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ABSTRACT

Nanotechnology involves the synthesis and/or manipulation of materials at the
nanometer scale either by scaling- up from single groups of atoms or by refining or
reducing

bulk

materials.

Comprehension

of

metal

nanoparticles

exotic

physicochemical and optoelectronic properties, and organization of nanoscale
structures into predefined superstructures promise to play an increasingly important
role in innovative technologies.
Recently, biological methodologies are considered highly promising for nanomaterial
synthesis because of eco-friendly approaches alternative to the usual chemical
methods. The biomimetic and biomineralization procedures, besides following the
green chemical regulations for nanoscale material synthesis are supposed to yield
novel and complex structural entities as compared to the conventional methods. Until
now, researchers have been successful in obtaining a number of inorganic metal
nanoparticles using microorganisms quite efficiently and to some extent started
gaining access to design strategies to develop protocols to obtain nanomaterials of
desired shape and size. Researchers also started deciphering the mechanistic aspect of
formation of inorganic metal nanoparticles which are atleast easy to follow during
their course of reaction with microorganisms such as gold nanoparticles. Despite all
these efforts in the direction of biological synthesis of nanomaterials, one area which
is still least explored or seldom encountered in literature is the green synthesis of
oxide nanoparticles. Currently physico-chemical protocols for the synthesis of oxide
nanomaterials involve high temperatures, toxic chemicals and harsh environmental
condition, thus proving eco-unfriendly, whereas their biological counterparts have
shown a great promise to overcome all these deficits.
The present investigation details the study of such biosynthetic routes/protocols for
the synthesis of natural protein capped, water dispersible and biomedically important
oxide nanoparticles such as Gd 2O3 and CeO2 using the fungus Humicola sp. Protein
capped Gd2O3 nanoparticles were then functionalized and conjugated to the anticancer
drug taxol and this nano-bioconjugate has shown an enhanced potency in killing
cancer cells when incubated with THP-1 cell lines rather than taxol alone, thus
creating new avenues in nanosized drug delivery applications. Another mesophilic
fungus Fusarium oxysporum was then used to obtain silica (SiO2) nanoparticles
through bioleaching of waste material such as fly-ash. Humicola sp. once again was
IV

employed to obtain TiO2 nanoparticles using top-down approach. The fungus
Humicola sp. not only showed a great potential in biomilling of bulk TiO2 to nanosize
TiO2 but was also able to biotransform the shape and phase of TiO2 nanoparticles.
Finally, in the last working section of the thesis an attempt has been made for the
elucidation of mechanism of formation of gold nanoparticles. Sulphite reductase
enzyme and organic capping molecule were purified to homogeneity from an
actinomycete Thermomonospora sp. and employed for the in vitro synthesis of gold
nanoparticles. Sulphite reducatse enzyme has been shown to reduce gold metal ions
resulting in the subsequent formation of gold nanoparticles whereas the capping
molecule has been shown to provide stability to gold nanoparticles without which
nanoparticles tend to aggregate.
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Summary
This chapter deals with the basic introduction of nanotechnology and brief history of
nanoscience and nanotechnology. It also discusses the major properties of
nanoparticles and various synthesis methods available for nanoparticles production.
The chapter then emphasizes on a brief introduction on oxide nanomaterials. This is
followed by a review of the literature on biological synthesis of metal and metal oxide
nanoparticles. In the penultimate section of the chapter, mechanistic aspects of
biological synthesis of nanoparticles have been enlightened. Finally, a chapter - wise
outline of the work done in this thesis has been presented.
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1.1 History
Human civilizations are often divided into ages according to the materials that
dominate the society. In the Stone Age when the tools were largely made of stones,
people used those simple stone tools to improve their lifestyle and advanced their
civilization. In the Bronze Age, when most tools were made of bronze, a number of
technological innovations were fostered that eventually altered the landscape of the
civilization, making the Stone Age obsolete. In the Iron Age, when the processing of
iron was discovered, society advanced tremendously. Many new tools were built so
that rapid transportation became possible. People then explored many lands and seas.
We have entered the modern materials age, the plastic age in the last half of the 20 th
century and the silicon age in the last quarter of the 20th century continuing to this
day. These new materials have fundamentally transformed our lifestyle forever and
have made a vast world into a global village. It is believed that the “Designed
Materials” [1] will likely play a role in constructing and processing the future
composite and integrated materials. This will be achieved both through discovering
nature’s designs that have evolved from eons of selection, and through knowledgebased designs. These materials will again undoubtedly transform our civilizations as
we know it today. These new materials will be the foundation for future generations
of the “Designed Materials Age”.
The Designed Materials Age requires new knowledge to build advanced materials.
One of the approaches is through molecular self - assembly. Molecular self - assembly
is ubiquitous in nature. It has recently emerged as a new approach in chemical
synthesis, nanotechnology, polymer science and engineering. Molecular self assembly
systems lie at the interface of molecular and structural biology, protein science,
chemistry, polymer science and engineering. Molecular self assembly systems
represent a significant advancement in the molecular engineering of simple molecular
building blocks useful for a wide range of applications. Development of new
materials and technologies often broaden the questions we can address, therefore,
deepening our understanding of seemingly intractable phenomena. Molecular self assembly systems will undoubtedly create a new class of nanomaterials at the
molecular level, where dimensions are in the range of one billionth of a meter.
Nanoscience refers to the study of phenomena which occur at the nanoscale
dimensions, on the order of a small molecule, much smaller than the width of a single
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strand of hair. When system dimensions approach the nanoscale, some very unique
and potentially useful properties emerge. Nanotechnology takes advantage of these
fundamental changes of physical properties.
Nanotechnology is being heralded as the next enabling technology that will redesign
the future of several technologies, products and markets. It is drawing intense interest
and will replace most of the existing technology in use today. It is widely publicized
to be an important technology that is going to change every aspect of our lives and
lead to generation of new capabilities, new products and new markets.
Nanotechnology is a broad and interdisciplinary area of research and has the potential
for revolutionizing the ways in which materials and products are created and the range
and nature of functionalities that can be accessed. Nanotechnology is concerned with
materials and systems whose structures and components exhibit novel and
significantly improved physical, chemical and biological properties, phenomena and
processes due to their nanoscale size. The goal is to exploit these properties by
gaining control of structures and devices at atomic, molecular and supramolecular
levels and to learn to efficiently manufacture and use these devices. Maintaining the
stability of interfaces and integration of these “nanostructures” at micron-length and
macroscopic scales are all keys to success. New behavior at the nanoscale is not
necessarily predictable from that observed at large size scales. The most important
changes in behavior are caused not by the order of magnitude size reduction but by
newly observed phenomena, intrinsic to or becoming predominant at the nanoscale.
These phenomena include size confinement, predominance of interfacial phenomena
and quantum mechanics.
Nanotechnology and nanoengineering stand to produce significant scientific and
technological advances in diverse fields. Nanotechnology typically refers to a
technology at or close to the atomic level. At the nanoscale, materials are known to
possess special properties, meaning that by controlling the arrangement of molecules
at the nanoscale, it may be possible to create new materials with fundamentally new
physical properties. Very simply, through nanotechnology, it is possible to manipulate
discrete atoms to achieve desired results, for example, to design new materials with
desired properties such as drugs, polymers, membranes etc with desired properties. If
even a fraction of its promise is realized, nanotechnology could yield new products
and processes that may make a profound impact on our daily lives and may lead to a
more sustainable technological and social development.
Ph.D. Thesis

Shadab Ali Khan

University of Pune

Chapter 1

4

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 a few nanometers to less than a 100 nanometers. The unit of nanometer
derives its prefix nanos from a Greek word meaning extremely small. One nanometer
–9

(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 0.1nm, 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.

Figure 1: Representation of the relative sizes of various naturally occurring
objects/species and man-made materials. Courtesy: Josh Wolfe’s report on
Nanotechnology, www.forbeswolfe.com.
1.2 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 a 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 nano structures [2].
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“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 [3].
In 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 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 [4]. The ribosomes, 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
Arthritis. With present day understanding of nanoscience, one can unambiguously get
enlightened that these formulations contained gold nanoparticles. Thus, the fusion of
ancient wisdom and present understanding of nanoscience can impart 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 more about the detailed
operation of individual cells and neurons, which could help us to re-engineer living
systems.
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Figure 2: Representation of the relative sizes of various biomolecules (source perdue
university press release http://www.beyondpesticides.org/dailynewsblog.
The wavelike properties of electrons inside matter are influenced by variations on the
nanometer scale. It is possible to vary fundamental properties of materials (e.g.
melting temperature, magnetization, and charge capacity) without changing the
chemical composition by patterning matter on the nanometer length scale. Life works
at the nanometer scale. The systematic organization of matter on the nanometer length
scale is a key feature of biological systems. Nanotechnology promises to allow us to
place artificial components and assemblies inside cells, and to make new materials
using the self-assembly methods of nature. This is a powerful new combination of
material science and biotechnology. By virtue of their size, nanoscale components
have very high surface areas. Thus, they are ideal for use in composite materials,
reacting systems, drug delivery, solar cells and energy storage. The finite size of
material entities, as compared to the molecular scale determines an increase of the
relative importance of surface tension and local electromagnetic effects, making
nanostructured materials harder and less brittle. The interaction wavelength scales of
various external wave phenomena become comparable to the material entity size,
making materials suitable for various opto-electronic applications. A remarkable
aspect of nanomaterials is that a number of factors can influence their physical,
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chemical, optical, electronic and magnetic properties. The factors that can strongly
modulate their properties include their size, shape, surface composition, dielectric
environment and the interparticle interactions. Such remarkable variations in
properties of nanomaterials are due to their dimensions being comparable to the de
Broglie’s wavelength of the charge carriers, which modify their properties
significantly. One of the readily perceptible properties in case of metal nanoparticles
is their color. The color of metal nanoparticles originates due to their surface
plasmons i.e the coherent charge density oscillations. Surface plasmon is a special
phenomenon, which is observed in metal nanoparticles at nanoscale. It has been found
that the size and shape of nanocrystals are key factors for the determination of their
unique chemical and physical properties. Bulk materials have their own
characteristics and innate properties such as color, phase transition, temperature and
band-gap energy. However, nanocrystalline materials no longer retain such bulk
properties and exhibit unprecedented novel phenomena associated with nanoscale
dimensions. Similarly, when the size of other nanomaterials is below certain size
regime (generally few nanometers), size quantization effects become more important,
leading to discrete energy levels in the conduction band and can be understood by
making analogy with the case of ‘particle- in - a box’ model. The quantum size effects
have been well studied in case of semi conducting nanoparticles and the energy level
spacing for a spherical particle of radius ‘R’ is predicted to be inversely proportional
to R2. Thus, with decreasing size, the effective band gap increases and the relevant
absorption and emission spectra - blue shifts. As a consequence, the developments,
which were initially concerned with metal nanoparticles led to the realization that
essentially all solid materials in nanoscale would be of interest. To explore the novel
physical properties and the potential applications of nanostructures and nanomaterials
is the first cornerstone in nanotechnology. Nanomaterials are the leading edge to the
rapidly developing field of nanotechnology. Their unique size - dependent properties
make these materials superior and indispensable in many areas of human activity.
Thus, nanoparticles are of scientific interest as they are effectively a bridge between
bulk materials and atomic or molecular structures.

1.3 Methods of Nanoparticle fabrication
The nanometer scale is the regime where two complementary approaches to fabricate
incredibly small objects meet:
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a) Top-down approach
b) Bottom-up approach

Figure 3: Methods of Nanoparticle fabrication [5].
Top-down methods involve starting with a block of material and etching or milling it
down to the desired shape and size. The best known example of top-down approach is
the photolithography technique used in semiconductor industry to create integrated
circuits by etching patterns of silicon wafers. The metal is chiselled out selectively
using high energy beam to obtain desired patterns onto silicon substrate. The main
challenge for top down manufacture is the creation of increasingly small structure
with sufficient accuracy that is the imperfection of surface structure. It can cause
significant crystallographic damage to processed pattern and additional defects may
be introduced during etching steps. Such imperfections would have a significant
impact on the physical properties and surface chemistry of nanostructures and
nanomaterials. Regardless of the surface imperfections and other defects, top-down
method continues to play an important role in the synthesis and fabrication of
nanostructures and nanomaterials.
Bottom-up methods involve the assembly of smaller subunits, atoms or molecules to
make a larger structure. It is the atom - by - atom which assembly begins by designing
and synthesizing custom- made molecules that have the ability to self - organize into
higher order mesoscale and macroscale structure. One example of such an application
includes novel drug delivery system using nanoparticles or highly porous selfassembly bilayer tubule system. Another class of application being developed is
chemically functionalized dendrimers which are highly branched molecules. The main
challenge for bottom-up approach is to make structures large enough and of sufficient
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quality to be of use as materials. However, the fascinating consequence of the size and
defect dependent applicability of nanomaterials is that the properties of nanocrystals
obtained by various routes cannot be generalized, since various synthesis routes may
lead to altering defect conditions in these nanocrystals. The display of unique
properties by the nanoparticles that can be controlled by many external and internal
factors and the scope for diverse applications makes the synthesis of such
nanomaterials extremely important and therefore a number of routes for synthesis of
nanomaterials are evolving.

Figure 4: A schematic outline of nanoparticle synthesis approaches

1.4 Properties of Nanoparticles
During the course of the miniaturization, it has been observed that materials exhibit
some exotic properties in the nanometer regime, which are significantly different from
their bulk counterparts. The following are the changes in the properties of the metals
of nanometer size.

1.4.1 Size and shape dependent catalytic properties
As the particle size decreases, the fraction of surface atoms significantly increases.
For example, a 3 nm particle would have 45% of its atoms on the surface and a 1 nm
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particle would have 76% of the atoms on its surface. As any reaction takes place at
the surface and the high percentage of surface atoms in metal nanoparticles viable
them as good catalysts, the shape of the nanoparticles along with their size influences
the surface reactivities. The reactant molecules show differential affinity in absorption
towards different faces of the catalyst. Hence metal nanoparticles of different shapes
covered by different faces could be used to increase the selectivity of a catalyst.
Hence surface reactivity can be a tailored catalyst. The surface reactivity can be
tailored in such a way that by varying the shape of the nanoparticles, designing
molecular specific catalysis would be possible.

1.4.2 Mechanical properties
Mechanical properties of a material depend strongly on the density of dislocations,
grain size and the surface / interface-to-volume ratio. The strength and hardness of the
material could be severely affected if there is any decrease in grain size. As compared
to the bulk, a nanoparticle has more defects due to the high surface - to - volume ratio.
However, the capability of a nanomaterial to undergo extensive tensile deformation
without destroying the structure is well reported and is called super plasticity.
1.4.3 Magnetic Properties
The magnetic properties of nanoparticles differ from those of bulk in two ways. The
large surface to volume ratio results in a different local environment for the surface
atoms in their magnetic coupling or interaction with neighboring atoms, leading to the
mixed volume and surface magnetic characteristics. Unlike bulk ferromagnetic
materials which usually form multiple magnetic domains, several small ferromagnetic
particles could consist of only a single magnetic domain. In case of a single particle
being a single domain, super-paramagnetism occurs, in which the magnetizations of
the particles are randomly distributed and are aligned only under an applied magnetic
field. The alignment disappears once the external field is withdrawn. For example,
these could have important implications in ultra-compact information storage where
the size of the domain determines the limit of storage density.

1.4.4 Electronic properties
Metal nanoparticles when embedded between metal–insulator, metal junction or
between the tip of STM and an electrode show a differential capacitance or charging
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at low temperatures even at zero bias. This effect is called “Coulomb blockade” or
“Coulomb staircase effect”. It was realized that this behavior is caused by the
extremely small capacitance of metal nanoparticles. These particles can store charge
by addition or removal of electrons. Due to its low capacitance, nanometer sized
metallic particles are extremely sensitive to neighbouring charges and therefore, could
be useful as sensor materials.

1.4.5 Optical Properties
The optical properties of these nanoparticles are spectacular and therefore have
stimulated a great deal of excitement during the last few decades. The color variations
arising from changes in the composition, size and shape of nanoparticles, surrounding
medium and the very high absorption cross-section have promoted these materials as
inorganic chromophores from visible to near infrared region. Due to this reason, they
find applications as sensor and imaging agents. These effects are due to the
phenomena called “surface plasmon resonance”, the frequency at which conduction
electrons oscillate in response to the alternating electric field of incident
electromagnetic radiation. This phenomenon was explained by Mie, based on the
Maxwell equations on scattering. However, only gold, silver and copper nanoparticles
possess plasmon resonances in the visible spectrum, which give rise to such intense
colors. A nanoparticle is a complicated system of many electrons, where the
confinement of electronic motion due to the reduction in size leads to fascinating new
effects, potentially tunable with particle size and shape.
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Figure 5: Different colors of nanogold and nano silver due to difference in size of
nanoparticle
and
the
colour
of
bulk
and
nanogold.
http://planck.cos.ucf.edu/webpage/Page383.htm Picture Courtesy: Northwestern
University.
1.4.6 Surface Plasmon Resonance
Free electrons and the cationic cores in a bulk metal form a plasma state. These free
electrons can set into oscillations relative to the cationic lattice when it interacts with
light i.e. electromagnetic radiation. Since the order of penetration depth of
electromagnetic waves in metals falls in the nanometer range, it polarizes or displaces
the surface electrons from its equilibrium position. The Columbic attractions between
the cationic lattice and electrons then acts as a restoring force to bring back the
electron cloud to the equilibrium position. In this manner, a dipolar oscillation of
electrons is created (called plasma oscillation) with a certain frequency called
plasmon frequency.
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Figure 6: Origin of Surface Plasmon Resonance (SPR) due to coherent interaction of
the electrons in the conduction band with electromagnetic field [6].
In a bulk metal, the electrons are free and unbound, thus can absorb any amount of
energy. When the size of the particle is decreased below the mean free path of the
electron, it gives birth to the surface plasmon resonance at visible frequencies in the
case of gold, silver and copper nanoparticles. The surface plasmon resonance is a
collective excitation mode of the plasma localized near the surface. However, the
resonance frequency of the surface plasmon is different from an ordinary plasma
frequency. If the frequency of the excitation light field is in resonance with the
frequency of this collective oscillation, even a small exciting field leads to a strong
oscillation.

1.5 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
frequently been employed as colorants, particularly for church windows. Until 1959,
nobody had thought of using atoms and molecules for fabricating devices. Its first
revision was by Nobel Laureate Physicist Richard Feynman in his famous 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
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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.

1.6 Bio-based approaches for nanomaterial synthesis
Optoelectronic, physicochemical and electronic properties of nanoparticles are
determined by their size, shape and crystallinity. Therefore, the synthesis of
monodispersed nanoparticles with different size and shape has been a challenge in
nanotechnology. Although various physical and chemical methods are extensively
used to produce monodispersed nanoparticles, the stability and the use of toxic
chemicals is the subject of paramount concern. The use of toxic chemicals on the
surface of nanoparticles and non-polar solvents in the synthesis procedure limits their
applications in clinical fields. Therefore, development of clean, biocompatible, nontoxic and eco friendly methods for nanoparticles synthesis deserves merit. Although
biological methods are regarded as safe, cost-effective, sustainable and environment
friendly processes, they also have some drawbacks in culturing of microbes, which is
time-consuming and difficult in providing better control over size distribution, shape
and crystallinity. The biological nanoparticles are also not monodispersible and the
rate of production is slow. These are the problems that have plagued the biological
synthesis approaches, but the insights gained from strain selection, optimizing the
conditions such as pH, incubation temperature and time, concentration of metal ions
and the amount of biological material has come up to give hope in implementation of
these approaches in large scale and commercial applications. There are also the
possibilities of producing genetically engineered microbes that over - express specific
reducing agents and thereby, controlling the size and shape of biological
nanoparticles. The combinatorial approach such as photo- biological methods as
proved in the case of Fusarium oxysporum-mediated silver nanoparticles production
[7], will help to increase the rate of production. While exploring the natural secrets for
the synthesis of nanoparticles by microbes, which are regarded as potent eco-friendly
green nanofactories, scientists have discovered magnetite particles by magnetotactic
bacteria [8, 9], siliceous materials by diatoms [10], and gypsum and calcium layers by
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S-layer bacteria [11]. Interactions between metals and microbes have been exploited
for various biological applications in the fields of bioremediation, biomineralization,
bioleaching, and biocorrosion [12] and the microbial synthesis of nanoparticles has
emerged as a promising field of research as “nano-biotechnology”, thereby
interconnecting biotechnology and nanotechnology. Recently a range of inorganic
nanomaterials have been synthesized as fast as the chemical methods using plant
extracts in order to overcome the above microbial syntheses.

