoparticles and gold silver alloy nanoparticles using eukaryotic
microorganisms like fungi.

(i) The intra- and extracellular syntheses of gold and silver nanoparticles of controlled
dispersity using prokaryotic microorganism such as actinomycetes and

(iii) Harnessing and application of extracellularly synthesized gold nanoparticles

supported on amorphous (fumed) silica used as catalysts in the oxidation reaction.

Chapter 1 presents a general introduction about nanoscience and nanotechnology and
their consequences to different fields of science. Different physical, chemical and bio-based
synthesis routes of nanomaterials and their characterization techniques are discussed. It also
gives an account of different properties and applications of nanomaterials with particular
emphasis to catalytic application. Based on literature survey, the scope and objectives of the
present work have been summarized at the end of the chapter.

Chapter 2 deals with the extracellular synthesis of metal (such as gold and silver) and
bimetallic (gold silver) alloy nanoparticles using the eukaryotic system such as fungi. The
fungus, Fusarium oxysporum, when exposed to gold and silver solutions resulted in the
formation of highly stable gold and silver nanoparticles, respectively, in the size range of 5—
50 nm. However, exposure of an equimolar mixture of gold and silver salts simultaneously
to Fusarium oxysporum resulted in the synthesis of bimetallic gold silver alloy nanoparticles

of different compositions. The preliminary study of protein extract revealed the presence of
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NADH dependent reductases in the extract. It has been observed that the composition of Au-
Ag nano alloy is cofactor, NADH, dependent. The Au-Ag alloy nanoparticle of varying
composition can be synthesized by controlling the release of amount of cofactor by using the
controlled amount of biomass. The high stability of the nanoparticle solution is due to the
secretion of capping protein by the fungus in the reaction mixture. The stability of capping
protein was found to be pH dependent

Chapter 3 accounts the extra- and intracellular biosynthesis of gold and silver
nanoparticles with controlled monodispersity using actinomycetes, Thermomonospora sp.,
and Rhodococcus sp., respectively. The exposure of metal salts to Thermomonospora sp.
resulted in the release of enzyme and subsequent formation of fairly monodispersed
nanoparticles in solution of dimensions 7-12 nm. The preliminary study of the secreted
enzyme revealed their dependence on NADH cofactor. However, in case of Rhodococcus
sp., the reduction of metal ions occur intracellurly with good monodispersity of diameter in
the range of 5-15 nm by the reductase enzyme present on the cell wall as well as on the
cytoplasmic membrane.

Chapter 4 deals with the extracellular biosynthesis of semiconductor metal sulfide
nanoparticles using fungus, Fusarium oxysporum. The extracellular synthesis of metal
sulfide is due to the release of NADH dependent sulfate reductase enzyme in solution, which
results in the reduction of SO,% ions to S* and subsequent formation of metal sulfide
nanoparticles. The high stability of the metal sulfide nanoparticle solution is due to
stabilization by proteins present in the reaction mixture. It was observed that the presence of
protein moiety on the surface of the metal sulfide does not affect their optoelectronic

property. The fluorescence measurements recorded from CdS solution reveal the small
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stokes’ shift indicating that the surfaces of sulfide are regular with most surface atoms
satisfying the coordination or oxidation states of their bulk counterpart. However, the
measurements recorded from other sulfides, PbS, ZnS, MnS and NiS exhibit broad emission
band, indicating the surfaces of sulfides are irregular, which may arise due to the uncommon
oxidation or missing of atom or adsorbed impurities on the surface of the particle.

Chapter 5 focuses on the application of extracelluarly synthesized gold nanoparticles
by Fusarium oxysporum supported on amorphous (fumed) silica as catalysts in the aerial
oxidation of cyclohexane in a solvent free system. The conversion of cyclohexane oxidation
was ~ 5-6 % and was found to be dependent on reaction temperature, pressure and amount
of catalyst. Among the products, amount of acids increases linearly with the decrease in
nano gold particle size and among the acid products the selectivity of adipic acid was more

than 90 %.

6.2. CONCLUSIONS
6.2.1. Extracellular Synthesis of Metal and Bimetallic Alloy Nanoparticles using
Fusarium oxysporum
» The use of eukaryotic microorganism such as fungi, for the first time, in the
synthesis of metal nanoparticles is established.
» The exposure of gold and silver ions to fungus, Fusarium oxysporum, results in the
release of reductase enzyme and subsequent formation of highly stable gold and
silver nanoparticles in solution of 5-50 nm dimensions. The secreted enzyme is

found to be dependent on NADH cofactor.
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» The high stability of nanoparticles in solution is due to capping of particles by the

6.2.2.

release of capping proteins by Fusarium oxysporum. The stability of capping protein
is found to be pH dependent. At higher pH (>12) the nanoparticle solution remains
stable while it aggregates at lower pH (<2) as the protein gets denatured.

The exposure of equimolar mixture of gold and silver solution simultaneously to
Fusarium oxysporum, lead to the formation of gold silver alloy nanoparticle of
different compositions.

The composition of gold silver alloy nanoparticles is cofactor, NADH, dependent.
The alloy nanoparticles of varying composition can be synthesized by controlling the
release of amount of cofactor by using the controlled amount of biomass of

Fusarium oxysporum.

Extra- and Intracellular Synthesis of Metal Nanoparticles using Actinomycetes
The use of prokaryotic microorganism such as actinomycetes, in the extracellular
synthesis of nanomaterials is established for the first time.

The exposure of gold solution to actinomycete, Thermomonospora sp. resulted in the
formation of fairly monodispersed and highly stable nanoparticles of dimensions 7—
12 nm. However, the same actinomycete, Thermomonospora sp., could not
synthesize silver nanoparticles with similar monodispersity. This may be due to the
difference in mode of interactions between different metal nanoparticles and the
capping proteins. In this case also, the reductase was found to be NADH dependent,

as in Fusarium oxysporum.
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» The time taken for reduction of gold ions with actinomycete, Thermomonospora sp.

6.2.3.

(120 h), was longer compared to that using fungus, Fusarium oxysporum, (48 h)
(chapter 2). However, the gold nanoparticles synthesized using the fungi were
polydispersed of dimension 8-40 nm while with actinomycetes, the synthesized
nanoparticles were fairly monodispersed of diameter in the range 7-12 nm. The size
and dispersity control may be the consequence of different types and extent of
proteins/enzymes secretion by actinomycetes in comparison with fungi and also may
be due to use of different synthesis conditions. In the case of actinomycetes,
Thermomonospora sp., the reaction is carried out under alkaline conditions and at
slightly elevated temperatures. Under these extreme conditions, fungus, Fusarium
oxysporum, cannot survive.

The treatment of gold solution with actinomycete, Rhodococcus sp. lead to the
formation of intracellular nanoparticles with good monodispersity in the size range
of 5-15 nm. The intracellular formation of nanoparticles can be attributed to the

reduction of the metal ions by the enzyme present in the cell wall membrane.

Extracellular Synthesis of Metal Sulfide Nanoparticles using Fusarium
oxysporum

The extracellular synthesis of semiconductor metal sulfide nanoparticles using
fungus Fusarium oxysporum by a purely enzymatic pathway has been observed.

The extracellular synthesis of metal sulfide is due to the release of NADH dependent
sulfate reductase enzyme in solution, which resulted in reduction of SO4* to S*” ions

and subsequent formation of highly stable metal sulfide nanoparticles. The high
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6.2.4.

stability of the metal sulfide nanoparticle solution is due to present of proteins in the
reaction mixture.

Cadmium sulfide solution revealed small stokes’ shift in the fluorescence
measurements, indicating that the surfaces of sulfide are regular with most surface
atoms satisfying the coordination or oxidation states of their bulk counterpart.
Fluorescence measurements of other sulfides, PbS, ZnS, MnS and NiS exhibited
broad emission band, signifying the surfaces of sulfides are irregular, which may
arise due to uncommon oxidation state or adsorbed impurities on surfaces of sulfide

particles.