1.6.1 Intracellular synthesis of nanoparticles by bacteria
Microbes produce inorganic materials either intra- or extracellularly, often in
nanoscale dimensions with exquisite morphology. Microbial resistance to most toxic
heavy metals is due to their chemical detoxification as well as due to energydependent ion-efflux from the cell by membrane proteins that function either as
ATPase or as chemiosmotic cation or proton anti-transporters. Alterations in
solubility also play a role in microbial resistance [13, 14]. Therefore, microbial
systems can detoxify the metal ions by either reduction and/or precipitation of soluble
toxic inorganic ions to insoluble non-toxic metal nanoclusters.
In order to release the intracellularly synthesized nanoparticles, additional processing
steps such as ultrasound treatment or reaction with suitable detergents are required.
This can be exploited in the recovery of precious metals from mine wastes and metal
leachates. Biomatrixed metal nanoparticles could also be used as catalysts in various
chemical reactions [15]. This will help to retain the nanoparticles for continuous
usage in bioreactors. For some years now, bacterial activity has been implicated in
deposition of mineral ores. Pedomicrobium-like budding bacteria in the Alaskar
placer, reported in iron and manganese oxide deposition process has now been found
to accumulate gold [16]. Bacillus subtilis 168 reduced Au+3 ions to Au 0 intracellularly
producing octahedral morphology in the dimensions of 5-25 nm [17, 18].
Interestingly, heterotrophic sulfate-reducing bacterial (SRB) enrichment from a gold
mine was used to destabilize gold (I)-thiosulfate complex (Au(S2O3)23−) to elemental
gold (10 nm) in the bacterial envelope, releasing H2S as end product of metabolism
[19]. In Fe (III) reducing bacterium, Geobacter ferrireducens, gold was precipitated
intracellularly in periplasmic space [20]. Similarly, in anaerobic conditions, in the
presence of hydrogen gas, iron (III)-reducing mesophilic bacterial resting cells,
Shewanella algae reduced Au+3 ions at 25°C with 10- 20 nm in periplasmic space
Ph.D. Thesis

Shadab Ali Khan

University of Pune

Chapter 1

16

(pH 7.0) and with 15-200 nm on bacterial surfaces (pH 2.8) [21].Escherichia coli
DH5α mediated bioreduction of chloroauric acid to Au0 nanoparticles has been
reported recently [22]. Similarly, the bioreduction of trivalent aurum was also
reported in photosynthetic bacterium Rhodobacter capsulatus, which showed
biosorption capacity of 92.43 mg HAuCl4/g dry weight in the logarithmic phase of its
growth [23]. Silver-based single crystals such as equilaterals, triangles and hexagons
with particle sizes upto 200 nm in periplasmic space of the bacterium were produced
by Pseudomonas stutzeri AG259, a silvermine bacterium. This bacterium also
produced a small number of monoclinic crystalline α-form silver sulfide acanthite
(Ag2S) crystallite particles with the composition of silver and sulfur in the ratio of 2:1
[24, 25]. Biosorption and bioreduction of Ag (I) on cell surface was also reported in
Lactobacillus sp. A09 at 30°C, pH 4.5 in 24 h [26]. Kalathil et al. have employed
electrochemically active biofilm for the extracellular production of silver
nanoparticles in water, using AgNO3 as precursor and sodium acetate as an electron
donor. The electrochemically active bacteria present on the anaerobic biofilm act as a
catalyst to oxidise the sodium acetate by producing electrons for the reduction of Ag+
ions [27]. Streptomyces aureofaciens has recently been used for the production of
silver nanoparticles. Scanning electron microscopy (SEM) analysis confirmed that
silver nanoparticles were deposited in the periplasmic space of the bacterial cells [28].
Dried cells of Corynebacterium sp. SH09 produced silver nanoparticles at 60°C in
72 h on the cell wall in the size range of 10-15 nm with diamine silver complex
[Ag(NH3)2]+ [29]. Silver precipitating peptides (AG3 and AG4) were found to have
the capacity to precipitate silver from aqueous solution of silver ions and form facecentered cubic (fcc) structured silver crystals [30]. Recently, an airborne Bacillus sp.
isolated from the atmosphere was also found to reduce Ag+ ions to Ag0 [31].Some
bacteria have been reported for the production of more than one nanoparticle and
bimetallic alloys. Nair and Pradeep [32] found that Lactobacillus sp. in buttermilk
produced microscopic gold, silver, and gold–silver alloy crystals of well defined
morphology within the cell with no disturbance in its viability. Intracellular synthesis
of gold and silver nanoparticles by B. subtilis, sulfate-reducing bacteria, Shwenella
algae, E. coli, R. capsulatus, Lactobacillus sp. and by P. stutzeri, Corynebacterium
sp. , Bacillus sp. , and Lactobacillus sp. showed different morphologies such as cubic,
hexagonal and spherical-hexagonal in the size range of 5-200 nm. Stenotrophomonas
maltophilia SELTE02, a strain isolated from the rhizospheric soil of Astragalus
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bisulcatus, which is a selenium hyperaccumulator legume, showed promising
transformation of selenite (SeO3)−2 to elemental selenium (Se)0; accumulating
selenium granules either in the cell cytoplasm or in the extracellular space [33]. In
addition, a facultative anaerobic bacterium Enterobacter cloacea SLD1a-1 [34], a
purple non-sulfur bacterium Rhodospirullum rubrum in oxic and anoxic conditions
[35] and Desulfovibrio desulfuricans [36] have also been found to bioreduce selenite
to selenium , both inside and outside the cell with various morphologies like
spherical, fibrillar and granular or with small atomic aggregates. E. coli also deposited
elemental selenium both in periplasmic space and cytoplasm [37, 38] and P. stutzeri
also aerobically reduced selenite to elemental selenium [39]. Under aerobic
conditions, Hunter and Manter [40] reported a bacterial strain Tetrathiobacter
kashmirensis, which bioreduced selenite to elemental red selenium. A 90-kDa protein
present in the cell-free extract was believed to be responsible for this bioreduction.
Recently, Yadav et al. [41] showed that P. aeruginosa SNT1 isolated from
rhizospheric seleniferous soil also biosynthesized nanostructured selenium by
biotransforming selenium oxyanions to spherical amorphous allotrophic elemental red
selenium, both intracellularly and extracellularly. When growth-decoupled, resting
cells of metal ion reducing bacteria Shwenella alga were incubated anaerobically in
aqueous solution of H2PtCl6 at room temperature and neutral pH, they reduced
PtCl6 −2 ions within 60 min in the presence of lactate as the electron donor to metallic
platinum, changing the color from pale yellow to black [42]. Yet another platinum
group metal nanoparticle was produced by sulfate-reducing bacterium, Desulfovibrio
desulfuricans NCIMB 8307. This bacterium anaerobically bioreduced and
biocrystallized palladium (2)+ ions to palladium nanoparticles on the surface of cells
in the presence of exogenous electron donor as formate within minutes at neutral pH
[43]. De Windt et al. [44] also showed that another iron-reducing bacterium S.
oneidensis MR-1 in the presence of formate as the electron donor reduced Pd(II) to
Pd(0) nanoparticles on the cell wall and inside the periplasmic space by changing the
color of the biomass to black. Metal semiconductor nanocrystals have wide spread
applications in various fields of research, particularly in biomedical fields.
Cunningham and Lundie [45] demonstrated that within 24-48 h after the addition of
CdCl2 and 0.05% cysteine hydrochloride, Clostridium thermoaceticum in lateexponential to early-stationary phase, precipitated bright yellow CdS crystals on the
surfaces of the cells as well as in the medium. Here, desulfhydration of cysteine was
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the source of sulfide for CdS precipitation by cysteine desulfhydrase activity and in a
similar process, Smith et al. [46] produced “bio-semiconductor” CdS nanoparticles in
the size range of 5-200 nm on the cell surface of Klebsiella pneumoniae. These “BioCdS” possessed the optical and photoactive traits analogous to the chemically
synthesized CdS. A few years ago, Sweeney et al. [47] showed that E. coli can also
intracellularly accumulate semiconductor nanocrystals composed of wurtzite crystals
in the size range of 2-5 nm with spherical and elliptical shapes when incubated with
CdCl2 and sodium sulfide. The production of nanocrystal was 20-fold higher when
E. coli cells were grown in stationary phase as compared to late logarithmic phase. It
was also found that spherical aggregates of 2- 5nm diameter sphalerite (ZnS) particles
were formed within the natural biofilms dominated by aerotolerant, sulfate-reducing
bacteria of the family Desulfobacteriaceae [48]. Among semiconductor nanocrystals,
CdS synthesized by C. thermoaceticum , Klebsiella pneumoniae and E. coli showed
spherical and elliptical shape in the size of 2-200 nm and ZnS produced by
Desulfobacteriaceae exhibited spherical morphology with 2-5 nm in size.

1.6.2 Extracellular synthesis of nanoparticles by bacteria
Microbial synthesis of metal nanoparticles depends upon the localization of the
reductive components of the cell. When the cell-wall reducing enzymes or soluble
secreted enzymes are involved in the reductive process of metal ions, it is obvious to
find the metal nanoparticles extracellularly. The extracellular production of
nanoparticles has wider applications in optoelectronics, electronics, bioimaging and in
sensor technology rather than in intracellular accumulation. Rhodopseudomonas
capsulata, a prokaryotic bacterium was found to reduce Au +3 to Au0 at room
temperature [49]. Among hyperthermophilic and mesophilic dissimilatory Fe(III)
reducing bacteria and archea like Pyrobalaculum islandicum, Thermotoga maritime,
S. algae, G. sulfurreducens and Pyrococcus furiosus, gold was precipitated by
reducing gold(III) to metallic gold in the presence of hydrogen as electron donor. The
precipitation occurred extracellularly due to the presence of Au(III) reductases near
the outer cell surfaces of Fe(III) reducers. Husseiny et al. [50] demonstrated that P.
aeruginosa (ATCC 90271, strain 1 and strain 2) synthesized gold nanoparticles
extracellularly with particle size distribution in the order of 40±10 nm, 25±15 nm and
15±5 nm respectively. As the particle size increased, the color was found to shift from
pink to blue due to the SPR of gold nanoparticles. Furthermore, the dried powder of
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B. megatherium D01 was also used to reduce gold salts into monodispersed gold
nanoparticles and dodecanethiol was used as capping ligand to stabilize the particles
at 26°C. Suresh et al. have used the bacterium Shewanella oneidensis for the
biofabrication of extracellularly synthesized spherical gold nanoparticles [51]. In
analogous, silver nanoparticles were also found to be produced by dried cells of
Aeromonas sp. SH10, which reduced [Ag(NH3)2]+ to Ag0 in 4h with an average
diameter of ca. 6.4 nm. These particles were monodispersed and uniform in size and
remained stable for more than 6 months without aggregation and precipitation [52].
The culture supernatants of Enterobacteriaceae (Klebsiella pneumonia, E. coli and
Enterobacter cloacae) also rapidly synthesized silver nanoparticles by reducing Ag+
to Ag0. These particles ranged in size from 28.2 nm to 122 nm with an average size of
52.5 nm. With the addition of piperitone, silver ion reduction was partially inhibited
which showed the involvement of nitroreductase enzymes in the reduction process
[53]. Similarly, the culture supernatant of non-pathogenic bacteria, B. licheniformis
was also used for the extracellular synthesis of silver nanoparticles of 50 nm [54].
Barud et al. [55] also demonstrated the formation of homogenous silver containing
bacterial cellulose (BC) membranes obtained from BC hydrated membranes of
Acetobacter xylinum cultures soaked in silver ions and with triethanolamine (Ag+TAE) solution . Recently, it has been found that the HIV-1 virus binds exclusively to
silver nanoparticles whose size is in the range of 1–10 nm [56].Very recently, Juibari
et al. used the native extremophilic Ureibacillus thermosphaericus strain at 800C for
the production of silver nanoparticles of size 10-100nm[57]. Similarly Kannan and
co-workers extracellularly synthesized antimicrobial silver nanoparticles using
Bacillus subtilis IA751 [58]. Rhodobacter sphaeroides has also been shown to
produce silver nanoparticles extracellularly [59]. Sadhasivam and co-workers have
employed Streptomyces hygroscopicus for the extracellular production of silver
nanoparticles and showed their antimicrobial activity against medically important
pathogenic microorganisms [60]. Similarly Potara et al. reported the synergistic
antibacterial activity of chitosan–silver nanocomposites on Staphylococcus aureus
[61]. Parikh et al. very recently reported that extracellular biosynthesis of crystalline
silver nanoparticles is a unique biochemical character of all the members of genus
Morganella, which was found independent of environmental changes. Significantly,
the inability of other closely related members of the family Enterobacteriaceae
towards AgNPs synthesis strongly suggests that AgNPs synthesis in the presence of
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Ag+ ions is a phenotypic character that is uniquely associated with genus Morganella
[62]. Another metalloid semiconductor tellurium, belonging to chalcogen family has
been reduced from tellurite to elemental tellurium by two anaerobic bacteria, B.
selenireducens and Sulfurospirillum barnesii. In case of B. selenireducens, initially
formed nanorods of 10 nm diameter and 200 nm length were clustered together to
form larger rosettes of 1000 nm but with S. barnesii, small and irregularly shaped
extracellular nanospheres of diameter 50 nm were formed [63]. Marshall et al. [64]
found that c-type cytochrome (MtrC) on the outer membrane and extracellular side of
dissimilatory metal-reducing bacterium S. oneidensis MR-1 was involved in the
reduction of U(VI) predominantly with extracellular polymeric substance as
UO2-EPS in cell suspension and intracellularly in periplasm. Klebsiella aerogenes
synthesized CdS crystallites of spherical shape as bound to the cell wall and as
detached electron-dense particles in the dimension of 20 to 200 nm when exposed to
Cd2+ in the growth medium [65]. Bai et al. [66] showed that Rhodopseudomonas
palustris, a purple, non-sulfur, photosynthetic bacterium extracellularly synthesized
CdS nanocrystals at room temperature. TEM and electron diffraction analyses
confirmed the spherical distribution of fcc structured nanoparticles of size in the range
of 8.01±0.25 nm. The cysteine desulfhydrase (C-S lyase) activity was found to be
responsible for the formation of CdS nanocrystals and also found that bacterial
cellulose (BC) isolated from the strain Gluconoacetobacter xylinus was also used in
the synthesis of CdS nanoparticle of 30 nm deposited on BC nanofibres [67].
Immobilized Rhodobacter sphaeroides extracellularly produced spherical shaped zinc
sulfide (ZnS) semiconductor nanoparticles of 8 nm in size [68]. In analogous,
immobilized purple, nonsulfur photosynthetic bacterium, R. sphaeroides produced
extracellularly fcc structured lead sulfide (PbS) nanoparticles of size 10.5±0.15 nm
with monodispersed spherical morphology [69]. All these bacteria, G. xylinus and
R. sphaeroides produced only spherical shaped semiconductor nanocrystals in the size
range of 8-200 nm in size.

1.6.3 Biosynthesis of nanoparticles by fungi
In recent years, fungi such as Fusarium oxysporum [70-79], Colletotrichum sp. [80],
Trichothecium sp., Trichoderma asperellum, T. viride [81-83], Phaenerochaete
chrysosporium [84], F. solani USM 3799 [85], F. semitectum [86], A. fumigatus [87],
Coriolus versicolor [88], Aspergillus niger [89], Phoma glomerata [90], Penicillium
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brevicompactum [91], Cladosporium cladosporioides [92], Penicillium fellutanum
[93] and Volvariella volvaceae [94] have been explored for nanoparticles synthesis.
Fungi are more advantageous as compared to other microorganisms in many ways.
Fungal mycelial mesh can withstand flow pressure and agitation and other conditions
in bioreactors or other chambers more efficiently as compared to plant materials and
bacteria. These are fastidious to grow, easy to handle and easy for fabrication. The
extracellular secretions of reductive proteins are more and can be easily handled in
downstream processing. Also, since the nanoparticles precipitated outside the cell are
devoid of unnecessary cellular components, they can be directly used in various
applications.

1.6.4 Intracellular synthesis of nanoparticles by fungi
The nanoparticles formed inside the organism could be smaller as compared to the
size of extracellularly reduced nanoparticles. The size limit could have been related to
the particles nucleating inside the organisms. Mukherjee et al. [95] demonstrated the
intracellular synthesis of gold nanoparticles using eukaryotic microorganisms such as
Verticillium sp. (AAT-TS-4) and Trichothecium sp. and they were found to
accumulate gold nanoparticles intracellularly [81]. In addition, Verticillium
luteoalbum produced spherical gold nanoparticles <10 nm in diameter at pH 3.0 but
with pH 5.0 spheres and rods were also observed along with triangular and hexagonal
morphologies [96, 97]. Phoma PT35 was able to selectively accumulate silver [98]
and Phoma sp. 3.2883 was in-fact a biosorbent suited for preparing silver
nanoparticles [99]. Verticillium sp. has been shown to produce silver nanoparticles
when exposed to aqueous silver nitrate solution [71, 100]. Recently, Vigneshwaran
et al. [101] also showed that the use of Aspergillus flavus results in the accumulation
of silver nanoparticles on the surface of its cell wall when incubated with silver nitrate
solution for 72h. Ali et al. have reported extracellular synthesis of silver nanoparticles
in the range of 100-200 nm [102]. Very recently, the filamentous fungus Neurospora
crassa has been found to produce mono and bimetallic Au/Ag nanoparticles
intracellularly [103].

1.6.5 Extracellular synthesis of nanoparticles by fungi
Synthesis of nanoparticles outside the cell, extracellularly, has many applications as it
is void of unnecessary adjoining cellular components from the cell. Mostly, fungi are
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regarded as the organisms that produce nanoparticles extracellularly because of their
enormous secretary components which are involved in the reduction and capping of
nanoparticles. Shankar et al. [104] found an endophytic fungus, Colletotrichum sp.
isolated from the leaves of geranium plant (Pelargonium graveolens), which rapidly
reduced gold ions to zero-valent gold nanoparticles. Similarly, when the fungus
Trichothecium sp. was cultured in static condition, it reduced Au+3 to form gold
nanoparticles [81]. Bhainsa and D'Souza [87] reported the use of Aspergillus
fumigatus in the production of monodispersed silver nanoparticles of size 5-25 nm
within 10 min of addition of silver nitrate. P. chrysosporium when challenged with
silver nitrate solution, extracellular synthesis of silver nanoparticles in the size range
of 50-200 nm was achieved [84]. Also, Basavaraja et al. [86] demonstrated that when
culture filtrate of

F. semitectum was treated with silver ions, it reduced to silver

nanoparticles with size range of 10-60 nm and spherical morphology indicating
polydispersity. Similarly, Aspergillus niger isolated from soil, produced spherical
silver nanoparticles of size 20 nm in diameter [89]. In addition, F. solani (USM3799), a phytopathogenic fungus of onion produced polydispersed spherical silver
nanoparticles in the range of 16-23 nm [85]. Extracellular mycosynthesis of silver
nanoparticles by F. acuminatum EII. and Ev. (USM-3793) isolated from infected
ginger was studied by Ingle et al. [105]. The non-pathogenic and bio controlling agent
Trichoderma asperellum also produced silver nanoparticles in the size range of
13-18 nm with well-defined morphology and stability over several months [82].
Vahabi and co-workers very recently have shown the usage of Trichoderma reesei for
the synthesis of AgNPs with the diameters in the range of 5-50 nm. Trichoderma
reesei is an environment friendly fungus and is well known for its formation of
extracellular enzymes and metabolites in very large amounts, much higher than other
fungi. This process is an excellent candidate for industrial scale production of silver
nanoparticles [106]. The fungal filtrate of P. glomerata showed the synthesis of
spherical silver nanoparticles in the range of 60-80 nm when challenged with silver
nitrate. These nanoparticles also exhibited antibacterial activity against E. coli,
P. aeruginosa and Staphylococcus aureus [90]. Fungal proteins by white - rot fungus,
C. versicolor, have been used as bioreducing and biocapping agents to produce extraand intracellular silver nanoparticles in alkaline conditions [88]. Rhizospheric fungus,
[93]

P. fellutanum, from mangrove root-soil of Rhizophora annamalayana Kathir,

was found to produce silver nanoparticles in 24h. Intriguingly, F. oxysporum f. sp.
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lycopersici was found to produce platinum nanoparticles intercellularly, on cell wall
or membrane and extracellularly in the medium in the size range between 10 and 100
nm and with varying shapes of triangles, hexagons, squares and rectangles [77].
Senapati et al. [71, 72] showed the formation of extracellular silver nanoparticles and
bimetallic gold-silver (Au-Ag) alloy nanoparticles by F. oxysporum. Strontianite
(SrCO3) crystals of needle like morphology with higher order quasi-linear
superstructures with aqueous Sr+3 ions were reported [76]. Similarly, F. oxysporum
upon incubation with CdCl2 and SeCl4 produced highly luminescent water-soluble
quantum dots (CdSe) with SPR band at 370 nm at room temperature [78]. Chen and
co-workers have used the white - rot fungus Coriolus versicolor for the coarsening of
extracellularly biosynthesized cadmium nanocrystals [107]. Candida glabrata and
Fusarium oxysporum have been found to produce silver nanoparticles extracellulary
and give very good antibacterial activity against Staphylococcus aureus (ATCC
29213), Escherichia coli (ATCC 25922), Klebsiella pneumonia (ATCC 15240),
Bacillus subtilis, Enterococcus faecalis (ATCC 29212) and Pseudomonas aeruginosa
[108].

1.6.6 Actinomycete mediated synthesis of nanoparticles
Actinomycetes, though classified as prokaryotes, share important characteristics of
fungi. They are popularly known as “ray fungi”. A novel extremophilic actinomycete,
Thermomonospora sp. was found to synthesize extracellularly monodispersed
spherical gold nanoparticles of an average size of 8 nm [109]. Electrophoretic analysis
showed that the proteins of molecular weight ranging from 80 kDa to 10 kDa were
involved in stabilization of nanoparticles. In contrast, an alkalotolerant actinomycete,
Rhodococcus sp. intracellularly accumulated gold nanoparticles with a dimension of
5-15 nm [110]. Till date, actinomycetes are regarded as the primary source for
synthesizing secondary metabolites like antibiotics in general. These new discoveries
would take a lead in screening of further actinomycetes in the synthesis of
nanomaterials.

1.6.7 Yeast mediated synthesis of nanoparticles
Among the eukaryotic microorganisms, yeast has been exploited mainly for the
synthesis

of

semiconductors.

Candida

glubrata

produced

intracellularly,

monodispersed, spherically shaped, peptide bound CdS quantum crystallites of 20 Å
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by neutralizing the toxicity of metal ions and forming metal–thiolate complex with
phytochelatins [111]. Schizosaccharomyces pombe also produced wurtzite-type
hexagonal lattice structured CdS nanoparticles in mid-log phase in the range of 1–1.5
nm [112]. Kowshik et al. [113] first reported the synthesis of fcc structured PbS
nanocrystallites exhibiting quantum semiconductor properties from yeast Torulopsis
sp. which was intracellularly produced in the vacuoles with a dimension of 2-5 nm in
spherical morphology when incubated with Pb2+ exhibiting λ max of 330 nm in UVvis spectrophotometer. Marine yeast Rhodosporidium diobovatum has been shown to
produce lead sulphide nanoparticles intracellularly with crystallite size of 2-5nm
[114]. In addition, Baker's yeast S. cerevisiae was also reported to absorb and reduce
Au+3 to elemental gold in the peptidoglycan layer of the cell wall in situ by the
aldehyde group present in reducing sugars [115]. Similarly, another yeast Pichia
jadinii (Candida utilis), intracellularly formed gold nanoparticles of spherical,
triangular and hexagonal morphologies throughout the cell mainly in the cytoplasm of
size <100 nm in 24h [96, 97]. This tropical marine yeast, Yarrowia lipolytica NCIM
3589, also synthesized gold nanoparticles associated with cell wall. The reduction of
gold ions occurred in pH dependent manner. When cells were incubated at pH 2.0, it
produced hexagonal and triangular gold crystals due to the nucleation on the cell
surfaces giving rise to golden color in the visible region at 540 nm at pH 7.0 and pH
9.0 with pink and purple colors respectively and with an average size of 15 nm [116].
Extracellular production of silver nanoparticles was reported only in yeast MKY3, a
silver tolerant strain, which synthesized hexagonal silver nanoparticles (2-5 nm) in log
phase of growth [117]. Very recently Candida guilliermondii has also been used for
the extra cellular synthesis of gold and silver nanoparticles. TEM analysis confirmed
the formation of near spherical, well dispersed gold and silver nanoparticles in the
size range of 50-70 nm and 10-20 nm respectively [118].

1.6.8 Virus mediated biosynthesis of nanoparticles
Some biological molecules like fatty acids, amino acids and polyphates are used as
templates in the growth of semiconductor nanocrystals. In particular, by changing the
ratio of different fatty acids (chain lengths), shapes of CdSe, CdS and CdTe
nanocrystals can be achieved [119]. Some other biological methodologies are also
available for eco-friendly synthesis of inorganic materials. Biological materials like
DNA [120-122], protein cages [123], biolipid cylinders [124-125], viroid capsules
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[126], bacterial rapidosomes [127], S-layers [128] and multicellular superstructures
[129] have been used in template-mediated synthesis of inorganic nanoparticles and
microstructures. Interestingly, tobacco mosaic virus (TMV) was used as template for
the synthesis of iron oxides by oxidative hydrolysis, co-crystallization of CdS and
PbS, and the synthesis of SiO2 by sol–gel condensation. It happened with the help of
external groups of glutamate and aspartate on the external surface of the virus [130].
Self-assembled viral capsids of genetically engineered viruses were exploited as
biological templates for the assembly of quantum dot nanowires. The peptides like A7
and J140, which have the ability to nucleate ZnS and CdS nanocrystals were
expressed as pVIII fusion proteins into the crystalline capsid of the virus, M13
bacteriophages. These organized template peptides (A7/J140-pVIIIM13) were
selected by using a pIII phage display and exposed to semiconductor precursor
solutions. ZnS nanocrystals assembled on the viral capsid were found to be of
hexagonal wurtzite of 5 nm, or CdS assembled as nanowires of 3–5 nm. Hybrid
nanowires (ZnS–CdS) were achieved with a dual-peptide virus, engineered to express
A7 and J140 within the same viral capsid [131, 132].

1.7 Oxide nanomaterials
Metal oxides play a very important role in many areas of chemistry, physics and
materials science [133-138]. The metal elements are able to form a large diversity of
oxide compounds [139]. These can adopt a vast number of structural geometries with
an electronic structure that can exhibit metallic, semiconducting or insulating
characters. In technological applications, oxides are used in the fabrication of
microelectronic circuits, sensors, piezoelectric devices, fuel cells, coatings for the
passivation of surfaces against corrosion and as catalysts. In the emerging field of
nanotechnology, the goal is to make nanostructures or nanoarrays with special
properties with respect to those of bulk or single particle species [140-144]. Oxide
nanoparticles can exhibit unique physical and chemical properties due to their limited
size and high density of corner or edge surface sites. Particle size is expected to
influence three important groups of basic properties in any material. The first one
comprises the structural characteristics, namely the lattice symmetry and cell
parameters [145]. Bulk oxides are usually robust and stable systems with well-defined
crystallographic structures. However, the growing importance of surface free energy
and stress with decreasing particle size must be considered. Changes in
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thermodynamic stability associated with size can induce modification of cell
parameters and/or structural transformations [146-148] and in extreme cases the
nanoparticle can disappear due to interactions with its surrounding environment and a
high surface free energy [149]. In order to display mechanical or structural stability, a
nanoparticle must have a low surface free energy. As a consequence of this
requirement, phases that have a low stability in bulk materials can become very stable
in nanostructures. This structural phenomenon has been detected in TiO2, VOx, Al2O3
or MoOx oxides [148,149,150]. Size induced structural distortions associated with
changes in cell parameters have been observed, for example, in nanoparticles of Al2O3
[149], NiO [151], Fe2O3 [152], ZrO2 [153], MoO3 [155], CeO2 [154] and Y2O3 [155].
As the particle size decreases, the increasing number of surface and interface atoms
generates stress/strain and concomitant structural perturbations [156]. Beyond this
“intrinsic” strain, there may also be “extrinsic” strain associated with a particular
synthesis method which may be partially relieved by annealing or calcinations [157].
Also, non-stoichiometry is a common phenomenon [157]. On the other hand,
interactions with the substrate on which the nanoparticles are supported can
complicate the situation and induce structural perturbations or phases not seen for the
bulk state of the oxide [150, 158]. The second important effect of size is related to the
electronic properties of the oxide. In any material, the nanostruture produces the socalled “quantum size” or “confinement effects” which essentially arise from the
presence of discrete, atom-like electronic states. From a solid-state point of view,
these states can be considered as being a superposition of bulk-like states with a
concomitant increase in oscillator strength [159]. Additional general electronic effects
of quantum confinement experimentally probed on oxides are related to the energy
shift of exciton levels and optical bandgap [160, 161]. An important factor to consider
while dealing with the electronic properties of a bulk oxide surface are the long-range
effects of the Madelung field, which are not present or limited in a nanostructured
oxide [162-164]. Theoretical studies for oxides show a redistribution of charge when
going from large periodic structures to small clusters or aggregates which must be
roughly considered to be relatively small for ionic solids, while significantly larger for
covalent ones [165-170]. The degree of ionicity or covalency in a metal oxygen bond
can however strongly depend on size in systems with partial ionic or covalent
character; an increase in the ionic component to the metal-oxygen bond in parallel to
the decreasing size has been proposed [147]. Structural and electronic properties
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obviously drive the physical and chemical properties of the solid, the third group of
properties influenced by size in a simple classification. In their bulk state, many
oxides have wide band gaps and a low reactivity [171]. A decrease in the average size
of an oxide particle does in fact change the magnitude of the band gap, [164, 172]
with strong influence in the conductivity and chemical reactivity [173, 174]. Surface
properties are a somewhat particular group included in this subject due to its
importance in chemistry. Solid-gas or solid-liquid chemical reactions can be mostly
confined to the surface and/or sub-surface regions of the solid. As mentioned above,
the two - dimensional (2D) nature of surfaces have a notable structure, typically a
rearrangement or reconstruction of bulk geometries [135, 143, 175] and electronics;
e.g. presence of mid-gap states and its consequences [174, 176]. In the case of
nanostructured oxides, surface properties are strongly modified with respect to the
2D-infinite surfaces, producing solids with unprecedented absorption or acid/base
characteristics [177]. Furthermore, the presence of under-coordinated atoms (like
corners or edges) or 0 vacancies in an oxide nanoparticle should produce specific
geometrical arrangements as well as occupy electronic states located above the
valence band of the corresponding bulk material, [178, 179, 180] enhancing in this
way the chemical activity of the system [175, 177, 181, 182].

1.8 Biological synthesis of oxide nanoparticles
Oxide nanoparticle is an important type of compound nanoparticle synthesized by
microbes. This section deals with the biosynthesis of oxide nanoparticles from two
aspects: magnetic oxide nanoparticles and nonmagnetic oxide nanoparticles.

1.8.1 Magnetic nanoparticles
Magnetic nanoparticles are recently developed new materials and owing to their
unique microconfiguration and properties like super paramagnetism and high coercive
forces, they have broad applications in biological separation and biomedicine fields.
Magnetic nanoparticles like Fe3O4 (magnetite) and Fe2O3 (maghemite) are known to
be biocompatible. They have been actively investigated for targeted cancer treatment
(magnetic hyperthermia), stem cell sorting and manipulation, guided drug delivery,
gene therapy, DNA analysis and magnetic resonance imaging (MRI) [183].
Magnetotactic bacteria synthesize intracellular magnetic particles comprising iron
oxide, iron sulfides or both [184, 185]. In order to distinguish these particles from
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artificially synthesized magnetic particles (AMPs), they are referred to as bacterial
magnetite particles (BacMPs) [186]. BacMPs which are aligned in chains within the
bacterium are postulated to function as biological compass needles that enable the
bacterium to migrate along the oxygen gradients in aquatic environments under the
influence of the Earths geomagnetic field [187]. BacMPs can easily disperse in
aqueous solutions because they are enveloped by organic membranes that mainly
consist of phospholipids and proteins. Furthermore, an individual BacMP contains a
single magnetic domain or magnetite that yields superior magnetic properties [188].
Since the first report of magnetotactic bacteria in 1975 [187], various morphological
types including Cocci, Spirilla, Vibrios, ovoid bacteria, rod-shaped bacteria and
multicellular bacteria possessing unique characteristics have been identified and
observed to inhabit various aquatic environments [188, 189]. Magnetotactic cocci, for
example, have shown high diversity and distribution and have been frequently
identified at the surface of aquatic sediments. The discovery of this bacterial type,
including the only cultured Magnetotactic coccus strain MC-1, suggested that they are
microaerophilic. In the case of the Vibrio bacterium, three facultative anaerobic
marine Vibrios-strains MV-1, MV-2 and MV-4 have been isolated from estuarine salt
marshes. These bacteria have been classified as members of 9 α-Proteobacteria,
possibly belonging to the Rhodospirillaceae family, observed to synthesize BacMPs
of a truncated hexa octahedron shape and grow chemoorganoheterotrophically as well
as chemolitho autotrophically. The members of the family Magnetospirillaceae, on
the other hand can be found in fresh water sediments. With the use of growth medium
and magnetic isolation techniques established, a considerable number of the
magnetotactic bacteria isolated to date have been found to be members of this family.
The Magnetospirillum magnetotacticum strain MS-1 was the first member of the
family to be isolated [189], while the Magnetospirillum gryphiswaldense strain MSR1 is also well studied with regard to both its physiological and genetic characteristics.
Magnetospirillum magneticum AMB-1 isolated by Arakaki et al. in 1991 was
facultative anaerobic Magnetotactic spirilla [186]. A number of new magnetotactic
bacteria have been found in various aquatic environments since the year 2000.
Uncultured magnetotactic bacteria have been observed in numerous habitats [190].
Most known cultured magnetotactic bacteria are mesophilic and tend to not grow
much above 30°C. Uncultured magnetotactic bacteria were mostly at 30°C and below.
There are only a few reports describing thermophilic magnetotactic bacteria. Lefèvre
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et al. reported one of the magnetotactic bacteria called HSMV-1 which was found in
samples from springs whose temperatures ranged from 32 to 63°C [191]. TEM
images of unstained cell of HSMV-1 showed a single polar flagellum and a single
chain of bullet-shaped magnetosomes. The average number of magnetosome crystals
per cell is 12 ± 6 with an average size of 113 ± 34 by 40 ± 5 nm. The results from the
paper clearly showed that some magnetotactic bacteria can be considered at least
moderately thermophilic. They extended the upper temperature limit for environments
where magnetotactic bacteria exist and likely grow (~63°C) and where magnetosome
magnetite is deposited [191]. Zhou et al. reported magnetic Fe3O4 materials with
mesoporous structure which were synthesized by co-precipitation method using yeast
cells as a template [192,193]. Atul et al. reported extracellular synthesis of magnetite
using fungi [209].

1.8.2 Nonmagnetic oxide nanoparticles
Besides magnetic oxide nanoparticles, other oxide nanoparticles have also been
studied including Sb2O3, TiO2, SiO2, BaTiO3 and ZrO2 nanoparticles [73, 74, 75, 194196]. Prasad and co-workers found a green, low-cost and reproducible Saccharomyces
cerevisiae mediated biosynthesis of Sb 2O3 nanoparticles [194]. The synthesis was
performed akin to room temperature. Analysis indicates that Sb2O3 nanoparticles unit
was a spherical aggregate having a size of 2–10 nm [73]. Bansal et al. used
F. oxysporum to produce SiO2 and TiO2 nanoparticles from aqueous anionic
complexes SiF6 2- and TiF62- respectively [74]. They also prepared tetragonal BaTiO3
and quasi-spherical ZrO2 nanoparticles from F. oxysporum with a size range of
4-5 nm and 3-11 nm respectively [75, 73]. With an immense capability, a metaltolerant marine bacterium, Brevibacterium casei also extracellularly synthesized cubic
spinel-structured single-crystalline ferromagnetic Co 3O4 nanoparticles functionalized
with proteins in the size range of 5–7 nm using aqueous cobalt acetate as precursor at
room temperature [197]. Very recently, it was also shown that F. oxysporum produced
optoelectronic material Bi2O3 nanocrystals in the size between 5-8 nm extracellularly
with quasi spherical morphology and good tunable properties. When bismuth nitrate
was added as precursor, the as-synthesized nanocrystals were in monoclinic and
tetragonal phases [79]. Ahmad and co-workers have demonstrated the usage of fungus
Humicola sp. for the synthesis of chemically difficult to synthesize multifunctional
copper aluminium oxide (CuAlO2) nanoparticles [198]. The fungus successfully
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controls the valence state of copper to +1 which is a prerequisite for the synthesis.
TEM analysis showed that the particles were almost monodispersed and were having
mean size of 5nm.

1.9 Probable mechanisms of nanoparticles formation by microorganisms
Different mechanisms have been reported for different microorganisms for forming
nanoparticles. However, almost all reports agree with one common way, wherein
metal ions are first trapped on the surface or inside of the microbial cells. The trapped
metal ions are then reduced to nanoparticles in the presence of enzymes. In general,
microorganisms impact nanoparticle formation by secreting their products in response
to the stress conditions developed during the course of reaction with the precursor
metal ions and ultimately results in the production of desired products i.e.
nanomaterials. In this section the possible formation mechanisms for metals and oxide
nanoparticles will be discussed.

1.9.1 Mechanisms of formation of metal nanoparticles
While a large number of microbial species are capable of producing metal NPs, the
mechanism of nanoparticle biosynthesis had not been established yet. The metabolic
complexity of viable microorganisms complicates the analysis and identification of
active species in the nucleation and growth of metal NPs. Recent works by Ahmad
et al. [199] and He et al. [200] have postulated that microorganisms secrete enzymes,
which may be responsible for the reduction of metal ions, which result in the
nucleation and growth of NPs. The exact mechanism for the intracellular formation of
gold and silver nanoparticles by microorganisms is not fully understood. But the fact
that nanoparticles were formed on the surface of the mycelia and not in the solution
supports the following hypothesis: the gold or silver ions are first trapped on the
surface of the fungal cells via electrostatic interactions between the ions and
negatively charged cell wall from the carboxylate groups in the enzymes. Next, the
enzyme reduces the metal ions to form gold or silver nuclei, which subsequently grow
through further reduction and accumulation [201]. Kalishwaralal and co-workers
speculated that the nitrate reductase enzyme is involved in the synthesis of silver
nanoparticles in B. licheniformis [54]. This enzyme is induced by nitrate ions and
reduces silver ions to metallic silver. The possible mechanism that may involve the
reduction of silver ions is the electron shuttle enzymatic metal reduction process.
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NADH and NADH-dependent nitrate reductase enzymes are important factors in the
biosynthesis of metal nanoparticles. B. licheniformis is known to secrete the cofactor
NADH and NADH-dependent enzymes, especially nitrate reductase, that might be
responsible for the bioreduction of Ag+ to Ag0 and the subsequent formation of silver
nanoparticles. Microbes have evolved various measures to respond to heavy metal
stress via processes such as transport across cell membrane, entrapment in
extracellular capsules, precipitation, complexation and oxidation-reduction reactions
[202]. In microbial bioreduction processes, myriads of proteins, carbohydrates and
biomembranes are involved. The enzymatic route of in vitro synthesis of silver
hydrosol of 10–25 nm using α-NADPH-dependent nitrate reductase (44 kDa) from F.
oxysporum with capping peptide, phytochelatin was demonstrated recently [203]. The
mechanistic aspect was explained by Duran et al. [204] that apart from enzymes,
quinine derivates of napthoquinones and anthraquinones also act as redox centres in
the reduction of silver nanoparticles. Extracellular biosynthesis of silver nanoparticles
using Aspergillus flavus NJP08 has also been achieved very recently. SDS-PAGE
profiles of the extracellular proteins showed the presence of two intense bands of 32
and 35 kDa, responsible for the synthesis and stability of silver nanoparticles,
respectively [205]. A similar finding was also reported in the reduction of gold (III)
chloride to metallic gold by α-NADPH-dependent sulfite reductase of molecular mass
of 35.6 kDa and phytochelatin [206]. A dimeric hydrogenase enzyme (44.5 and 39.4
kDa) of F. oxysporum that showed optimum activity at pH 7.5 and 38°C passively
reduced H2PtCl6 to platinum nanoparticles was also reported [207]. To date, only very
few reports have been documented on optimization in biological process. A 29-kDa
“gold shape-directing protein (GSP)” present in the extract of green algae Chlorella
vulgaris was used in the bioreduction and in the synthesis of shape-and sizecontrolled distinctive triangular and hexagonal gold nanoparticles. An increase in the
concentration of GSP led to the production of gold plates with lateral sizes upto
micrometers [208]. Such mechanistic components should be unraveled for efficient
biological processes. In a nut shell, it can be described that the formation of metal
nanoparticles (either intra or extracellularly) occur mainly through the actions of
NADPH dependent enzymes and biomolecules (secreted by microorganisms) which
reduces the metal ions resulting in the synthesis of corresponding nanoparticles.
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1.9.2 Mechanisms of formation of oxide nanoparticles
Very little is known about the mechanism as far as biosynthesis of oxide nanoparticles
is concerned. Since biosynthesis of oxide nanomaterial is still a new field, few
mechanistic aspects of their synthesis started coming into picture. Bansal and
co-workers have shown the involvement of cationic proteins of molecular weight
around 24 to 28kDa from Fusarium oxysporum in the biosynthesis of zirconia
nanoparticles [73]. Similarly, the same group has demonstrated the biosynthesis of
silica and titania nanoparticles using cationic proteins of molecular weight 21 and 24
kDa respectively, from the same fungus [74]. Since the molecular weights of these
proteins are quite close to those observed in the earlier study on zirconia formation
with the same fungus, the authors concluded that they are the same proteins or their
post-translationally modified variants. Certain cationic proteins of Fusarium
oxysporum and Verticillium sp. have been shown to hydrolyze anionic iron complexes
resulting in the production of magnetite nanoparticles extracellularly [209]. Although
researchers started looking into the insights of mechanisms of formation of oxide
nanoparticles, issues such as in vitro and tailor made synthesis of oxide nanomaterials
need to be properly addressed.

1.10 Potential Biomedical Applications of Nanomaterials
Nanomaterials, due to their unique physical, mechanical, and chemical properties are
used in electronics and numerous consumer products. A diverse array of engineered
nanomaterials is being produced in hundreds of tons a year. The commercial value of
the nanotechnology industry, by some estimates, is anticipated to exceed several
hundreds of billions of dollars annually. Over the past few years, it has become
increasingly clear that nano-sized materials offer immense potential for various
biomedical applications. Nanomaterials are comprised of chemically diverse and
heterogeneous compounds. They may be engineered from pure carbon, inorganic or
polymeric compounds. Although a wide spectrum of applications of nanomaterials
have been proposed, significant clinical applications have been accomplished with
inorganic metal nanoparticles including gold, iron oxide, etc. Polymeric nanomaterials
that include biodegradable polymeric materials and liposomal preparations.
Biomedical applications of engineered carbon particles and inorganic materials are
being actively pursued and require further validation before they can be used in preclinical settings. Thus, nanomedicine, as a field, may be considered as an emerging
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area. The properties and reactivity of nanomaterials significantly differ from their
macromolecular counterparts. This distinctive property of nanoparticles is a
consequence of the display of more atoms on their surfaces as the particle size
decreases, which is due to increased surface area. The molecules displayed on the
surfaces exponentially increase as the particle size decreases to <100 nm [210].
Consequently, nanomaterials are likely to be more reactive, exhibit higher surface
charge and agglomerate into larger clusters or react with other materials. The size of
the nanoparticles is also an important determinant of their physico-chemical
properties such as solubility, optical and catalytic behavior. The surface reactivity of
nanoparticles is often modified by coating with various materials for stability and
biocompatibility, and hence surface modifications are among the critical determinants
of the usage of nanomaterials. Although ‘pristine’ (unmodified) nanomaterials (such
as carbon nanotubes and fullerenes) have been synthesized and their properties have
been investigated in depth, advances in chemistry of nanomaterials have enabled
researchers to attach a large array of diverse molecules including proteins, peptides,
DNA, drugs, and carbohydrates. The ability to conjugate such functionalities has
heralded the area of nanomedicine and is likely to result in creating multifunctional
nanoparticles. Here, we will try to throw some light on emerging biomedical
applications of nanomaterials.

1.10.1 Cancer Therapy
In most cases, cancer-related deaths occur due to the failure of chemotherapy and/or
radiation therapy of the metastatic disease. Therefore, for a successful cancer
treatment, it is critical to detect tumors early - on during the disease progression and
ablate tumor metastasis. Nanotechnology has several applications in improving cancer
therapy and some nanosized drugs are currently in clinical trials [211]. Prominent
among those are liposomal doxorubicin and albumin conjugated Paclitaxel, which
have been shown to reduce toxicity due to the adverse side effects of respective drugs.
Liposomal doxorubicin (Doxil) has been shown to be an effective anti-neoplastic
agent with improved biodistribution (longer plasma circulation times) which reduces
severe dose-limiting cardiotoxicity associated with the drug treatment [212]. Like
many drugs, Paclitaxel is poorly soluble in water and is administered as a formulation
with Cremophor EL (polyethoxylated castor oil) and causes side effects such as
hypersensitivity,
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formulations have been made to minimize the toxic effects of this drug, albuminconjugated nano-sized paclitaxel (Abraxane), a Cremophor - free formulation, has
been shown to be well-tolerated and yet more effective than the conventional drug
[213]. Additionally, a number of nanosized formulations of other chemotherapeutic
drugs such as 5-fluorouracil and camptothecin are being tested. Further, new
formulations of aqueous compatible nanosized drugs (such as paclitaxel) are being
developed through supercritical fluid technologies [214]. In other applications, the
unique properties of nanoparticles are being exploited for the treatment of cancer. In
this strategy, nanoparticles serve as multifunctional therapeutic agents, instead of
being utilized as simple passive carriers of cargo. These multifunctional nanoparticles
can potentially carry drugs to the target tissue, image the target tissues and release the
cargo in response to a signal or upon reaching appropriate cellular compartment.
Further, the targeted nanoparticles may be used as therapeutic agents. Targeting the
nanotherapeutic agents may be achieved by coupling a specific antibody or a small
molecular weight ligand (e.g. folic acid) that recognizes a protein selectively
expressed on tumor cells [211]. Magnetic iron oxide particles [215], nanotubes [216],
or other particles may be used as core nanoparticles and the imaging can be
accomplished through MRI (with iron oxide nanoparticles) or fluorescence methods if
quantum dots [217] are incorporated into the multifunctional nanoparticles. For
example, optical stimulation with an NIR laser of folic acid receptor targeted SWNTs
has been shown to act as a trigger for the release of the internalized nanotube attached
cargo (in this case oligodeoxy nucleotides) [218]. Further, NIR was also used to
generate local heating and then caused photothermal ablation of the targeted cell
populations. In another example, tumor-targeting antibody Herceptin, which is
prepared against HER2 receptor (amplified in breast tumors), was coupled to gold
nanoshells. This enabled the gold nanoshells to be targeted to HER2 over - expressing
tumor cells and when irradiated with NIR, tumor cells were specifically killed [229].
Further, the ability of fullerenes to generate highly reactive singlet oxygen has also
been tested as a potential photodynamic therapy of tumor cells [220]. Thus, the
concepts of multifunctional nanoparticles for cancer therapy have been validated in
experimental systems.
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1.10.2 Diabetes
Diabetes mellitus is a serious metabolic disease in which patients are unable to
regulate blood glucose levels. Management of both Type I (insulin-dependent) and
Type II (insulin-independent) diseases requires a careful maintenance of blood
glucose levels. Type I patients require insulin administration whereas the Type II
disease is managed by drugs which reduce glucose and insulin. Nanotechnologybased solutions are also being explored in the management of diabetes. Nanoparticlebased biomolecular sensors have been developed to measure glucose levels accurately
in blood. For example, glucose oxidase coupled to nanotubes has been shown to serve
as catalytic biomolecular sensors [221]. Several types of biodegradable nanoparticles
have been developed as drug carriers for oral [222] and transmucosal delivery [223]
of insulin, as an alternative to insulin injections. Biocompatible and biodegradable
pH-sensitive alginate nanospheres which release insulin for extended periods in less
acidic intestinal environments, but not in acidic gastric environments, are being
developed [222].