Aerial Oxidation of Cyclohexane to Adipic Acid

Aerial oxidation of cyclohexane to adipic acid was demonstrated using
extracellularly synthesized gold nanoparticles, by fungus, Fusarium oxysporum,
supported on amorphous (fumed) silica, as a catalyst in an environmentally benign
oxidation process in a solvent free system.

The conversion of cyclohexane oxidation was ~ 5-6 %.

The selectivity of acids was found to depend on reaction temperature, pressure and
amount of catalyst.

The gold particle size plays an important role in aerial oxidation of cyclohexane. The

acid selectivity was found to be dependent on the size of gold nanoparticle.
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6.3. FUTURE OUTLOOK

The ability of eukaryotic and prokaryotic microorganisms to reduce the inorganic
metals has opened up a new exciting green chemistry approach towards the development of
natural ‘nano-factories’. However, a number of issues have to be addressed from the
nanotechnology and microbiology point of view and require to be addressed before such a
biosynthesis approach can compete with the existing physical and chemical protocols. The
elucidation of biochemical pathways leading to metal ion reduction and formation of
nanoparticles is essential in order to develop a rational bio-based nanoparticle synthesis
procedure. Similarly, an understanding of the surface chemistry of the biogenic
nanoparticles (i.e., the nature of capping surfactants/peptides/proteins) would be equally
important. This would then lead to the possibility of genetically engineering
fungi/actinomycetes to overexpress specific reducing molecules and capping agents, thereby
controlling not only the size of the nanoparticles but also their shape. The rational use of
constrained environments within cells such as the periplasmic space and cytoplasmic
vesicular compartments (in case of actinomycetes, Rhodococcus sp.) to modulate
nanoparticle size and shape is an exciting possibility. The range of chemical compositions of
nanoparticles currently accessible by bio-based methods is currently extremely limited and
confined to metals, metal sulfides and iron oxide. Extension of the protocols to enable
reliable synthesis of nanocrystals of other oxides (TiO,, ZrO,, etc.) and nitrides, carbides
etc. could make this synthesis protocol a commercially viable proposition.

The fungal and actinomycete-mediated green chemistry approach towards the
synthesis of nanoparticles has many advantages such as ease with which the process can be

scaled up, economic viability, possibility of easily covering large surface areas by suitable
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growth of the mycelia, etc. Compared to bacterial fermentations, in which the process
technology involves the use of sophisticated equipment for getting clear filtrates from the
colloidal broths, fungal broth can be easily filtered by filter press of similar simple
equipment, thus saving considerable investment costs for equipment. This shift from
bacteria to fungi as a means of developing natural ‘nano-factories’ has the added advantage
that downstream processing and handling of the biomass would be much simpler. Further,
compared to bacteria; fungi and actinomycetes are known to secrete much higher amounts of
proteins, thereby significantly increasing the productivity of this biosynthetic approach.

Equally intriguing are questions related to the metal ion reduction/reaction process in
cellular metabolism and whether the nanoparticles formed as by-products of the reduction
process or is there any possible roles of thus formed nanoparticles in a cellular activity (such
as magnetite in magnetotactic bacteria). Microorganisms such as fungi are not normally
exposed to high concentrations of metal ions such as Cd**, AuCl,” and Ag®. This stress
induced cellular function such as secretion of enzymes when challenged, which is capable of
metal-ion reduction and indeed conversion of sulfates to sulfides, may help in understanding
of evolutionary processes.

The use of specific enzymes secreted by organisms such as fungi and actinomycetes
in the extracellular synthesis of nanoparticles is exciting for the following reasons. The
synthesis of nanoparticles would be of importance in catalysis and other applications such as
non-linear optics. The nanoparticles can be immobilized in different matrices and used for

different catalytic processes.
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