1.10.3 HIV/AIDS treatment and prevention
Currently there is no cure and nor preventive vaccine for HIV/AIDS. Combination
antiretroviral therapy has dramatically improved treatment, but it has to be taken for a
lifetime, has major side effects and is ineffective in patients in whom the virus
develops resistance. Nanomaterials have been shown to have therapeutic effects of
their own. Studies have shown that the capsid of HIV could be a target for structurebased drug design for inhibiting viral replication [224, 225]. As a result, both
computational and experimental studies have identified compounds that could inhibit
the assembly of the HIV capsid. Various nanomaterials have been found to inhibit
viral replication in vitro and it is suggested that these effects are based on structural
interference with viral assembly. Various fullerene (C-60)-based structures and
dendrimers have been shown to have anti- HIV activity in vitro [226-228]. Inorganic
nanoparticles, such as gold and silver, are also being used for the prevention of this
fatal disease. Silver nanoparticles showed size-dependent interaction with HIV;
inhibiting the virus from binding to CD4 + T cells while gold nanoparticles conjugated
to the molecule SDC 1721 (a segment of the CCR5 inhibitor TAK-779) showed
strong anti-HIV activity compared with free SDC 1721 [229-231]. While these efforts
have not yet progressed beyond in vitro studies, they illustrate the potential of
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therapeutic nanomaterials to inhibit HIV replication. Various nanotechnology-based
drug delivery systems have been successfully used to deliver various antiretroviral
drugs in vitro and in vivo. Nanosuspensions that were used to deliver the drug
rilpivirine (TMC278) resulted in sustained release over 3 months in dogs and 3 weeks
in mice [232]. Other therapeutic drugs such as Indinavir [233], Stavudine [234],
Zidovudine [235], Efavirenz [236] and Lamivudine [237] are also being delivered to
the target tissues using nano-based delivery systems. These results are a major
indication of how nanotechnology-based drug delivery could improve antiviral
treatment. Gene therapy based on siRNA has shown promise for HIV/AIDS
treatment. Nanotechnology platforms for delivery of siRNA for HIV/AIDS treatment
are in their early stages but recent work has been met with optimism. Single-walled
nanotubes [238], dendrimers [239], fusion proteins [240], peptide-antibody conjugates
[241] have all been used for delivery of siRNA to HIV-specific cells. Intravaginal
microbicides are preventive agents that are topically applied to the vagina to prevent
the

transmission

of

HIV/AIDS

or

other

sexually

transmitted

diseases.

Nanotechnology-based approaches are being developed to use dendrimers [242],
siRNA [243] and nanoparticles [244] for microbicidal functions. Polymeric
nanoparticles have been used to deliver the CCR5 inhibitor PSC-RANTES and HIVspecific siRNA as microbicides [245].

1.10.4 As Biosensors
Gold nanoparticles have been studied and exploited in the development of an
assortment of biosensors to detect specific biomolecules significant in disease
etiology. Determination of choline in various human samples is clinically important
and is usually assayed through the estimation of the enzyme choline esterase. A
biosensor developed by combining choline oxidase (ChOx), multi-wall carbon
nanotubes (MWCNTs), gold nanoparticles and poly-diallyl dimethyl ammonium
chloride (PDDA) for the specific detection of choline provided an alternative,
significantly sensitive, rapid and efficient approach of detection [246]. Similarly, uric
acid (UA) detection was facilitated using gold nanoparticles. UA is an important end
product of purine metabolism and abnormal levels of uric acid are associated with
various metabolic diseases such as gout, hyperuricaemia, pneumonia, kidney damage,
cardiovascular diseases and Lesch-Nyhan syndrome. Several methods including
colorimetric, enzymatic and electrochemical methods are available for the
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determination of UA concentration in human fluids. However, UA can be detected
using gold nanoparticles by an amperometric method, in blood serum and urine with
detection limit as low as 50 nM [247]. Correspondingly, a gold-platinum alloy
nanoparticle based nanosensor with high selectivity, fast response time, sensitivity
and good reproducibility was used to immobilize cholesterol oxidase on the basis of
amperometric changes [248]. The principle used for the detection was based on
hydrogen peroxide activity. In yet another study, a simple but significant colorimetric
biosensor

was

developed

using

gelatin-coated

gold

nanoparticles

with

6-mercaptohexan-1-ol (MCH) for proteinase activity assay where gelatin serves as a
proteinase substrate [249]. Proteinase digestion separates gelatin and brings the
nanoparticles closer due to the presence of MCH, thereby causing the gold
nanoparticles to aggregate and hence changing their surface plasmon resonance. The
final resultant of the proteinase activity is a shift in the SPR, changing the color of the
solution which can be easily determined through the change in the absorbance ratio.
Such method holds significant promise in the detection of proteinase activity in
various biological samples.

1.10.5 Detection
Gold nanoparticles are also being used for the detection of various biological
molecules including proteins, enzymes, DNA, antigens, antibodies, etc.

1.10.5.1 Detection of Biological Molecules
Gold nanoparticles have been used for the detection of proteins, based on their
characteristic surface plasmons [250]. For this, gold nanoparticles have been
functionalized using bifunctional molecules which were conjugated on one side to the
gold nanoparticles through their thiol group and on the other side to the electron-rich
aromatic side chains of proteins through a diazonium moiety. The model was tested
using thrombin as the protein. The vibrations of the diazo-bond formed between the
bifunctional molecule and the target protein tends to enhance due to the conjugation
of gold nanoparticles constituting the Raman marker. After the functionalized gold
nanoparticles interact with antithrombin as a sensitive recognition element,
immobilized on a substrate, thrombin can be detected through surface enhanced
Raman Spectroscopy. Selectively immobilized oligonucleotide modified gold
nanoparticles have been used to develop a chip-based array through electro-deposition
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on screen printed gold nanoparticles [251]. The method allows a multimodular
detection based on the use of multiple oligonucleotides and also excludes the nonspecific interactions. Similarly, a simple optical detection system was developed using
DNA functionalized gold nanoparticles [252]. The method uses fluorescence
quenching by gold nanoparticles for fluorophores attached to the detection sequences.
The method is simple as it does not require the stem loop structure, characteristic of
traditional molecular beacons and gives lesser background due to the electrostatic
attraction between fluorescent dye and the gold nanoparticles and repulsion between
gold nanoparticles and DNA. It also provides real-time monitoring, possible
automation and lesser risk of contamination due to no washing steps. The reduction in
fluorescence is used as a measure of binding of detection sequence with target DNA
sequence.

1.10.5.2 Detection of Microorganisms
Detection of microorganisms can be achieved by several biochemical, microbiological
and molecular methods. Recent advances in the field of nanotechnology have made it
possible to detect microorganisms by using nanoparticles functionalized with
oligonucleotides complementary to the gene tags of the microorganisms. In one such
study, oligonucleotides complementary to the unique sequences of the heat-shock
protein 70 (HSP 70) of Cryptosporidium parvum was used to functionalize gold
nanoparticles, which could be used to detect the oocytes of Cryptosporidium in a
colorimetric assay, offering a simple and robust method of molecular detection [253].
Gold nanoparticles were used to detect Salmonella enteritidis and Listeria
monocytogenes, where gold nanoparticles were deposited within the flagella and in
the biofilm network [254]. Similarly, GNP-Poly (para-phenylene ethynylene) could
efficiently identify both Gram positive and gram negative bacteria based on the
differential response by each bacteria [255]. In another study, gold nanoparticles
funtionalized with hairpin DNA was used to image live HEp-2 cells infected with
Respiratory syncytial virus [256].

1.11 Outline of the thesis
The work presented in this thesis describes the biosynthesis of oxide nanoparticles
using thermophilic fungus such as Humicola sp. and mesophilic fungus Fusarium
oxysporum, in an attempt to address an issue of developing biosynthetic protocols for
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oxide nanomaterials and their scale-up. The main outcome of this research is the
green synthesis routes of bio medically important oxide nanoparticles. Probably for
the first time, biosynthesized oxide nanoparticles have been used to conjugate with
anticancer drug, which could open up the doors for new nanosized drug delivery
system to treat cancer. An attempt has been made to extract technologically important
silica nanoparticles from waste material such as fly-ash. A very novel approach for
biotransformation of size, shape and phase using fungus has been described in detail.
Finally, elucidation of mechanism of formation of gold nanoparticles using
alkalothermophilic (extremophilic) actinomycete Thermomonspora sp. has been
carried out by purification of sulfite reductase enzyme and capping protein. The
chapter-wise discussion of these studies is as follows:

Chapter 1 deals with the basic introduction and brief history of nanoscience and
nanotechnology. Properties and synthesis methods of nanoparticles have been
discussed. Review of literature on biological synthesis and mechanisms of formation
of gold, silver and oxide nanoparticles and potential biomedical applications of
nanomaterials have also been discussed.

Chapter 2 describes the biological synthesis of gadolinium and cerium oxide
nanoparticles using the thermophilic fungus Humicola sp. Following their synthesis,
the gadolinium oxide nanoparticles were functionalized and conjugated to anticancer
drug (premodified) Taxol. The cytotoxicity of this nanodrug conjugate was then
checked on THP-1 Cell lines to access its efficiency and biocompability for its
applications in drug delivery systems.

Chapter 3 deals with the fungal bioleaching of waste product such as fly-ash in order
to get technologically important crystalline silica nanoparticles. When the mesophilic
fungus Fusarium oxysporum reacted with fly-ash, it could successfully leach out
protein capped silica nanoparticles extracellularly within 24h of reaction.

Chapter 4 demonstrates the use of the thermophilic fungus Humicola sp. for the
biotransformation of size, shape and phase of bulk TiO2 particles at 50 oC. When bulk,
disc-shaped anatase type TiO2 particles were reacted with Humicola sp., it
biotranformed into brookite type TiO2 circular nanoparticles.
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Chapters 5 gives insights into the elucidation of mechanism of formation of gold
nanoparticles. The chapter deals with the purification of sulfite reductase enzyme and
capping protein from the alkalothermophilic actinomycete Thermomonospora sp.
followed by the in vitro synthesis of gold nanoparticles using purified enzyme and
capping protein.

Chapter 6 includes a brief summary of the work presented in this thesis and the scope
for possible further research in these areas.
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Summary
This chapter discusses the use of thermophilic fungus Humicola sp. in the
biosynthesis of oxide nanoparticles of medical importance. The fungus Humicola sp.
when exposed to aqueous solutions of oxide precursors such as Gadolinium chloride
(GdCl3) and Cerium (III) nitrate hexahydrate (CeN3O9.6H2O) results in the
extracellular formation of oxide nanoparticles of Gd2O3 and CeO2 respectively. The
biosynthesized nanoparticles were then characterized by UV-vis spectroscopy, X-Ray
Diffraction (XRD), Transmission Electron Microscopy (TEM), X-ray Photoemission
Spectroscopy (XPS), Energy Dispersive Analysis of X-rays (EDAX), Fourier
Transform Infrared spectroscopy (FTIR), Thermo gravimetric -Differential Thermal
Analysis (TGA-DTA), etc. The highly fluorescent protein capped Gd2O3
nanoparticles were radiolabelled with technicium-99 m and injected into rats in order
to see biodistribution. The biosynthesized Gd2O3 nanoparticles were conjugated with
an anticancerous drug Taxol. This conjugate was then characterized by UV-vis
spectroscopy and Fluorescence microscopy and purified by High Performance Liquid
Chromatography (HPLC). This purified conjugate was tested on Human acute
monocytic leukemia cell line (THP-1) to access the efficiency of Gd2O3-taxol
conjugate in drug delivery applications.
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2.1 Introduction
Among the primary goals of nanotechnology is the improvement of production
methods, especially those that are simpler and cleaner. The objectives are the
production of size-controlled clusters, increasing the yield of desirable nanoparticles,
reduction of the subsequent pollutant contribution, etc. Biosynthetic methods have
particularly been used to produce different types of particles [1-10] and even nanorods
[11-13]. However, they have been focused mainly on metallic [1-6], [11-13],
bimetallic nanomaterials [7-10] and sulphide (quantum dots) nanomaterials [4]. Just a
few reports have evaluated the use of biosynthesis [14, 15] to make metal oxides.
Oxide nanoparticles are important in applications such as catalysis, electronics,
hyperthermia, drug delivery, antimicrobial coatings, separation processes, etc. and are
conventionally synthesized under harsh environments like the extremes of
temperature, pressure and pH. In contrast, biological processes occur under ambient
conditions, viz. room temperature, atmospheric pressure and physiological pH. While
purely biological and bioinspired methods for the synthesis of oxides provide
environmentally benign and energy conserving processes, they have not been
extended to the formation of technologically important oxide nanoparticles from
microorganisms. Although there have been reports on the biosynthesis of oxide
nanoparticles, no attempts have been made to employ microorganisms for the
synthesis of nanoparticles of rare earth metals. Nanoparticles of rare earth metals or
Lanthanides can serve as excellent fluorescent probes in various biomedical research
programmes, due to their sharp fluorescence emission peaks, high quantum
efficiency,

bright

and

monochromatic

emissions,

large

Stokes

shift

and

extraordinarily long fluorescence lifetime [16-22]. In this work, we have employed
the thermophilic fungus Humicola sp. for the biosynthesis of oxide nanoparticles of
two very important rare earth metals viz. Gadolinium and Cerium.
Gadolinium oxide nanoparticles are very important by virtue of their applications as
nuclear, electronic, laser, optical, catalyst and phosphor materials [23-27]. Many
organic compounds use Gd2O3 for their dimerization [24], in imaging plate neutron
detectors, as neutron convertor [24, 25], as additives in UO2 fuel rods for nuclear
reactors [26], as additive in ZrO2 to enhance toughness [27], etc.
Gd2O3 has several potential applications in biomedicine too. For example, it is being
used in magnetic resonance imaging since it has superparamagnetism and involves
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T1 relaxation, and can be useful as multimodal contrast agent for in vivo imaging
[28]. It can also be doped easily by other lanthanides, hence can be exploited as
fluorescent tags thus replacing other fluorescent organic molecules. Gadolinium oxide
nanoparticles also find their application in site-specific drug delivery systems for
cancer therapy. A potential cancer therapy whose therapeutic success can be greatly
enhanced using tumor-specific delivery systems is neutron capture therapy (NCT).
NCT utilizes a stable (non radioactive) nuclide delivered to tumor cells which upon
irradiation by thermal or epithermal neutrons, produces localized cytotoxic radiations
[29]. Although most of the initial clinical trials were carried out using Boron-10 as the
NCT agent, gadolinium (Gd) has been proposed as an alternative [29]. The tumorkilling effect of Gd-NCT is attributed to the emission of high-energy prompt gamma
rays followed by a series of low-energy Auger and internal conversion electrons [30].
Apart from the fact that Gd compounds are used as contrast agents in magnetic
resonance imaging (MRI), the suitability of Gadolinium-157 in NCT has been
attributed to: (i) the large neutron capture cross section area that is 66-fold larger than
Boron-10; thus gadolinium requires shorter neutron irradiation time; and (ii) Gdneutron-capture reaction leads to emission of photons with tumor killing energy
deposition at longer ranges in tissues. As far as synthesis methods for Gd2O3
nanoparticles are concerned, even the chemical and physical protocols are limited and
its synthesis is seldom encountered in literature. The most common methods are
thermal decomposition of precursor salts, mechanochemical processing, milling and
calcinations [31-35]. Unfortunately, these methods give agglomerated particles and
most importantly occur at high temperatures and employ harsh environments making
it very difficult to find any usage of Gd 2O3 nanoparticles atleast in biomedical
applications. Hence, to overcome all these barriers, we for the first time have
employed fungus based approach for the synthesis of this very important material. In
this chapter, we have shown that the thermophilic fungus Humicola sp. can be used
for the synthesis of Gd2O3 nanoparticles at ambient temperature. Since Gd2O3
nanoparticles have proved their worth in site-specific drug delivery systems for cancer
therapy, we extended the work of biosynthesis of Gd2O3 nanoparticles to
bioconjugation with anticancerous drug Taxol. Taxol is one of the most popular
chemotherapeutic agents used now-a-days for the treatment of breast, ovarian and
lung cancers [36, 37]. Being able to promote tubulin assembly into microtubules [37,
38], taxol brings significant impact mainly because of its mechanism of action [39].
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On the other hand, its drawbacks come from the lack of tumor specificity and low
solubility in water. To overcome these barriers, we planned to attach taxol onto the
biocompatible Gd 2O3 nanoparticles. There have been several reports showing the
bioconjugation of Taxol with gold and iron oxide nanoparticles [40, 41]. In this work,
we have conjugated this drug of immense importance with gadolinium oxide
nanoparticles and checked the efficiency of this Gd 2O3-taxol conjugate on THP-1 cell
lines to assure its use in drug delivery applications.
Cerium oxide (ceria) is a wide band gap semiconductor that has long been known for
its catalytic capabilities [42] and has been synthesized and studied in both thin-film
[43, 44] and nanoparticle form [45, 46]. As a thin-film, cerium oxide has unique
properties such as a high refractive index, a high dielectric constant and a lattice
constant similar to Si, making it suitable as an insulating material in Si device
technology [46-48]. These properties make cerium oxide useful for applications in
microelectronics and optics. Recently, ceria nanoparticles have attracted attention
within the research community as a potential agent to inhibit cellular ageing [49, 50].
Mixed brain cell cultures have been shown to have an increased lifespan when a
solution containing ceria nanoparticles is introduced into their environment. The
likely mechanism for the longevity increase is the scavenging of free radical species
in the cells that would normally damage the cell, causing the cell to age [51]. The
scavenging effect is attributed to the presence of Ce (III) ions that reduce the free
radical species as the Ce (III) ions are oxidized to Ce (IV). Cerium oxide
nanoparticles (nanoceria) have properties that can be used in nano therapeutics to
decrease mediators of chronic inflammation. So far, their unique properties have been
utilized in ultraviolet absorbance [52], oxygen sensing [53] and automotive catalytic
converters [54]. Biologically, it has recently been reported that cerium oxide can act
as a catalyst that mimics the antioxidant enzyme superoxide dismutase [55].
Additionally, the ability of engineered cerium oxide nanoparticles to confer neuronal
[53], ocular [56, 57] and radio protection [58] has been demonstrated, while the
protective mechanism has not been thoroughly investigated. This versatile biomaterial
has a unique electronic structure mainly due to its large surface-area-to-volume ratio
that creates oxygen defects [59, 60]. It is these defects, or “reactive sites” on the
nanoceria surface that can act as sites for free radical scavenging and are currently
being investigated as therapeutic interventions in biological systems [60-62]. While
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previous studies report the scavenging action of nanoceria, clinically relevant
parameters such as the biological mechanism, toxicological limits of dosage and
histopathology of nanoceria uptake have not been reported yet. Free radical
scavenging with nanoparticles functions by inhibiting reactive oxygen species (ROS)
[61, 62]. Free radicals are molecules that contain an unpaired electron in their
outermost shell. ROS are unstable and highly reactive compounds that can strip
electrons from cellular macromolecules and render them dysfunctional [61]. Chain
reactions of self-propagating free radicals mediate lipid peroxidation and cause cell
membrane structure damage, thereby inducing cell death. Free radicals are generated
in low levels during normal metabolism, but production increases during diseased
states, increased metabolism, and cell turnover. Free radical species produced within
the cell include superoxide (O2-), the hydroxyl radical (OH-), NO, peroxynitrite
(ONOO-), lipid hydroperoxides and others [61] Due to the inherent structure of
cerium oxide (CeO2) nanoparticles, data suggests that nanoceria may reduce cellular
structural damage by scavenging and inhibiting ROS as well as other inflammatory
mediators in biological systems [54]. This antioxidant property of cerium oxide
nanoparticles has shown a possibility in the treatment of neurodegenerative diseases
such as Alzheimer’s and Parkinson’s disease [53, 61]. In an attempt to explore more
potential applications of cerium oxide nanoparticles which could be restricted owing
to their synthesis methods involving toxic chemicals and hydrophobic solvent
systems, we for the first time made an attempt to use thermophilic fungus Humicola
sp. for the biosynthesis of cerium oxide nanoparticles.
This chapter deals with 1) Extracellular biosynthesis of Gd2O3 nanoparticles using
thermophilic fungus Humicola sp. and its conjugation with taxol and 2) Extracellular
biosynthesis of CeO2 nanoparticles using thermophilic Humicola sp.

2.2 Extracellular biosynthesis of gadolinium oxide (Gd2O3) nanoparticles using
Humicola sp.

2.2.1 Materials and Methods
Gadolinium chloride (GdCl3) and Sodium carbonate were obtained from Sigma
Aldrich. Malt extract, yeast extract, glucose and peptone were obtained from HiMedia
and used as-received.

Ph.D.Thesis

Shadab Ali Khan

University of Pune

Chapter 2

57

2.2.2 Biosynthesis of gadolinium oxide nanoparticles
The thermophilic fungus Humicola sp. was isolated, purified and identified from self
heating compost obtained from Pune and maintained on MGYP (malt extract,
glucose, yeast extract and peptone) agar slants. Stock cultures were maintained by
subculturing at monthly intervals. After growing the fungus at pH 9 and 50°C for 96h,
the slants were preserved at 15°C. From an actively growing stock culture,
subcultures were made on fresh slants and after 96h incubation at pH 9 and 50°C,
were used as the starting material for fermentation experiments. For the synthesis of
gadolinium oxide nanoparticles, the fungus was grown in 250 ml Erlenmeyer flasks
containing 100 ml of MGYP medium which is composed of malt extract (0.3%),
glucose (1%), yeast extract (0.3%) and peptone (0.5%). Sterile 10% sodium carbonate
was used to adjust the pH of the medium to 9. After the pH of the medium was
adjusted, the culture was grown with continuous shaking on a rotary shaker (200 rpm)
at 50°C for 96h. After 96h of fermentation, mycelial mass were separated from the
culture broth by centrifugation (5000 rpm) at 20°C for 20 min and then were washed
thrice with sterile distilled water under sterile conditions. The harvested mycelial
mass (20 g of wet mycelia) was then resuspended in 100 ml of 10-3 M aqueous
gadolinium chloride solution in 250 ml Erlenmeyer flask at pH 9. The whole mixture
was put onto a shaker at 50°C (200 rpm) and maintained in the dark.
2.2.3 Characterization of gadolinium oxide nanoparticles
UV-vis spectroscopy
The synthesis of gadolinium oxide nanoparticles in solution was monitored by
periodic sampling of aliquots (2ml) of the aqueous component. The measurement was
carried out on a Shimadzu dual-beam spectrophotometer (model UV-1601 PC)
operated at a resolution of 1 nm.

Transmission Electron Microscopy (TEM)
The shape and size analysis of gadolinium oxide nanoparticles was carried out on a
JEOL model 1200 EX TEM operated at 80 KV. For this purpose, carbon coated
copper grids were prepared by drop-casting the particles suspended in aqueous
medium. HR-TEM measurements were carried out on a TECHNAI G2 F30 S-TWIN
instrument (Operated at an acceleration voltage of 300 kV with a lattice resolution of
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0.14 nm and a point image resolution of 0.20 nm). The Selected Area Electron
Diffraction (SAED) pattern analysis was carried out on the same grid.

Fourier Transform Infrared (FTIR) spectroscopy
The FTIR spectroscopy measurement of as-synthesized gadolinium oxide
nanoparticles powder after (96h reaction with fungus) taken in KBr pellet was carried
out using a Perkin-Elmer Spectrum One instrument. Spectrometer was operated in the
diffuse reflectance mode at a resolution of 2 cm−1. To obtain good signal to noise
ratio, 128 scans of the film were taken in the range of 450-4000 cm−1.

X-Ray Diffraction (XRD) Measurements
To analyze the structure of the gadolinium oxide nanoparticles, X-Ray Diffraction
(XRD) studies of the biosynthesized Gd2O3 powder casted on glass substrates were
carried out on a Philips X’PERT PRO instrument equipped X’celerator. The sample
was scanned using X’celerator with a total number of active channels of 121. Ironfiltered Cu Kα radiation (λ=1.5406 Å) was used. XRPD patterns were recorded in the
2 θ range of 20°- 80° with a step size of 0.02° and a time of 5 seconds per step at
40 kV voltage and a current of 30 mA.

X-ray Photoemission Spectroscopy (XPS)
XPS of the biogenic Gd 2O3 nanoparticles was carried out on a VG MicroTech ESCA
3000 instrument after depositing Gd 2O3 nanoparticles on the Si substrate.

Energy Dispersive Analysis of X-rays (EDAX)
Energy Dispersive Analysis of X-rays (EDAX) measurements of the Gd2O3
nanoparticles were carried out on a Leica Stereoscan-440 SEM equipped with a
Phoenix EDAX attachment. EDAX spectra were recorded in the spot-profile mode by
focusing the electron beam onto a region on the surface coated with Gd2O3
nanoparticles.

2.2.4 Radiolabelling of Gadolinium oxide (Gd2O3) nanoparticles with Tc-99m:
99mTc-Gd nanoparticles were prepared by dissolving 10 mg of Gd2O3 nanoparticles
in 1ml of distilled water followed by the addition of 100 µg of SnCl2.2H2O and the
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pH was adjusted to 6.5. The content was filtered through a 0.22 µm membrane filter
into a sterile vial. Approximately 2mci Tc-99m was added to the content, mixed and
incubated for 10-15min. The percent radiolabel was determined by using instant thin
layer chromatography (ITLC) method.

Radiochemical purity (RCP):
The radiochemical purity of Tc-99m with Gd2O3 nanoparticles was estimated by
instant thin layer chromatography (ITLC) using silica gel coated fiber sheets. ITLC
was performed using 100% acetone and 0.9% saline as the mobile phase. A measured
amount of 2-3 µl of the radiolabeled complex was applied at a point 1 cm from one
end of an ITLC-SG strip and allowed to run for approximately 10 cm. Amount of
reduced/hydrolyzed Tc-99m was determined using pyridine: acetic acid: water
(3:5:1.5 v/v) as mobile phase and ITLC as the stationary phase and the radioactivity
distribution over the strip was determined with a radioactivity well counter (ECIL).
Radiochemical purity (RCP) was calculated as the fraction of radioactivity that
remained at the origin and was designated as % RCP.

2.2.5 Biodistribution of radiolabelled nanoparticles:
Male Sprauge Dawley rat weighing (180-220 gm) was selected for evaluating the
localization of the labelled complex. 99mTc- Gd2O3 nanoparticles 14.8 MBq were
administered through the penile vein of rat. The biodistribution studies of labelled
Gd2O3 nanoparticles were evaluated after 45 min post injection.

Ph.D.Thesis

Shadab Ali Khan

University of Pune

Chapter 2

60

2.2.6 Results and Discussions
UV-vis spectroscopy
Figure 2.1 shows the UV-visible spectroscopy of precursor salt GdCl3 (Curve 1) and
biosynthesized Gd2O3 nanoparticles after 96h of reaction with the fungus Humicola
sp. (Curve 2). From the figure it is very clear that GdCl3 does not absorb any energy
during the entire spectrum and does not show any vibrations at all, whereas UV-vis
spectrum of biosynthesized Gd 2O3 nanoparticles indicates two regions of absorption
at 270 nm and 330 nm. It is very well established that the absorption edge at ca
270 nm arises due to electronic transitions in the delocalized π electrons present in
indole ring of aromatic amino acids such as Tryptophan, Tyrosine and to some extent
Phenylalanine residues present in the proteins moiety [63]. These residues of proteins
may be secreted in the solution by the fungus Humicola sp. in response to the stress
conditions encountered by the fungus in presence of GdCl3. Some of these amino acid
residues constitute the protein layer which can cap the nanoparticles. As soon as
GdCl3 gets dissolved in water along with fungal biomass, it ionizes to Gd3+ and 3Cl-.
These Gd3+ ions are then attracted towards anionic proteins (secreted by fungus in
solution). Certain reductase enzymes present in the anionic protein fraction act on
Gd3+ converting it to Gd2+. These Gd 2+ ions are then acted upon by oxidase enzymes
again secreted by the fungus in the solution mixture, resulting in the formation of
Gd2O3 nanoparticles. Hence, complementary action of oxidases and reducatses which
are secreted by the fungus Humicola sp. play a very vital role in the formation of
Gd2O3 nanoparticles. Biosynthesized Gd 2O3 nanoparticles (curve 2, figure 2.1) show
an absorption edge at ca 330 nm. This edge may be attributed to d—d and f—f
transitions occurring in mixed valence transition metal compounds [64].
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Figure 2.1: Curve (1) UV-vis spectrum of gadolinium chloride and Curve (2) UV-vis
spectrum of biosynthesized gadolinium oxide nanoparticles solution after 96h of
reaction with the fungal biomass.

Transmission Electron Microscopy (TEM)
Figure 2.2 (A) represents the transmission electron microscopic (TEM) image of
fungus – GdCl3 reaction mixture after 96h of reaction. The particles are irregular in
shape, presenting an overall quasi-spherical morphology. Particle size distribution
analysis of Gd2O3 nanoparticles confirmed that the nanoparticles are in the range of
3-8 nm with an average size of 6nm (figure 2.2B). Inter planar distance of Gd2O3
nanoparticles was estimated to be 2.75 Å and corresponds to plane {400} of Gd2O3
nanoparticles (figure 2.2C). Selected area electron diffraction (SAED) analysis
(figure 2.2D) of biosynthesized Gd2O3 nanoparticles shows that the nanoparticles are
crystalline in nature. Diffraction spots could be well indexed with cubic structure of
Gd2O3 nanoparticles and the obtained three rings correspond to the {400}, {321} and
{222} plane of Gd 2O3 and are in good agreement with the reported values [65].
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Figure 2.2: (A) TEM micrograph recorded from drop-cast films of Gd2O3
nanoparticle solution formed by the reaction of GdCl3 with the fungal biomass of
Humicola sp. for 96h. (B)Particle size distribution determined from TEM microgaph.
(C)HR-TEM image of Gd2O3 nanoparticles showing inter planar distance. (D)
Selected Area Electron Diffraction (SAED) pattern recorded from the Gd2O3
nanoparticles.
X-Ray Diffraction (XRD) Measurements
Figure 2.3 shows the X-Ray Diffraction (XRD) analysis of the biosynthesized
gadolinium oxide nanoparticles carried out by depositing Gd2O3 powder on Si
substrate showing intense peaks corresponding to plane {211}, {222}, {400}, {411},
{332}, {431}, {440}, {611}, {622}, {444} and {662}. The peak position and 2θ
values agree with those reported for gadolinium oxide nanoparticles [65].
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Figure 2.3: XRD measurements of biosynthesized Gd2O3 nanoparticles.

Fourier Transform Infrared (FTIR) spectroscopy
Figure 2.4 represents the Fourier Transform Infrared (FTIR) spectra of gadolinium
chloride (curve 1), as synthesized gadolinium oxide nanoparticles (curve 2) and
calcined gadolinium oxide nanoparticles at 300 oC for 3h (curve 3). Curve 2 in fig.2.4
shows sharp bands centered around 700, 828 and 998 cm-1.The presence of these
absorption bands are attributed to anti-symmetric Gd—O—Gd stretching mode of
vibration [66] which is absent in curve 1 that belongs to GdCl3. The two absorption
bands at 1620 and 1670 cm-1 can be attributed to amide I and amide II of proteins
present in the quasi-spherical Gd2O3 nanoparticles [67]. Increment in absorption
bands in curve 3 (calcined Gd 2O3 nanoparticles) clearly suggests that the calcination
of Gd 2O3 nanoparticles improves their crystallinity accompanying the disappearance
of amide I and II bands of proteins which indicates the removal of protein from Gd2O3
nanoparticles after calcination. The sharp absorption band centered at 1770cm-1 in
curve 3 may be attributed to C=O which is present in the capping protein that capped
the Gd 2O3 nanoparticles [67].
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Figure 2.4: FTIR spectrum shows (1) Precursor (Gadolinium chloride),
(2) As synthesized Gd2O3 nanoparticles and (3) Calcined biosynthesized Gd2O3
nanoparticles.

X-ray Photoemission Spectroscopy (XPS)
Figure 2.5 represents the XPS analysis of biosynthesized Gd2O3 nanoparticles. The Gd
(3d) spectrum of Gd2O3 nanoparticles coated onto a Si substrate is shown in figure
2.5(A). The Gd (3d) level consists of a spin orbit split doublet, with the Gd (3d5/2)
and Gd (3d3/2) peaks at 1188.25 and 1219.98 eV respectively. The line shape and
peak positions are in good agreement with earlier published data on Gd2O3
nanoparticles, confirming that the sample consists of Gd2O3 [68]. The C (1s) spectrum
in figure 2.5 (B) shows three different peaks at 282.67, 285.03 and 287.01 eV and can
be attributed to α-carbon, hydrocarbon chains and –COOH respectively of the
proteins associated with Gd2O3 nanoparticles. Figure 2.5 (C) represents the O (1s)
spectrum which shows three distinct peaks. The peak at 531.30 eV corresponds to the
oxygen in the Gd2O3 nanoparticles [68], whereas peaks at 529.18 and 533.26 eV
originates from the oxygen in the carboxyl groups of protein associated with Gd2O3
nanoparticles. Figure 2.5 (D) shows the N 1s core level spectra that could be
decomposed into two chemically distinct components centered at 399.6 and 402.5 eV
and can be attributed to neutral amino group NH2 and N atoms present in amide bonds
of capping protein of Gd2O3 nanoparticles [68]. These signatures of carbon and
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oxygen arising from proteins have certainly exposed a prominent role of proteins and
enzymes in the reduction and capping of Gd 2O3 nanoparticles.
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Figure 2.5: XPS data showing the (A) Gd 3d, (B) C 1s, (C) O 1s and (D) N 1s core
level spectra recorded from biosynthesized Gd 2O3 nanoparticles film cast onto a Si
substrate. The raw data are shown in the form of symbols, while the chemically
resolved components are shown as solid lines and are discussed in the text.

Energy Dispersive Analysis of X-rays (EDAX)
Figure 2.6 shows the Energy Dispersive Analysis of X-rays (EDAX) spectra recorded
in the spot profile mode from one of the densely populated biosynthesized gadolinium
oxide nanoparticles on the surface. Signals are observed from Gd, C, O and N. The
signals for C, O and N are due to the proteins that are capped onto the surface of
nanoparticles.
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Figure 2.6: EDAX spectra recorded for biosynthesized gadolinium oxide
nanoparticles

Complex formation study:
On the basis of chromatographic analysis, the radiolabeling efficiency was found to
be more than 90% consistently.

Biodistribution & Gamma Scintigraphic imaging of 99mTc- Gd2O3 nanoparticles
in normal rat:
Localization and biodistribution study of 99mTc- Gd 2O3 nanoparticles in normal
healthy rats over time was determined by gamma camera imaging, is shown in Figure.
The study clearly indicates the biodistribution of the complex (99mTc-Gd
nanoparticle), these Gd nanoparticles were taken up in the liver, heart, kidneys and
cleared through urine within 45 minutes.
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Figure 2.7: Gamma Scintigraphic image of biodistribution of Gd 2O3 nanoparticles in
rat

2.3 Synthesis of Gd2O3-Taxol conjugate
2.3.1 Materials and Methods
Glutaric anhydride, N,N’-Carbonyldiimidazole (CDI), t-butyldimethylsilyl chloride,
Imidazole, Dimethyl formamide, Succinic anhydride, Dimethylamino-pyridine, 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromide, 1-ethyl-3-(3 dimethyaminopropyl) Carbodiimide (EDC), 1- Hydroxyl benzo-triazol, 2-(N-morpholino)
ethanesulfonic acid (MES) and (4-(2-hydroxyethyl)-1-piperazineethane sulphonic
acid (HEPES) were purchased from Sigma and HPLC grade solvents were purchased
from Merck. THP- 1 cell lines were obtained from National Centre for Cell Sciences
(NCCS), Pune (India).

2.3.2 Synthesis of 2’-Glutaryl taxol
2’-Glutaryl taxol was prepared by reacting 10 mg of taxol, dissolved in 1.2 ml of
pyridine, with 140 mg of Glutaric anhydride [69]. The reaction was carried out at
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room temperature for about 2h and was monitored on TLC using a mobile phase of
chloroform: acetonitrile (7: 3). After the incubation period, the solvent was
evaporated under high vacuum and the residue was washed twice with water. The
product obtained was precipitated using acetone and further purified by preparative
TLC using the mobile phase Chloroform: Acetonitrile (7: 3).

2.3.3 Synthesis of 2’-Glutaryl-hexanediamine taxol
The recovered 2’-Glutaryl taxol from the preparative TLC was solvent dried and
dissolved in 100 µl of dry acetonitrile, 5 µmol of N, N’-Carbonyldiimidazole (CDI)
was added to it and heated at 45oC for about 15 min. After the reaction mixture comes
to room temperature, 5 µmol of 1, 6-hexanediamine. 2HCl was added to it and left at
room temperature for 1h. The reaction was monitored on TLC and purified as
described above.

2.3.4 Synthesis of gadolinium oxide (Gd2O3)-taxol conjugates
Biologically synthesized gadolinium oxide nanoparticles have a natural protein coat;
the carboxylic group present on these protein capped nanoparticles was targeted to
couple with the free amino group present in 2’-Glutaryl-hexanediamine taxol.

2.3.5 Estimation of Free Carboxyl Group
The total reaction mixture of 3 ml containing 100 µg of Gd nanoparticles in 50 mM
MES/HEPES buffer (75:25 v/v) pH 6.0, 50 mM EDC and 30 mM NTEE was
incubated at 30 oC for 45 minutes. Subsequently, the reaction was arrested with the
addition of 1 ml of 10% TCA and the precipitated Gd-peptide complex was collected
by centrifugation, washed extensively with chilled acetone, air-dried and redissolved
in 1 ml of 100 mM NaOH. The number of nitrotyrosyl group incorporated was
determined spectrophotometrically at 430 nm using a molar absorption coefficient of
4600 M−1 cm−1. 2’-glutaryl-hexanediamine taxol (400 µg) was dissolved in anhydrous
DMF (300 µL), and EDC (1.2 µ mol, 1.1 eq) along with 1- Hydroxyl benzo-triazol
(HBT) (4 µ mol, 2.2 eq) was added to it. The reaction mixture was stirred at room
temperature for about 1 h and a solution of Gd nanoparticles in phosphate buffer pH
7.2 was added to it. After stirring for 12 h at room temperature, the reaction mixture
was concentrated under high vacuum and further purification of the 2’-glutarylhexanediamine-taxol-Gd conjugate was done by HPLC.
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2.3.6 Characterization of Gd2O3-taxol conjugate
UV-vis spectroscopy
UV-vis spectroscopy analysis of Gd2O3-taxol conjugate and nascent Gd was carried
out on a Shimadzu dual-beam spectrophotometer (model UV-1601 PC) operated at a
resolution of 1 nm.

Fluorescence microscopy
Fluorescence measurements were carried out using a Perkin Elmer LS-50B
spectrofluorimeter, with slit width of 7 nm for both the monochromators and a scan
speed of 100 nm/min.

2.3.7 Purification of Gd2O3-taxol conjugate by HPLC
The conjugate from other chemical contaminants was purified by HPLC (Waters
model 2489 with UV/vis detector) using Acetonitrile 5% - 95% on a C18 symmetry
column. The compounds eluted from the columns were detected at 227 nm and 330
nm using a dual wavelength detector.
2.3.8 Cytotoxicity of Gd2O3-taxol conjugate
Cytotoxicity of the Gd2O3-taxol conjugate was checked against THP-1 Acute
monocyte leukemia cell lines by MTT assay.

2.3.9 Results and Discussions
Estimation of free carboxyl groups
The total number of free carboxyl groups present in the capping protein of gadolinium
oxide nanoparticles was found to be 14; by using the protocol of Pho et al. [70].
Hence, these free carboxyl groups were exploited for the conjugation with free amino
groups of the modified drug (Glutaryl-hexanediamine-taxol).

UV-vis spectroscopy
Figure 2.7 (A) and (B) show the UV-vis analysis of gadolinium oxide nanoparticles
and Gd2O3-taxol conjugate respectively. Gadolinium oxide (Gd2O3) nanoparticles
showed a broad shoulder at ca 330nm (A) which after conjugation with taxol red
shifted to 350 nm (B).This type of red-shifting after conjugation has been explained
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by several reports [70, 71]. Since conjugation of drug with nanoparticles made them
slightly heavier, they tend to absorb at higher wavelengths.

330 nm

350 nm

Figure 2.7: UV-vis spectroscopy of (A) Gd2O3 nanoparticles showing a shoulder at
330nm and (B) Gd2O3-taxol conjugate showing a shoulder at 350nm.

Fluorescence microscopy
Figure 2.8 (A) represents fluorescence spectra of Gadolinium oxide (Gd2O3)
nanoparticles and (B) Gd2O3-taxol conjugate. Both the samples were excited at
320nm; gadolinium oxide (Gd 2O3) nanoparticles give a sharp emission at 400nm
whereas Gd 2O3-taxol conjugate gives an emission spectrum with λmax at 440 nm. This
red-shifting in λmax occurs because of the coupling of gadolinium oxide (Gd2O3)
nanoparticle with taxol.

Figure 2.8: (A) Fluorescence spectra of Gd2O3 nanoparticles excited at 320nm giving
emission at 400nm and (B) Gd2O3-taxol conjugate excited at 320nm giving emission
at 440nm.
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Purification of Gd2O3-taxol conjugate by HPLC
Figure 2.9 shows the HPLC profile of Gd 2O3-taxol conjugate detected at 227nm and
330nm which are attributed to the absorption maxima of taxol and Gd nanoparticles
respectively. From the figure, it is very clear that Gd2O3-taxol conjugate emerged as a
single peak at both the wavelengths with same retention time, thus confirming
conjugation of taxol with Gd2O3 nanoparticles.
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Figure 2.9: HPLC profile of Gd2O3-taxol conjugate showing absorbance at (A)
330nm and (B) 227nm.
Cytotoxicity of Gd2O3-taxol conjugate
Figure 2.10 shows the cytotoxicity data of (A) nascent taxol and (B) Gd2O3-taxol
conjugate against THP-1 acute monocyte leukemia cell lines. IC50 of nascent taxol
and Gd 2O3-taxol conjugate was found to be 8.1µg/ml and 2.5µg/ml respectively.
Hence, it is very clear that Gd2O3-taxol conjugate is more potent in inhibiting THP-1
cell lines than taxol alone. Conjugation of taxol to Gd nanoparticles lowers its
hydrophobicity and facilitates its entry into the cells more easily, thereby killing more
number of cells with less amount of drug. However, cytotoxicity of Gd nanoparticles
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and internalization processes such as endocytosis of Gd 2O3-taxol conjugate by the
cells cannot be over-ruled for the more potent inhibitory activity of Gd2O3-taxol
conjugate.

80

A

IC50 8.1 ug/ml

70

B

IC50 2.5 ug/ml

80

% inhibition

% inhibition

60
50
40
30
20

60

40

20

10
0
0

20

40

60

80

100

0
0

concentration(ug/ml)

20

40

60

80

100

concentration(ug/ml)

Figure 2.10: Cytotoxicity data of (A)nascent taxol and (B) Gd2O3-taxol conjugate
against THP-1 acute monocyte leukemia cell lines.
2.4 Extracellular biosynthesis of Cerium oxide (CeO2) nanoparticles using
thermophilic fungus Humicola sp.
2.4.1 Materials and Methods
Cerium (III) nitrate hexahydrate (CeN3O9.6H2O) was purchased from Fluka. Malt
extract, yeast extract, glucose and peptone were obtained from HiMedia and used asreceived.

2.4.2 Biosynthesis of cerium oxide (CeO2) nanoparticles
The thermophilic fungus Humicola sp. was maintained on MGYP (malt extract,
glucose, yeast extract, and peptone) agar slants. Stock cultures were maintained by
subculturing at monthly intervals. After growing the fungus at pH 9 and 50°C for 96h,
the slants were preserved at 15°C. From an actively growing stock culture,
subcultures were made on fresh slants and, after 96h incubation at pH 9 and 50°C,
were used as the starting material for fermentation experiments. For the synthesis of
the cerium oxide nanoparticles, the fungus was grown in 250 ml Erlenmeyer flasks
containing 100 ml of MGYP medium which is composed of malt extract (0.3%),
glucose (1%), yeast extract (0.3%), and peptone (0.5%). Sterile 10% sodium
carbonate was used to adjust the pH of the medium to 9. After the pH of the medium
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was adjusted, the culture was grown with continuous shaking on a rotary shaker (200
rpm) at 50°C for 96h. After 96h of fermentation, mycelial mass were separated from
the culture broth by centrifugation (5000 rpm) at 20°C for 20 min and then were
washed thrice with sterile distilled water under sterile conditions. The harvested
mycelial mass (20 g of wet mycelia) was then resuspended in 100 ml of 10 -3 M
aqueous Cerium (III) nitrate hexahydrate (CeN3O9.6H2O) solution in 250 ml
Erlenmeyer flask at pH 9. The whole mixture was put onto a shaker at 50°C (200
rpm) and maintained in the dark.

2.4.3 Characterization of cerium oxide (CeO2) nanoparticles
UV-vis spectroscopy
The synthesis of cerium oxide nanoparticles in solution was monitored by periodic
sampling of aliquots (2ml) of the aqueous component. The sample was scanned from
200 to 900 nm with deionized water as reference. The measurements were carried out
on a Shimadzu dual-beam spectrophotometer (model UV-1601 PC) operated at a
resolution of 1 nm.

Photoluminescence (PL)
Fluorescence measurements were carried out using a Perkin Elmer LS-50B
spectrofluorimeter, with slit width of 7 nm for both the monochromators and a scan
speed of 100 nm/min.

Transmission Electron Microscopy (TEM)
The shape and size analyses of cerium oxide nanoparticles were carried out on a
JEOL model 1200 EX TEM operated at 80 KV. HR-TEM measurements were carried
out on a TECHNAI G2 F30 S-TWIN instrument (Operated at an acceleration voltage
of 300 kV with a lattice resolution of 0.14 nm and a point image resolution of 0.20
nm). For this purpose, carbon coated copper grids were prepared by drop-casting the
particles suspended in aqueous medium. The Selected Area Electron Diffraction
(SAED) pattern analysis was carried out on the same grids.

Fourier Transform Infrared (FTIR) spectroscopy
The FTIR spectroscopy measurement of as-synthesized cerium oxide nanoparticles
powder (after 96h reaction with fungus) taken in KBr pellet was carried out using a
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Perkin–Elmer Spectrum One instrument. Spectrometer was operated in the diffuse
reflectance mode at a resolution of 2 cm−1. To obtain good signal to noise ratio, 128
scans of the film were taken in the range of 450–4000 cm−1.

X-Ray Diffraction (XRD) Measurements
To analyze the structure of the cerium oxide nanoparticles, X-Ray Diffraction (XRD)
studies of the biosynthesized CeO2 powder casted on glass substrates were carried out
on a Philips X’PERT PRO instrument equipped X’celerator. The sample was scanned
using X’celerator with a total number of active channels of 121. Iron-filtered Cu Kα
radiation (λ=1.5406 Å) was used. XRPD patterns were recorded in the 2 theta range
of 20°- 80° with a step size of 0.02° and a time of 5 seconds per step at 40 kV voltage
and a current of 30 mA.

X-ray Photoemission Spectroscopy (XPS)
XPS of the biogenic CeO2 nanoparticles was carried-out on a VG MicroTech ESCA
3000 instrument after depositing CeO2 nanoparticles on Si substrate.

Energy Dispersive Analysis of X-rays (EDAX)
Energy Dispersive Analysis of X-rays (EDAX) measurements of the CeO2
nanoparticles were carried out on a Leica Stereoscan-440 SEM equipped with a
Phoenix EDAX attachment. EDAX spectra were recorded in the spot-profile mode by
focusing the electron beam onto a region on the surface coated with CeO2
nanoparticles.

Thermogravimetric Analysis (TGA) and Differential Thermo Analysis (DTA)
For this purpose, we dried the sample under IR-lamp to form powder.
Thermogravimetric analysis of this dried powder of biogenic CeO2 nanocrystals was
carried-out using a Q5000 V2.4 Build 223 instrument by applying a scan rate of 10oC
min-1.

2.4.4 Results and Discussions
Figure 2.11 shows the UV-vis spectrum of biosynthesized cerium oxide nanoparticles
after 96h reaction with the fungus Humicola sp. The absorption spectrum of
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biosynthesized CeO2 nanoparticles revealed a strong absorption band and absorption
edge at 300 and 400nm respectively. This is due to the charge-transfer transitions
from O2p to Ce 4f [72]. The absorption edge of the CeO2 nanoparticles is obviously
blue-shifted with respect to that of bulk cerium oxide [73], suggesting the presence of
strong size confinement owing to the molecular scale dimension of the nanoparticles.
The appearance of absorption edge at ca 270nm can be assigned to the aromatic
amino acid residues such as tyrosine, tryptophan and phenylalanine present in the
protein, which is secreted in the solution by the fungus Humicola sp. [63]. The inset in
figure 2.11 shows that direct band of CeO2 nanoparticles was calculated to be 3.28eV
obtained from UV-vis spectrum of CeO2 nanoparticles by plotting (αhν)2 against (hν).
The reported band gap energy of bulk CeO2 is roughly around 3.12eV [74]. This blueshift in band gap energy in the case of biosynthesized CeO2 is expected since band
gap energy increases as particle size is reduced. Since CeO2 is a direct band gap
semiconductor, a decrease in particle size is exhibited to be manifested by a blue shift
of the absorption edge [74]. This blue-shift in absorption spectrum is attributed to the
quantum size effect [75].

Figure 2.11 UV-visible spectrum of biosynthesized CeO2 nanoparticles after 96h
reaction with fungus Humicola sp. Inset shows the direct band gap energy (tauc’s
plot) of biosynthesized CeO2 nanoparticles obtained by plotting (αhν)2 against (hν).
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Photoluminescence measurements
Figure 2.12 shows the room temperature Photoluminescence (PL) spectrum of a
biosynthesized CeO2 nanoparticles excited at 300nm. The PL spectrum shows a strong
and sharp emission centered at 396 nm, and a weak shoulder at 335 nm. The emission
from cerium oxide nanoparticles is associated with the defects localized between the

Intensity (a.u)

Ce 4f band and the O2p band [72].

300
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wavelength (n.m)
Figure 2.12: Photoluminescence spectrum of biosynthesized CeO2 nanoparticles
excited at 300nm.
Transmission Electron Microscopy (TEM)
Figure 2.13(A) represents the Transmission Electron Microscopic (TEM) analysis of
biosynthesized cerium oxide nanoparticles after 96h reaction between Cerium (III)
nitrate hexahydrate (CeN3O9.6H2O) and the fungus Humicola sp. From the figure it is
very clear that the particles are poly dispersed and spherical in shape. Particle size
distribution analysis in figure 2.13 (B) reveals that the particles are in the range of 1220nm with 16nm as an average diameter. Figure 2.13 (C) represents the HR-TEM
image of one of the CeO2 nanoparticles showing inter planar distance or ‘d’ value
which was estimated to be 1.90 Å and corresponds to the {220} plane of CeO2
nanoparticles. Selected Area Electron Diffraction pattern in figure 2.13(D) indicates
that the CeO2 nanoparticles are polycrystalline in nature. The electron diffraction
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pattern of the CeO2 nanoparticles was also consistently indexed as that of cubic
cerium (IV) oxide with fluorite structure [76].
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Figure 2.13: (A) TEM micrograph recorded from drop-cast films of CeO2
nanoparticle solution formed by the reaction of cerium nitrate with the fungal
biomass of Humicola sp. for 96 h. (B) Particle size distribution determined from TEM
microgaph. (C) HR-TEM image of CeO2 nanoparticles showing inter planar distance.
(D) Selected Area Electron Diffraction (SAED) pattern recorded from the CeO2
nanoparticles.
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X-Ray Diffraction (XRD) measurements
Figure 2.14 represents the powder X-Ray Diffraction (XRD) pattern of the
biosynthesized CeO2 nanoparticles. The well resolved peaks in the XRD pattern can
be indexed to {111}, {200}, {220}, {311}, {222}, {400}, {331} and {420} crystal
planes of CeO2 nanoparticles. The apparent broadening of the diffraction peaks is
ascribed to the small size of cerium oxide nanoparticles [76].
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Figure 2.14: XRD pattern of biosynthesized Cerium oxide (CeO2) nanoparticles

Fourier Transform Infrared Spectroscopy (FTIR) measurements
Figure 2.15 shows Fourier Transform Infrared Spectroscopy (FTIR) measurement for
precursor cerium nitrate (curve 1) and CeO2 nanoparticles [as – synthesized (curve 2)
and calcined at 300oC for 3h (curve 3)]. In curve 2, cerium oxide nanoparticles (as –
synthesized) shows sharp vibrations centered at 500,725,825 and 962 cm-1. The peak
at 500 and 962 cm-1 may be attributed to Ce—O vibrations whereas peaks at 725 and
825 cm-1 may arise from Ce—O—Ce vibrations. [66]. Also, vibration bands at 1620
and 1690 cm-1 in curve 2 may be attributed to amide I and amide II bands respectively
arising from protein moieties present in the biosynthesized CeO2 nanoparticles [67].
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Calcination of CeO2 nanoparticles (curve 3) accompanied by the disappearance of

962cm-1

825cm-1

725cm-1

500cm-1

amide bands also improves the crystallinty of CeO2 nanoparticles.

Figure 2.15: (1) FTIR spectra recorded from powder of Cerium nitrate hexahydrate
(CeN3O9.6H2O) (2) CeO2 nanoparticles synthesized using Humicola sp. before and
(3) after calcination at 300oC for 3h.

X-ray Photoemission Spectroscopy (XPS)
Figure 2.16 shows the XPS spectra of biosynthesized cerium oxide (CeO2)
nanoparticles. The Ce (3d) XPS spectrum (Figure 2.16 A) consists of a spin orbit split
doublet, with the Ce (3d5/2) and Ce (3d3/2) peaks at 883.34, 886.43, 897.90 and
903.20 eV. The peaks at 883.34 and 897.90 eV can be attributed to Ce+4 oxidation
states while the peaks at 886.43 and 903.20 eV emanate from Ce+3 oxidation states of
cerium [77]. Hence, from the XPS spectrum it is confirmed that the cerium sample
contains mixed oxidation states (Ce+4 and Ce+3) which can be very useful in free
radical quenching and in various biological applications [78]. The C (1s) XPS
spectrum is shown in Figure 2.16 (B) showing three peaks at 284.04, 285.13 and
286.42 eV and can be attributed to α-carbon, hydrocarbon chains and –COOH
respectively of the proteins associated with CeO2 nanoparticles. The O (1s) XPS
spectrum (Figure 2.16 C) is represented by two distinct peaks at 530.23 and 531.40
eV which can be assigned to Ce+4 and Ce+3 oxidation states of cerium [78]. Figure
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2.16 (D) presents the N (1s) XPS spectrum of CeO2 nanoparticles showing two peaks
at 399.7 and 401.6 eV and can be attributed to amino group NH2 and ammonium
group NH3+ respectively which are present in the capping protein of CeO2
nanoparticles [78]. The signals emanating from carbon and oxygen in CeO2 samples
are a clear indication of the presence of proteins and confirms their role in
biosynthesis of CeO2 nanoparticles and subsequent capping.
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Figure 2.16: XPS data showing the (A) Ce 3d, (B) C 1s (C) O 1s and (D) N1s core
level spectra recorded from biosynthesized CeO2 nanoparticles film - cast onto a Si
substrate. The raw data are shown in the form of symbols, while the chemically
resolved components are shown as solid lines and are discussed in the text.
Thermogravimetric Analysis (TGA) and Differential Thermo Analysis (DTA)
Figure 2.17 shows the Thermogravimetric Analysis (TGA) and Differential Thermo
Analysis (DTA) of the biosynthesized cerium oxide nanoparticles in air.TGA curve
indicates a slight weight loss of 15 % below 200 oC at around 150 oC accompanying a
slight endothermic peak in DTA curve. This decomposition of mass and endothermic
peak may be attributed to the removal of adsorbed water from CeO2 nanoparticles. A
further 45% weight loss was seen at ca 320oC which is mainly due to the loss of
biomolecules (unbound proteins) from CeO2 nanoparticles, thus causing a sharp
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exothermic peak. Further heating of the sample results in more weight loss of around
60% at 600oC. This weight loss can be attributed to the removal of capping molecules
involved in the capping of CeO2 nanoparticles with the accompanied appearance of a
very sharp exothermic peak. Further heating of the sample above 600 oC did not show
any weight loss which can be confirmed by the appearance of a plateau. This
corresponds most likely to the crystallization of CeO2 nanoparticles.

Figure 2.17 TGA and DTA curves for biologically synthesized CeO2 nanoparticles.
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Energy Dispersive Analysis of X-rays (EDAX) measurements
Figure 2.18 shows the Energy Dispersive Analysis of X-rays (EDAX) measurement
of biosynthesized cerium oxide nanoparticles which show cerium in small amounts,
since biosynthetic protocols of nanoparticles account for a low yield. Signals are also
observed for C, O and N. The signals for C, O and N are due to the proteins that are
capped onto the surface of the nanoparticles. The highest peak corresponds to silica
which is used as a template for analyzing the sample.

Figure 2.18 EDAX spectrum of cerium oxide (CeO2) nanoparticles.
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Summary
In this chapter we have shown that the mesophilic fungus Fusarium oxysporum can be
used for the bioleaching of waste material such as fly-ash in order to produce
crystalline protein capped silica nanoparticles extracellularly at ambient temperature.
When the fungus Fusarium oxysporum is exposed to flyash, it is capable of leaching
out silica nanoparticles of quasi-spherical morphology within 24h of reaction. These
silica

nanoparticles

were

then

characterized

by

UV-vis

spectroscopy,

Photoluminescence (PL), Transmission electron microscopy (TEM), X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR) and Energy dispersive
analysis of X-rays (EDAX).
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3.1 Introduction
Bioleaching may be described as an interaction between metals and microorganisms
that causes the solubilization of metal and is based on the ability of microorganisms to
transform solid compounds, thus resulting in soluble and extractable elements which
can be recovered [1]. The ability of a variety of microorganisms to mobilize and leach
metals from solid materials is based on three principles, namely (i) the transformation
of organic or inorganic acids (protons); (ii) oxidation and reduction reactions; and (iii)
the excretion of complexing agents. Metals can be leached either directly
(i.e., physical contact between microorganisms and solid material) or indirectly
(e.g., bacterial oxidation of Fe2+ to Fe3+ which catalyses metal solubilization as an
electron carrier) [1]. Microbial leaching technologies have been used on an industrial
scale for the recovery of copper, gold, uranium and zinc from low-grade ores or from
low-grade mineral resources [2]. Several groups of microorganisms, plants and
animals are used in bioleaching: autotrophic bacteria, heterotrophic bacteria,
actinomycetes, lichens, algae, mosses and fungi. The use of autotrophic
Acidithiobacilli is advantageous because no organic carbon source is needed for their
growth. On the other hand, heterotrophic bacteria and fungi can be used with higher
pH (i.e., alkaline and acid-consuming materials) [3]. The most effective and common
bacteria for metal solubilization belong to the genus Acidithiobacillus, of which the
two chemolithoautotrophs Acidithiobacillus ferrooxidans and A. thiooxidans are of
industrial importance. In addition, the Aspergillus and Penicillium genera are the most
well studied fungi used in bioleaching studies.
The unexpected spurt in global industrial activities, which was in a way essential to
sustain the phenomenal rise in population, resulted in progressive deterioration of the
ecosystem due to discharge of highly polluted effluents in the forms of liquids, solids
and gases. Technologists have been striving to develop eco-friendly and sustainable
processes in order to arrest the rapid degradation in the ecosystem. Therefore,
concerted efforts are put to develop eco-friendly processes especially in the fields of
mineral processing and extraction of metals, which have been the mainstay of world
economy [4]. Usually, metal values are recovered from the respective ores through
pyro- and hydro-metallurgical routes or a combination of both. But due to gradual
depletion of high-grade ores, efforts are now being directed to recover metal values
from wastes, complex and lean ores, which otherwise cannot be treated by
conventional routes economically [5, 6]. The reuse of such materials not only
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conserves the non-renewable resources but also solves the problem of environmental
degradation, which would otherwise have polluted the environment.
Fly- ash is the finest coal combustion product generated during the burning of
pulverized coal for power generation. Consisting of small particles of inorganic
minerals, with some carbon, it is characterized by high flow ability due to its nearspherical particle shape. Because of its mineral chemistry, particularly rich in silica, it
normally exhibits pozzolanic and sometimes cementitious behavior. It is therefore an
important (cost-reducing) additive in cement and can also be used to stabilize loose
soils for geotechnical engineering. One common type of fly ash is generally
composed of crystalline compounds such as quartz, mullite and haematite, glassy
compounds such as silica glass and other oxides. Hence, bioleaching of fly-ash can
result in an economical recovery of these commercially important compounds. From
this point of view, the fly-ash could be considered as an “artificial ore”. In this work,
we have demonstrated that the fungus Fusarium oxysporum can be used for
bioleaching of fly-ash to obtain highly crystalline silica nanoparticles. Silica
nanoparticles have always been a center of attraction for researchers due to their
innumerable technological applications and biological importance. Silica finds its
application in various industrial processes such as catalysis, pigments, pharmacy,
electronic and thin film substrates, electronic and thermal insulators and humidity
sensors [7]. Nano silica also plays an important role in silica-based materials such as
resins, catalysts and molecular sieves [8]. Silica nanoparticles have started gaining
their importance in biology and medicine also. Bioconjugated and doped silica
nanoparticles in particular are very important in cancer cell imaging [9], ultrasensitive
single bacterium detection [10], DNA and microarray detection [11], bar-coding tags
[12], separation and purification of biological molecules and cells [13] and gene/drug
delivery [14]. Biological synthesis of silica nanoparticles has been reported mainly by
the activities of simple aquatic life forms including unicellular organisms like
radiolarians, diatoms and synurophytes and also multicellular sponges [15]. Three
families of cell wall proteins (frustulins, pleuralins and silaffins) from the diatom
Cylindrotheca fusiformis have been isolated and characterized [16]. Also, extremely
long chain polyamines have been discovered as an important constituent of silica [17].
It has been revealed that frustulins and pleuralins are not involved in silica formation
because they become associated with the silica only after its deposition on cell wall
[18]. In contrast, silaffins and polyamines exert a drastic influence on in vitro silica
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formation and thus show direct involvement in silica nanoparticle synthesis [19].
Although there have been huge number of reports mentioning biological synthesis of
amorphous and crystalline silica that uses chemical precursors which biotransformed
into silica nanoparticles, the concept of silica bioleaching is very rarely encountered
in literature. Bansal and co-workers have demonstrated that the fungus Fusarium
oxysporum could be used for selective bioleaching of crystalline silica nanoparticles
from white sand and zircon sand [20, 21]. In another experiment carried out by the
same group, it has been shown that F. oxysporum when exposed to rice husk, is not
only capable of leaching out huge amounts of amorphous silica present in the rice
husk in the form of flat, porous silica nanostructures; but more interestingly, the
fungus also biotransforms this amorphous silica into crystalline silica particles at
room temperature [22]. Similarly, Kulkarni and co-workers have obtained silicate
nanoparticles using fungus Humicola sp. at 50oC by bioleaching of glass with the
accompanied modification of the glass surface [23]. Bioleaching has become a
potential tool for eco-friendly, low-cost synthesis of various metals from their
precursors. Inorganic materials produced by organisms via bioleaching at commercial
level include various metals like copper, iron and gold. In this chapter, we have
extended this issue of fungal bioleaching and describe our efforts to set up a
biological model system for the extracellular bioleaching of silica nanoparticles from
waste material such as fly-ash obtained from thermal power plants. The replacement
of chemical precursors with naturally available materials, in turn, makes the process
completely biogenic, economical and eco-friendly.
We show that the fungus F. oxysporum, when exposed to fly-ash, is capable of
leaching out silica nanoparticles of quasi-spherical morphology within 24h of
reaction.

3.2 Materials and Methods
Fly-ash was obtained from thermal power plant (Chandrapur, Maharashtra, India),
malt extract, yeast extract, glucose and peptone were obtained from HiMedia and used
as-received.

3.3 Bioleaching of fly-ash for the production of silica nanoparticles
The mesophilic fungus Fusarium oxysporum was isolated from plant material and
maintained on MGYP (malt extract, glucose, yeast extract and peptone) agar slants.
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Stock cultures were maintained by sub culturing at monthly intervals. After growing
the fungus for 96h, the slants were preserved at 15°C. From an actively growing stock
culture, subcultures were made on fresh slants and after 96h of incubation were used
as the starting material for fermentation experiments. For the bioleaching of fly-ash
and subsequent production of silica nanoparticles, the fungus was grown in 250 ml
Erlenmeyer flasks containing 100 ml of MGYP medium which is composed of malt
extract (0.3%), glucose (1%), yeast extract (0.3%) and peptone (0.5%). The culture
was grown with continuous shaking on a rotary shaker (200 rpm) at 25°C for 96h.
After 96h of fermentation, mycelial mass were separated from the culture broth by
centrifugation (5000 rpm) at 20°C for 20 min and then the mycelia were washed
thrice with sterile distilled water under sterile conditions. The harvested mycelial
mass (60 g of wet mycelia) was then resuspended in 10g of flyash in 500 ml
Erlenmeyer flask. The whole mixture was put onto a shaker at 25°C (200 rpm) and
maintained in the dark.

3.4 Characterization of bioleached silica nanoparticles
UV-visible spectroscopy measurement
Aliquots of the bioleached silica nanoparticles were removed at regular intervals and
UV-vis spectrophotometric measurements were carried out on a Perkin Elmer dualbeam spectrophotometer (Model lambda 750) operated at a resolution of 1 nm.

Photoluminescence (PL) measurements
Aliquots of the reaction mixture were removed at regular intervals and subjected to
the fluorescence measurements, which were carried out using a Perkin-Elmer LS 50B
luminescence spectrophotometer.

Transmission Electron Microscopy (TEM) measurements
The size and shape analysis of bioleached silica nanoparticles was done on a TECHNAI
G2 F20 S-TWIN instrument operated at voltage of 200 KV. HR-TEM measurements
were carried out on a TECHNAI G2 F30 S-TWIN instrument (Operated at an
acceleration voltage of 300 kV with a lattice resolution of 0.14 nm and a point image
resolution of 0.20 nm).For this purpose, the samples were prepared by drop-coating the
particles suspended in aqueous medium on carbon coated copper grids. Selected area
electron diffraction (SAED) analysis was carried-out on the same grids.
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X - Ray Diffraction pattern (XRD) measurements
XRD patterns were recorded using a PHILIPS X’PERT PRO instrument equipped
X’celerator, a fast solid-state detector on drop-coated sample on glass substrate. The
sample was scanned using X’celerator with a total number of 121 active channels.
Iron-filtered Cu Kα radiation (λ=1.5406 Å) was used. XRD patterns were recorded in
the 2θ range of 20°- 80° with a step size of 0.02° and a time of 5 seconds per step at
40 kV voltage and a current of 30 mA.

Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectroscopy measurements on bioleached silica nanoparticles powder taken in
KBr pellet were carried out using a Perkin–Elmer Spectrum One instrument.
Spectrometer was operated in the diffuse reflectance mode at a resolution of 2 cm-1.
To obtain good signal to noise ratio, 128 scans of the film were taken in the range of
450 – 4000 cm-1.

Energy Dispersive Analysis of X-rays (EDAX)
Energy Dispersive Analysis of X-rays (EDAX) measurements of the bioleached silica
nanoparticles were carried out on a Leica Stereoscan-440 SEM equipped with a
Phoenix EDAX attachment. EDAX spectra were recorded in the spot-profile mode by
focusing the electron beam onto a region on the surface coated with bioleached silica
nanoparticles.

3.5 Results and Discussions
UV-vis Spectroscopy measurement
Figure 3.1 shows the UV-visible spectroscopy measurements of the bioleached silica
nanoparticles after a reaction of 24h between the fungus Fusarium oxysporum and flyash. The UV-visible spectrum shows a prominent absorption at ca 275 nm and a slight
absorption edge at ca 350 nm. Absorption at 275 nm can be assigned to the presence
of aromatic amino acids such as tryptophan, tyrosine and phenylalanine [24]. These
amino acids are present in the proteins and enzymes secreted by the fungus while
leaching of fly-ash, thus confirming the role of certain biomolecules in the
bioleaching process. When the fungal biomass reacts with fly-ash, the specific
proteins and enzymes secreted by the fungus in response to stress conditions act
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predominantly on the silica component of fly-ash, since it has been reported that
Fusarium oxysporum is having more affinity towards silica [21]. This interaction of
proteins and enzymes results in the formation of an enzyme-silicic acid complex
(initial bioleached product). This siliceous complex will be hydrolyzed by the action
of specific hydrolyzing enzymes again secreted by the fungus. This siliceous complex
which is present within biomass will be then released into the solution in the form of
silica nanoparticles. Since fly-ash comprises mainly of silica, mullite and silimanite
(SiO2, Al6Si2O13 and Al2SiO5 respectively), at this point of time we are not sure about
the silica component on which the enzymes are acting upon. The source of bioleached
silica nanoparticles, which are released into the solution, may be of the nascent silica
or mullite/silimanite or all the silica constituents present in the fly-ash. The absorption
edge at ca 350nm thus can be attributed to bioleached silica nanoparticles which are
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released into the solution extracellularly.
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Figure 3.1: UV-visible spectroscopy measurements of the bioleached silica
nanoparticles after a reaction of 24h between the fungus Fusarium oxysporum and
fly-ash.
Photoluminescence measurements (PL)
Figure 3.2 shows the photoluminescence (PL) spectrum of bioleached silica
nanoparticles after reaction of 24h between the fungus Fusarium oxysporum and flyash. When extracellular solution of bioleached silica nanoparticles is excited at
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360nm, an emission band at 442 nm is observed. This phenomenon of
photoluminescence occurs when there is interface between Si nanocrystals in SiO2
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matrix at nanoscale size regime [25].
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Figure 3.2: Photoluminescence spectrum of bioleached silica nanoparticles obtained
after 24h reaction between Fusarium oxysporum and fly-ash. (λ excitation = 360nm
and λ emission = 442nm).

Transmission Electron Microscopy (TEM) measurements
Figure 3.3 (A) shows a representative TEM image of fly-ash (control) showing bigger
particles. Figure 3.3 (B) shows a representative TEM image of bioleached silica
nanoparticles obtained after reacting fly-ash with Fusarium oxysporum for 24h.The
particles are polydispersed and irregular in shape. Inset in figure 3.3 (B) shows Selected
Area Electron Diffraction (SAED) analysis of bioleached silica nanoparticles. The
diffraction spots in the SAED pattern could be well indexed based on the silica structure
[26]. Figure 3.3 (C) represents a particle size distribution histogram of bioleached silica
nanoparticles showing that the particles are in the range of 22-28 nm with an average
diameter of 24 nm. HR-TEM analysis of bioleached silica nanoparticles (figure 3.3 D)
revealed the inter planar distance to be 2.20 Å which corresponds to the plane {048} of
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SiO2. The TEM and SAED results clearly show that silica nanoparticles are leached out
from the fly-ash by the fungus Fusarium oxysporum.
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Figure 3.3: (A) represents the TEM image of fly-ash (control) (B) represents the TEM
image of bioleached silica nanoparticles obtained after reacting fly-ash with Fusarium
oxysporum for 24h. Inset shows Selected Area Electron Diffraction (SAED) analysis of
bioleached silica nanoparticles (C) Particle size distribution analysis calculated from
TEM image. (D) HR-TEM image of bioleached silica nanoparticles.

X - Ray Diffraction (XRD) measurements
Figure 3.4 represents the X-ray diffraction analysis of bioleached silica nanoparticles
obtained after reacting fly-ash with Fusarium oxysporum for 24h.The XRD pattern of
silica nanoparticles showed peaks at {031},{219}, {318}, {042},{3110}, {422}, {048},
{051}, {514}, {057}, {622} and {631} in the 2θ range 20–80 o and agree well with
crystalline polymorph of silica [26]. The broadened XRD peaks reflect the small size of
silica nanoparticles. It is important to note here that even though the particles are
capped by proteins, presence of proteins does not compromise with the crystallinity of
the bioleached silica nanoparticles which can be confirmed by the occurrence of sharp
Bragg reflections even without calcinations of as-bioleached silica particles.
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Figure 3.4: X-ray diffraction (XRD) analysis of bioleached silica nanoparticles
obtained after reacting fly-ash with Fusarium oxysporum for 24h.
Fourier transform infrared spectroscopy (FTIR) analysis
Figure 3.5 (A) represents the fourier transform spectroscopy analysis of bioleached
silica nanoparticles obtained after reacting fly-ash with Fusarium oxysporum for
24h.The FTIR spectrum shows a sharp peak at ca 1100cm-1. This peak can be
assigned to the Si–O–Si antisymmetric stretching mode of silica [27]. Thus; it is made
very clear that the silica nanoparticles are leached out by the fungus in the
extracellular solution. The FTIR spectrum given in figure 3.5 (B) shows the presence
of two peaks at ca 1641 and 1540 cm-1 which can be assigned to amide I and amide II
bands respectively. These amide bands may emanate from the proteins present in the
silica particles which have been released in the solution by the fungus during the
reaction with fly-ash.
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Figure 3.5: (A) FTIR spectrum of bioleached silica nanoparticles obtained after
reacting fly-ash with Fusarium oxysporum for 24h.(B) FTIR spectrum of bioleached
silica nanoparticles showing amide bands.
Energy Dispersive Analysis of X-rays (EDAX)
Figure 3.6 represents the Energy Dispersive Analysis of X-rays (EDAX) spectrum of
bioleached silica nanoparticles obtained after reacting fly-ash with Fusarium oxysporum
for 24h. The spectrum shows a sharp peak at 1.74 KeV and at 0.51 KeV corresponding
to Si and O respectively. The presence of Si and O in the bioleached sample confirms
the presence of silica nanoparticles. These results are in good agreement with the XRD
analysis (figure 3.4) confirming the bioleaching of fly-ash by the fungus accompanied
by the predominant release of silica nanoparticles in the solution (filtrate).The spectrum
also shows the signals of C, N, and S confirming the presence of proteins in the silica
nanoparticles. Signals of Cu can be assigned to the copper (substrate) used for the
analysis of sample.

Figure 3.6: EDAX spectrum of bioleached silica nanoparticles obtained after reacting
fly-ash with Fusarium oxysporum for 24h.
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Summary
In this chapter, we have shown that the thermophilic fungus Humicola sp. can be used
not only for the production of technologically viable large scale synthesis of TiO2
nanoparticles but also for the transformation of shape, phase and size of bulk anatase
TiO2 powder. When the fungus Humicola sp. was incubated with disc shaped micron
size anatase TiO2 powder at 50oC for 96h, the fungus biotransformed the disc shaped
micron sized anatase powder into circular nanosized brookite phase of TiO2. The
biotransformed protein capped TiO2 nanoparticles were having diameter of 2-4nm and
were characterized by UV-vis spectroscopy, Photoluminescence measurements (PL),
Transmission Electron Microscopy (TEM), X-Ray Diffraction (XRD), Fourier
Transform Infrared (FTIR) spectroscopy, X-ray Photoemission Spectroscopy (XPS),
and Energy Dispersive Analysis of X-rays (EDAX). .
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4.1 Introduction
Titanium dioxide i.e. TiO2 or titania exists in both crystalline and amorphous forms.
Titanium dioxide mainly exists in three crystalline polymorphs namely anatase, rutile
and brookite. These three polymorphs have different crystalline structures. Anatase
and rutile have tetragonal structure, whereas brookite is orthorhombic [1-8]. Anatase
and brookite are meta stable phases, whereas rutile is the most stable phase. Brookite
and anatase convert to rutile when they are calcined at higher temperatures [9, 10].
The phase transition temperature varies with the method of preparation of the
powders. Brightness and high refractive index of the titanium dioxide powder makes
it useful in applications like paints and pigments. It is being employed as a pigment to
provide whiteness and opacity to products like paints, coatings, plastics, papers, inks,
foods and toothpastes [11-13]. It is also being used as a pigment and thickener in
cosmetic and skin care products. Almost every sun-block contains titanium dioxide
because of its high refractive index and its resistance to discoloration under ultraviolet
light. This enhances its ability to protect the skin from ultraviolet light. Hence, this
pigment is being used extensively in plastics and other applications for its UV
resistant properties where it acts as a UV reflector [13-16]. Titanium dioxide is the
most promising compound for photocatalysis applications. TiO2 is stable in aqueous
media and is tolerant to both acidic and alkaline solutions. It is inexpensive,
recyclable, reusable and is relatively simpler to produce. Most importantly, its band
gap is appropriate to initiate a variety of organic reactions as the redox potential of
H2O/OH_ lies within the band gap. The large band gap of TiO2, 3.2 eV, lies in the UV
range of the electromagnetic spectrum. This allows only 5-8% of sunlight that has the
required energy to be useable for photocatalysis. Therefore, a visible-light activated
catalyst would be much more efficient and effective. There are several known ways to
increase the efficiency of a photocatalyst. Tailoring the band gap of TiO2 to allow for
visible light photocatalysis may be accomplished by reducing the particle size [17],
metal - ion doping [18–20], or electronegative atom doping [21, 22]. Anatase and
rutile have been of interest to many researchers for a long time [23, 24]. The
properties and applications of brookite phase are comparatively new. Much less
attention has been given to the properties and applications of this phase due to the
difficulty in producing pure brookite particles. Commercially available anatase phase
TiO2 nanoparticles can serve as antimicrobial agents via UV light activation.
However, brookite phase nanoparticles, due to their smaller particle size may increase
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the efficiency of TiO2 nanoparticles to inhibit bacterial growth by promoting a greater
surface area contact ratio which subsequently causes cell death in less time than
anatase phase nanoparticles.
To date, much effort is focused on the chemical and physical synthesis of titania
nanomaterials; while there are only a few efforts concerning their bio-inspired
synthesis [25-32]. For example, Morse et al. found that silicatein, an enzymatic
biocatalyst purified from the glassy skeletal elements of a marine sponge is also
capable of catalyzing and templating the hydrolysis and subsequent polycondensation
of a water-stable alkoxide-like conjugate of titanium to form titanium dioxide at low
temperature and pressure and neutral pH. Sewell and Wright reported that the R5
peptide, a bio-inspired analogue derived from the NatSil protein in Cylindrotheca
fusiformis can form titanium dioxide in a concentration-dependent manner from the
non natural substrate titanium bis (ammonium lactato) dihydroxide. Yajun et al. have
shown that Protamine, a kind of cationic protein extracted from sperm nuclei, was
employed for the first time in vitro to induce the formation of a titania/protamine
nanoparticle composite from a water-stable titanium precursor, titanium (IV) bis
(ammonium lactato) dihydroxide (Ti-BALDH). Inspite of all these reports on the
biological synthesis of TiO2 nanoparticles, brookite phase still remains the least
studied and explored one. In this work, we have examined a different fungus based
approach to the synthesis of brookite TiO2 nanoparticles wherein we start with micron
sized particles of the parent material instead of soluble precursors. Remarkably, we
found that fungal processing of such large sized powders bioleaches them and
transforms them into nanoparticles which are of a different phase (brookite) and shape
(circular) as compared to the parent materials (anatase, disc shaped powder). Since
processing of bulk powders is a relatively easy process, using such powders directly
for top-down nanosynthesis may be an attractive alternative for the technology as
compared to scaling-up of precursor based bottom-up nanosynthesis [33]. Bioleaching
is a well known process in the context of metal extraction from minerals [34-36].
Although bioleaching is accomplished by several bio-organisms such as bacteria and
fungi, its effectiveness varies for different organisms and different conditions [37, 38].
Several

mechanisms

such

as

acidolysis,

complexolysis,

redoxolysis

and

bioaccumulation are suggested to be involved in bioleaching [39]. As compared to
bacterial leaching, fungal leaching has the advantages of the ability to grow under
higher pH, thereby being more suitable for bioleaching of alkaline solids and enabling
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relatively faster leaching [40]. Nanosynthesis is an ever expanding frontier in recent
years in view of its implications to many future technologies covering diverse fields.
Considerable progress has been made realizing high quality synthesis of elemental
nanomaterials as well as compounds as chemical, biological and physical routes. The
issue of technologically viable large scale synthesis still continues to be a challenge.
Here we demonstrate a novel environmentally friendly top down approach to
nanosynthesis which exploits the strength and peculiarities of fungus based
bioleaching in extracting radicals from compounds and then providing them with a
reactive as well as capping environment. Thus protein capped nanoparticles of TiO2
(2-4 nm, circular and brookite phase) are formed directly from micron size
(150-250 nm, disc shape, anatse phase) powder by exposing them to a medium of
fungus Humicola sp. at just 50 oC. The fungus Humicola sp. is not only useful for the
synthesis of nanoparticles but also for the transformation of shape, phase and size of
TiO2.

4.2 Materials and Methods
Materials: Micron size (TiO2) Anatase Phase was purchased from Fluka, malt
extract, yeast extract, glucose and peptone were obtained from HiMedia and used asreceived.
4.3 Biotransformation of Micron sized Anatase TiO2 to Nano sized Brookite TiO2
The fungus Humicola sp. was maintained on MGYP (malt extract, glucose, yeast
extract, and peptone) agar slants. Stock cultures were maintained by subculturing at
monthly intervals. After growing the fungus at pH 9 and 50°C for 96h the slants were
preserved at 15°C. From an actively growing stock culture, subcultures were made on
fresh slants and after 96h of incubation at pH 9 and 50°C, were used as the starting
material for fermentation experiments. For the biotransformation of TiO2
nanoparticles, the fungus was grown in 250 ml Erlenmeyer flasks containing 100 ml
of MGYP medium which is composed of malt extract (0.3%), glucose (1%), yeast
extract (0.3%) and peptone (0.5%). Sterile 10% sodium carbonate was used to adjust
the pH of the medium to 9. After the pH of the medium was adjusted, the culture was
grown with continuous shaking on a rotary shaker (200 rpm) at 50°C for 96h. After
96h of fermentation, mycelial mass was separated from the culture broth by
centrifugation (5000 rpm) at 20°C for 20 min and then the mycelia were washed
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thrice with sterile distilled water under sterile conditions. The harvested mycelial
mass (20 g of wet mycelia) was then resuspended in 100 ml of 10-3 M aqueous micron
sized anatase TiO2 powder solution in 250 ml Erlenmeyer flasks at pH 9. The whole
mixture was put onto a shaker at 50°C (200 rpm) and maintained in the dark.
4.4 Characterization of biotransformed TiO2 nanoparticles
UV-visible spectroscopy measurements
Aliquots of the biotransformed TiO2 were removed at regular intervals and UV-vis
spectrophotometric measurements were carried out on a Shimadzu dual-beam
spectrophotometer (model UV-1601 PC) operated at a resolution of 1 nm.

Photoluminescence (PL) measurements
Aliquots of the reaction mixture were removed at regular intervals and subjected to
fluorescence measurements, which were carried out using a Perkin-Elmer LS 50B
luminescence spectrophotometer.

Transmission Electron Microscopy (TEM) measurements
The size and shape analysis of TiO2 nanoparticles was done by a JEOL model 1200EX
TEM operated at a voltage of 80 KV. For this purpose, the samples were prepared by
drop-coating the particles suspended in aqueous medium on carbon coated copper grids.
HR-TEM measurements were carried out on a TECHNAI G2 F30 S-TWIN instrument
(Operated at an acceleration voltage of 300 kV with a lattice resolution of 0.14 nm and
a point image resolution of 0.20 nm). Selected area electron diffraction (SAED) analysis
was carried out on the same grids.
X - Ray Diffraction pattern (XRD) measurements
XRD patterns were recorded using a PHILIPS X’PERT PRO instrument equipped
X’celerator, a fast solid-state detector on drop-coated sample on glass substrate. The
sample was scanned using X’celerator with a total number of 121 active channels.
Iron-filtered Cu Kα radiation (λ=1.5406 Å) was used. XRD patterns were recorded in
the 2θ range of 20°- 80° with a step size of 0.02° and a time of 5 seconds per step at
40 kV voltage and a current of 30 mA.
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Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectroscopy measurements on biotransformed TiO2 nanoparticles powder
taken in KBr pellet were carried out using a Perkin–Elmer Spectrum One instrument.
The Spectrometer was operated in the diffuse reflectance mode at a resolution of
2 cm-1. To obtain good signal to noise ratio, 128 scans of the film were taken in the
range of 450 – 4000 cm-1.

Energy Dispersive Analysis of X-rays (EDAX)
Energy Dispersive Analysis of X-rays (EDAX) measurements of the biotransformed
TiO2 nanoparticles were carried out on a Leica Stereoscan-440 SEM equipped with a
Phoenix EDAX attachment. EDAX spectra were recorded in the spot-profile mode by
focusing the electron beam onto a region on the surface coated with biotransformed
TiO2 nanoparticles.

X-ray Photoemission Spectroscopy (XPS)
XPS of the biotransformed TiO2 nanoparticles cast on the Si substrate was carried out
on a VG MicroTech ESCA 3000 instrument.

4.5 Results and Discussions
UV-visible spectroscopy
Figure 4.1 shows the UV-visible spectroscopic measurements of biotransformed TiO2
nanoparticles after 96h of reaction with the fungus Humicola sp. The spectrum shows
first absorption maxima at ca 270 nm which is attributed to the presence of aromatic
amino acids secreted by the fungus in the reaction mixture while biotransforming
TiO2 nanoparticles. These aromatic amino acids may be present in the capping
molecule which is supposed to play a vital role in capping of biotransformed TiO2
nanoparticles [41]. The absorption edge at ca 380 nm corresponds to the well known
signature of self-trapped exciton in TiO2 matrix [42]. For semiconductor materials,
the quantum confinement effect is expected if the semiconductor dimension becomes
smaller than the Bohr’s radius of the exciton and the absorption edge will be shifted to
a higher energy [43]. The high absorption of visible light of biotransformed brookite
TiO2 nanoparticles can be due to higher surface area and smaller particles [44] and
suggests photoactivity of these nanoparticles in the visible light region. The inset in
figure 4.1 shows the optical band-gap energy for biotransformed TiO2 nanoparticles
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which was estimated from a plot of (αhν)2 versus (hν), where α is the molar extinction
coefficient and hν is photon energy. The band gap energy of biotransformed brookite
TiO2 nanoparticles was calculated to be 3.28 eV which is in very good agreement
with reported band gap energy for brookite TiO2 nanoparticles [45].
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Figure 4.1: UV-vis spectrum of biotransformed brookite TiO2 nanoparticles. Inset
shows the corresponding plot of (αhν)2 versus photon energy (hν)(taucsplot) for the
biotransformed brookite TiO2 nanoparticles.
Photoluminescence (PL) measurements
Figure 4.2 shows the Photoluminescence spectrum of biotransformed brookite TiO2
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nanoparticles excited at 330nm and showed an emission peak at ca 413 nm.
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Figure 4.2: Photoluminescence spectrum of the biotransformed brookite TiO2
nanoparticles excited at 330 nm.
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Transmission Electron Microscopy (TEM) measurements
Figure 4.3 shows the TEM images of parent anatase type TiO2 and biotransformed
brookite type TiO2 nanoparticles. From figure 4.3 (A), it is very clear that the parent
anatase type TiO2 are micron size disc shaped particles. Inset in figure 4.3 (A)
confirms their disc shaped morphology. The micron size of anatase type TiO2
nanoparticles is further confirmed by particle size distribution analysis. Figure 4.3 (B)
clearly indicates that the anatase type TiO2 particles are 0.1-0.25 µm in diameter with
0.15 µm as the average size. Figure 4.3 (C) represents the TEM image of
biotransformed brookite type TiO2 particles obtained after reacting anatase type TiO2
particles with fungus Humicola sp. for 96h. Dense population of TiO2 nanoparticles
was found distributed over a large area of TEM grid. The biotransformed TiO2
nanoparticles (Figure 4.3 C) show nearly uniform shape and size. Particles are nearly
spherical in shape and are of 2.0-4.0 nm in size. As can be seen from TEM images the
nanodisc start fragmenting and formed spherical particles to smaller size due to the
reaction with fungal biomass. Now it is clear, this process carries huge technical
advantages over traditional top down methods, which are quite expensive and the
biomilling process provides a very simple and economical route to form smaller
particles. SAED pattern from biotransformed TiO2 nanoparticles (inset, Figure 4.3C)
shows a poly crystalline ring pattern, which has been indexed on the basis of brookite
phase. Three rings were indexed to {121}, {111} and {120} planes, which match well
with the reported values of brookite phase [46]. Particle size distribution from
biotransformed TiO2 nanoparticles (Figure 4.3 D) was performed over 100 particles
and average particle size was found to be 2.0 nm. Figure 4.3 (E) and (F) show the HRTEM images of biotransformd brookite type TiO2 nanoparticles. Clearly resolved
lattice fringes of TiO2 nanoparticles are observed in the image indicating the
crystalline nature of TiO2 nanoparticles. The inter planer spacing (d-spacing) of 3.47
Å and 2.88 Å was assigned to {120} and {121} planes of brookite phase of TiO2
respectively [46].
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Figure 4.3: (A) TEM image of parent anatase type TiO2 particles showing their
micron size and disc shaped morphology. (B)Particle size distribution of anatase type
TiO2 particles obtained from TEM image.(C)TEM image of biotransformed brookite
type TiO2 nanoparticles obtained after 96h of reaction between anatase type TiO2
particles and fungus Humicola sp. ,inset shows SAED pattern of biotransformed
brookite type TiO2 nanoparticles. (D)Particle size distribution of biotransformed
brookite type TiO2 nanoparticles obtained from TEM image. (E) and (F) HR-TEM
images of biotransformed brookite type TiO2 nanoparticles showing inter planer
distance (d spacing).

X-Ray Diffraction (XRD) measurements
Figure 4.4 shows the comparison between parent (precursor) anatase type TiO2 (A)
and biotransformed brookite-type TiO2 (B). The anatase powder shows sharp peaks
reflecting their micron size and identified as anatase phase (JCPDF # 21-1272).This
anatase type TiO2 after reacting with fungus Humicola sp. for 96h at 50oC completely
biotransformed into brookite type TiO2 nanoparticles. Biotransformed brookite-type
TiO2 nanoparticles peaks show considerable broadening suggesting the particle size in
nanometer range (2-4 nm) which corresponds well with TEM images and identified as
brookite phase. All the planes {120}, {111}, {121}, {012}, {201}, {231} and {320}
can be well indexed to the brookite type TiO2 (JCPDF#card no 29-1360) [46].
Katagiri and co-workers have also reported the formation of brookite type TiO2
nanoparticles using lipase enzyme at pH 10 under ambient conditions [31]. Some
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researchers claimed that the presence of sodium cations are essential, [47, 48, 49]
while some others argued that low solution pH and Cl- ions favor brookite formation
[50]. Our results seem to support the former claim, since sodium carbonate has been

Intensity (a.u.)

used to adjust the pH of the reaction mixture.
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Figure 4.4: showing X-ray diffraction (XRD) measurements of (A) Micron sized
anatase- type TiO2 and (B) Biotransformed nanosized brookite-type TiO2.

Fourier Transform Infrared Spectroscopy (FTIR)
Figure 4.5 shows the FTIR spectra of biotransformed brookite TiO2 nanoparticles.
The strong absorption region centered at 695, 834 and 1046 cm-1 can be attributed to
Ti-O-Ti vibrational modes [29, 32]. A weak band at 995cm-1 corresponds to the
excitation of the Ti–O antisymmetric stretching of Ti–O–Ti bonds [51]. The bands
centered at 1625 and 1666cm-1 can be assigned to amide I and amide II bands of
protein respectively which are present in biotransformed brookite TiO2 nanoparticles
[52].
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Figure 4.5: FTIR spectra of biotransformed brookite TiO2 nanoparticles.

Energy Dispersive Analysis of X-rays (EDAX) measurements
Figure 4.7 shows the EDAX analysis (Energy Dispersive Analysis of X-rays) of
biotransformed brookite phase of TiO2 sample indicating the signals from Ti and O in
small amounts, since biosynthetic protocols of nanoparticles account for a low yield
and confirming the presence of TiO2 in the sample. Signals are observed from C, O
and N. The signals for C, O and N are due to the proteins that are capped onto the
surface of the nanoparticles. The highest peak corresponds to silica which is used as a
template for analyzing the sample.

Ph.D.Thesis

Shadab Ali Khan

University of Pune

Chapter 4

110

1000

Intensity(a.u.)

Si

500

C O
Na

Ti
P N

0
0

500

Energy (eV)
Figure 4.7: EDAX measurements carried out on biotransformed brookite TiO2
nanoparticles.

X-ray Photo-emission Spectroscopy (XPS) measurements
Figure 4.8 shows the XPS spectra of biotransformed TiO2 nanoparticles after 96h
reaction between anatase type TiO2 and the fungus Humicola sp. at 50oC.The C (1s)
XPS spectra is given in Figure 4.8 (A) which has three chemically distinct
components centered at 284.8, 286.4 and 290.0 eV. The binding energy peak at
284.8 eV is attributed to the presence of aromatic carbon present in amino acids from
proteins bound to the surface of biotransformed brookite TiO2 nanoparticles [53]. The
C (1s) component centered at 286.4 eV is due to electron emission from adventitious
carbon present in the sample. The binding energy peak at 290.0 eV is attributed to
electron emission from carbons in carbonyl groups (aldehydic or ketonic carbon)
present in proteins bound to the nanoparticles surface [54]. The XPS spectra for
N (1s) (Figure 4.8 B) could be resolved into three chemically distinct components
centering at 398.0 eV, 400. eV and 401.8 eV. These could be assigned respectively to
free N2, neutral amino group NH2 and the positively charged ammonium group NH3+
present in the capping proteins [55]. The O (1s) spectrum (Figure 4.8 C) could be
resolved into two chemically distinct components centering at 530.5 eV and 532.8 eV.
The O 1s component present at binding energy (530.5 eV) can be assigned to Ti–O–
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Ti oxygen while the O(1s) component present at higher binding energy (532.8 eV) is
assigned to mixed contributions from surface hydroxide [56] and C=O group present
in capping proteins. Hence it is very clear that certain proteins are attached with TiO2
nanoparticles and some of them may be responsible for the biotransformation of
anatase to brookite type TiO2 nanoparticles. Few of these proteins may also be
responsible for capping of biotransformed TiO2 nanoparticles, preventing their
aggregation. From Figure 4.8 (D); one can see that the binding energies of Ti2p 3/2 and
Ti2p1/2 are centered at 457.0 and 465.0 eV, respectively. This clearly reveals that the
titanium ions are in the oxidation state IV, corresponding to Ti4+ (TiO2) [57].

Figure 4.8: XPS spectra of biotransformed brookite TiO2 nanoparticles recorded
after 96 h of reaction between anatase type TiO2 and fungus Humicola sp. The core
level spectra were recorded from (A) C1s, (B) N1s, (C) O1s and (D) Ti2p. The raw
data is shown in the form of symbols, while the chemically resolved components are
shown as solid lines and details have been discussed in text.
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Summary
In this particular chapter, sulphite reductase enzyme and low molecular weight protein
which we call capping protein, were purified to homogeneity from the extracellular
broth of alkalothermophilic actinomycete Thermomonospora sp. using Fast Protein
Liquid Chromatography (FPLC) system (on anionic column, mono Q), followed by
elution of these proteins from preparative SDS-PAGE. The molecular weights of the
purified sulphite reductase and capping protein were determined by analytical SDSPAGE and were found to be 43 kDa and 13 kDa respectively. The approximate pI and
Molecular weight of sulphite reductase based on amino acid composition was found
to be 4.6 and 40.6 kDa respectively. Optimum pH and temperature of the purified
sulphite reductase activity were found to be 8 and 50oC respectively. Purified sulphite
reductase and capping protein were then employed for the in vitro synthesis of highly
monodispersed gold nanoparticles. Prominent role of capping protein was also
established in capping and stabilization of gold nanoparticles. Formation of gold
nanoparticles was then confirmed by visual inspection, UV-vis spectroscopy,
Transmission Electron Microscopy (TEM), X-Ray Diffraction (XRD), Fourier
Transform Infrared (FTIR) spectroscopy and X-ray Photoemission Spectroscopy
(XPS).

Ph.D.Thesis

Shadab Ali Khan

University of Pune

Chapter 5

116

5.1 Introduction
The choice of an environmentally compatible solvent system, an eco-friendly
reducing agent and a nonhazardous capping agent for the stabilization of the
nanoparticles are the three main criteria for a totally ‘green’ nanoparticle synthesis.
For these reasons, there is a current drive to integrate all the ‘green chemistry’
approaches to design environmentally benign materials and processes [1, 2]. Use of
biological organisms such as microorganisms, plant extracts or plant biomass [3, 4]
and biological molecules such as glucose [5, 6], amino acids [7–9], enzymes [10–12]
or polypeptides [13, 14] could be an alternative to chemical and physical methods for
the production of metal nanoparticles in an eco-friendly manner. Although a very
large number of biological systems in general and microbial systems in particular are
capable of producing metal nanoparticles, mechanism of nanoparticle biosynthesis
still remains a mystery for researchers. One such mechanism of metal nanoparticle
biosynthesis by microorganisms is bioreduction [15]. In microbial bioreduction
processes, myriads of proteins, carbohydrates and biomembranes are involved [16].
Nanoparticles are formed on cell wall surfaces and the first step in bioreduction is the
trapping of the metal ions onto this surface. This probably occurs due to the
electrostatic interaction between the metal ions and positively charged groups in
enzymes present at the cell wall. This may be followed by enzymatic reduction of the
metal ions, leading to the formation of nanoparticles [17]. The microbial cell reduces
metal ions by use of specific reducing enzymes like NADPH dependent reductases
[18]. The metabolic complexity of viable microorganisms often complicates the
analysis and identification of active species in the nucleation and growth of metal
nanoparticles. Strategies such as enzymatic oxidation or reduction, absorption on the
cell wall and, in some cases, subsequent chelating with extracellular peptides or
polysaccharides have been developed and used by microorganisms [19].
Many things about the biochemical and molecular mechanism of enzyme mediated
reactions such as reductions and oxidations needs a complete study since most often
these processes remain unknown and should be revealed. In fact, the biochemical
mechanisms refer to finding materials like enzymes, which may mediate the
biosynthesis mechanism. The studies of the enzyme structure and the genes which
code these enzymes may help improve our understanding of how metal nanoparticle
synthesis is performed. Improvements in chemical composition, size and shape and
dispersity of generated nanoparticles could allow the use of nanobiotechnology in a
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variety of other applications [20, 21]. In vitro biomolecule assisted synthesis could
also overcome the problems such as size, shape, stability, etc. Exposure of
microorganisms to high concentration of metal ions is known to result in the secretion
of enzymes and proteins [22]. These proteins and enzymes in return could
reduce/oxidize metal ions to form corresponding nanoparticles [23]. Since
nanoparticle formation involves oxidation/reduction reactions, attempts were made to
look for oxidoreductases in the extracellular broth of Thermomonospora sp., purify
and characterize them to evaluate their role in the synthesis of nanoparticles. This
chapter is divided into two parts. In the first part we have purified sulphite reductase
enzyme and capping molecule (low molecular weight protein). In the second part, in
vitro synthesis of gold nanoparticles using sulphite reductase and capping protein has
been discussed.

5.2

Purification

of

sulphite

reductase

and

capping

protein

from

Thermomonospora sp.
5.2.1 Materials
Malt extract, yeast extract, glucose, bacteriological peptone ( Hi Media ), Mono Q
FPLC column (Biorad), Molecular mass markers (G. E. Healthcare), sodium
carbonate,

dialysis tubing,

acrylamide,

TEMED,

SDS,

2

(N-Morpholino)

ethanesulfonic acid (MES), nicotinamide adenine dinucleotide phosphate (NADP),
(NADPH), Coomassie Brilliant Blue G-250, SDS, sodium sulphite, (Sigma Chemicals
Co., St Louis, MO, U.S.A) were used. All other chemicals used were of analytical
grade.

5.2.2 Microorganism and growth conditions
An alkalothermophilic (extremophilic) actinomycete, Thermomonospora sp., having
optimum growth at pH 9 and 50°C was isolated from self-heating compost obtained
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
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developed numerous special adaptations to survive in such extreme habitats, which
include new mechanisms of energy 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
96h and the slants were preserved at 15°C. From an actively growing stock culture,
subcultures were made on fresh slants and after 96h of incubation at pH 9 and 50°C,
were used as the starting material for fermentation experiments.

5.2.3 Methods
For the enzyme and protein purification, the actinomycete, Thermomonospora sp.,
was grown in 250 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 %). 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 72 h. The mycelia (cells) were then separated from the culture broth by
centrifugation (5000 rpm) at 10°C for 20 minutes and were washed thrice with sterile
distilled water under sterile conditions and then suspended in 100 ml sterile distilled
water (Sterile 10 % sodium carbonate was used to adjust the pH to 9) in 250 ml
Erlenmeyer flask for 72 h under shaking (200 rpm) conditions. The supernatant was
collected by centrifugation, concentrated by lyophilization, dialyzed extensively
against Milli Q water followed by dialysis (12kD, cut off membrane) against 20mM
MES buffer at pH 6.0 and used as a source of enzyme.

Protein determination
Protein concentration was determined according to Lowry et al. [24], using BSA as
standard. However, during enzyme purification steps, protein concentrations were
determined using the formula 1.55 A280 – 0.76 A260 = protein (mg/ml) [25].

Detection of gold nanoparticles synthesis
This was carried out by mixing 100 µl of the extracellular broth of Thermomonospora
sp. with 1 ml each of 1 mM AuCl4 and NADPH following the color development.
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Formation of ruby-red color indicates the presence of reductases in the extra cellular
broth.

Enzyme assay
Determination of sulphite reductase activity: This was carried out according to
Yashimoto et al. (1968) [26]. The total reaction mixture of 1.5 ml contained 1.0 mM
of freshly prepared sodium sulphite, in 100 mM MES buffer, pH 6.0, containing
1.0 mM EDTA, 0.15 mM NADPH and appropriately diluted enzyme. The reaction
was initiated by the addition of NADPH followed by incubation at 50oC. The
oxidation of NADPH was monitored spectrophotometrically at 340 nm. Enzyme
samples incubated in the absence of sodium sulphite served as blank. One unit of
sulphite reductase activity is defined as the amount of enzyme required to oxidize 1
mole of NADPH/min under the assay conditions.

Two-dimensional electrophoresis (2-DE)
Protein samples were precipitated on ice with 100%TCA and the final concentration
was adjusted to 10%. Precipitate was recovered by centrifugation at 10,000 rpm at
4°C for 10min and washed twice with chilled acetone and dried in air. Protein
precipitate (125 µg) was resuspended in 2D-rehydration buffer (8M urea, 2% CHAPS,
50mM dithiothretiol (DTT) 0.2% (w/v) Bio-Lyte 3/10 ampholytes and trace amount
of Bromophenol blue). Protein samples were loaded by in-gel rehydration method
onto a 7cm precast immobilized pH gradient IPG strip (pH 3–10) and isoelectrofocusing (IEF) was performed on a PROTEAN IEF Cell from Bio-Rad at 20°C
for 10,000V-hr with the end voltage of 4000V. After IEF was achieved, the strip was
reduced in equilibration buffer. The strip was then loaded on a 10% Polyacrylamide
gel and resolved by SDS-PAGE. Protein spots were visualized by staining with
Coomassie brilliant blue R-250.

Purification using Fast Protein Liquid Chromatography (FPLC)
Initial

fractionation

of

concentrated

and

dialyzed

extracellular

broth

of

Thermomonospora sp. was performed at ambient temperature using FPLC system
(Biorad Biologic Duo flow system) using an anionic exchange resin (source Q packed
in 10 ml Triton column, G.E. Healthcare) pre-equilibrated with 20mM MES buffer,
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pH 6. The bound fractions were eluted in a linear gradient of 0-0.8M NaCl in the
same buffer at a flow rate of 25ml/h.

Preparative SDS-PAGE
One dimensional preparative SDS-PAGE (pH 8.3) was performed in a vertical slab
gel unit using 15% separating gels and 5.0% stacking gels [27]. The protein extract
(1.0 ml) was separated by preparative SDS-PAGE (180×160×2.5 mm) using Tris-HCl
buffer.

Elution of sulphite reductase enzyme and capping protein from preparative SDSPAGE
After preparative gel electrophoresis, a strip on the right or left of the gel was cut off
using a clean scalpel. The molecular weight markers, fraction having sulphite
reductase activity and capping proteins used as a reference. The strip was placed in
a tray for staining and the rest of the gel was placed on a glass plate (the gel was
wrapped in plastic to prevent it from drying while staining the strip). The cut strip of
gel was stained using CBB R-250 solution. This strip will function as the “reference”
gel strip. The stained strip of gel was then aligned with the unstained gel portion and
the portion (band) of gel that aligns with the stained protein of interest in the reference
strip was cut out. Bands of gel just above and below the region presumed to contain
the protein of interest were also excised and processed. Excised gel pieces were
placed in clean microcentrifuge tubes and sufficient volume of elution buffer (50 mM
Tris-HCl, 150 mM NaCl, and 0.1 mM EDTA; pH 7.5) was added so that the gel
pieces were completely immersed. The gel pieces were crushed using a clean pestle
and incubated in a rotary shaker at 30°C for overnight. After incubation period was
over, the reaction mixture was centrifuged at 5,000-10,000 rpm for 10 minutes and the
supernatant was carefully pipetted out into a new microcentrifuge tube. After
extensive dialysis against Milli Q water followed by MES buffer at pH 6, an aliquot
of the supernatant was tested for the presence of sulphite reductase activity and
further subjected to analytical SDS-PAGE to determine the molecular weight [28-32].
Capping protein was also eluted and purified as described above.
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Analytical SDS-PAGE for molecular weight determination
One dimensional analytical SDS-PAGE (pH 8.3) was performed in a vertical slab gel
unit using 15% separating gels and 5.0% stacking gels [28] with (1) Phosphorylase b
(97 kDa) (2) Bovine Serum Albumin (66 kDa), (3) Ovalbumin (45 kDa), (4) Carbonic
anhydrase (30 kDa) (5) Trypsin inhibitor (20.1 kDa) and (6) α- Lactalbumin
(14.4 kDa) as reference proteins. After electrophoresis, the gels were stained with
Coomassie Brilliant Blue R-250 solution [10% acetic acid, 40% methanol and 0.1%
Coomassie Brilliant Blue (CBB)-R250].

Amino acid analysis
The amino acid composition was determined on an AccQ-Fluo (Waters Corporation,
USA) equipped with a fluorescent detector. Salt free protein sample (50µg) was
hydrolyzed in 6 N HCl at constant boiling, in a vacuum sealed hydrolyzing tube for
24h at 110oC. After hydrolysis, the sample was again lyophilized, dissolved in 100 µl
of borate buffer (0.5M, pH9.0) and derivatized with 6-aminoquinolyl-Nhydroxysuccinimidyl carbamate (AQC). 1µl of the hydrolysate was subjected to
analysis on an AccQ-Tag Column equipped with a fluorescent detector.

Effect of pH and temperature on sulphite reductase activity
pH optimum: To 1.4 ml reaction mixture with various pH (pH 3.0~5.0: 0.2M citrate
buffer; pH 6.0~8.0: 0.2M phosphate buffer; pH 9.0~10.0: 0.2M bicarbonate buffer;
pH 11.0~12.0: 0.2M Trimethylamine buffer; all buffers containing 1.0 mM EDTA,
0.15 mM NADPH, 1.0 mM of freshly prepared sodium sulphite), 0.1 ml of sulphite
reductase was added and incubated at 50°C for 5 min. The activity was determined
from the initial velocity and corrected for the slow oxidation of NADPH in the
absence of sulphite (Yoshimoto and Sato, 1968).

Temperature Optimum: To 1.4 ml reaction mixture [0.2M MES buffer (pH 6)
containing 1.0 mM EDTA, 0.15 mM NADPH, 1.0 mM of freshly prepared sodium
sulphite], 0.1 ml of sulphite reductase was added and incubated at various
temperatures (25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80°C) for 5 min. The activity
was determined from initial velocity and corrected for the slow oxidation of NADPH
in the absence of sulphite (Yoshimoto and Sato, 1968).
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5.2.4 Results and Discussions
Two-dimensional electrophoresis (2-DE)
Two-dimensional electrophoresis of extracellular broth of Thermomonospora sp.
revealed 15-20 protein spots. From the figure 5.1, it is very clear that majority of the
proteins present in the extracellular broth precipitated in the 3-5 pI range suggesting
their anionic nature. However, few proteins which migrate further in the IPG strip fall
between 7-9 pI range suggesting their cationic nature. There have been reports where
sulphite reductases of various sources were found to be of anionic nature [33]. These
reports compelled us to assume that our enzyme of interest i.e. sulphite reductase
must be of anionic nature having pI between 3-5. Hence in further steps, we would
also be dealing with anionic protein fractions of Thermomonospora sp.

pH gradient
10

Molecular markers

3

Figure.5.1: Preliminary Two-dimensional electrophoresis of extracellular broth of
Thermomonospora sp., showing number of spots corresponding to different proteins.
A broad range IPG strip (3-10) was used and IEF was carried out horizontally from
left to right which was followed by one-dimensional SDS-PAGE (10%) vertically from
top to bottom using different molecular weight markers.

Purification using FPLC
Figure 5.2 shows the FPLC profile of the concentrated and dialyzed extracellular
protein sample of Thermomonospora sp. The protein sample is bound to Mono Q
column and separated into five distinct peaks. These bound peaks were then eluted in
a linear gradient of 0-0.8M NaCl at a flow rate of 25ml/h, and 2ml fractions of each
peak were collected and checked for the presence of sulphite reductase and capping
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protein. The 200 mM eluates containing the sulphite reductase activity were pooled,
lyophilized and dissolved in minimum amount of Milli Q water and dialyzed
extensively against Milli Q water followed by 20 mM MES buffer, pH 6 containing
150 mM NaCl and used for the next step. 500 mM eluates were also collected to
check for the presence of any low molecular weight peptide (capping peptide) which
could be responsible for capping of nanoparticles and making them stable [34]. These
fractions were also pooled, lyophilized and dissolved in minimum amount of Milli Q
water and dialyzed extensively against Milli Q water followed by 20 mM MES buffer,
pH 6 containing 150 mM NaCl and used for the next step.

(Active fraction)
2
Unbound fraction
5
1

3

4

Figure 5.2: FPLC profile of extracellular broth of Thermomonospora sp. unbound
fraction collected in isocratic flow and bound proteins were eluted in linear gradient
of 0-0.8M NaCl.
Preparative SDS-PAGE Electrophoresis
The fractions (200 mM eluates) containing sulphite reductase activity obtained from
the above step were loaded onto preparative SDS-PAGE (15%) at pH 8.3. Preparative
SDS-PAGE showed 4-5 sharp protein bands ranging from 14-90 kDa. We assumed
that one of these proteins may contain sulphite reductase activity. These bands were
separately eluted from the polyacrylamide gel and checked individually for the
sulphite reductase activity (elution of the protein bands were carried out as described
in references [28-32], SDS removal and renaturation of proteins were performed as
described by Hager et al. 1980 and Lila et al. 1997). The 500 mM eluate was also
loaded onto preparative SDS-PAGE to find out the molecular weight of capping
protein. This fraction showed two closely spaced bands which were eluted separately
and kept for further study to check in combination with the band containing sulphite
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reductase activity for the synthesis of gold nanoparticles. (Will be discussed in next
part of this chapter).
Active fraction

1

2

3

4

5

Figure 5.3: Preparative SDS-PAGE (15 %) of different fractions obtained from
FPLC. Lane (2) Active fraction for sulphite reductase, Lane (5) Fraction containing
capping protein. Lane (1), (3) and (4) Different fractions eluted from FPLC.
Table 5.1: Purification of sulphite reductase
Fraction

Total
Protein
(mg)

Total
Activity (U)

Yield (%)

Specific activity
milliunits / (mg)
protein

Purification
fold

Crude

315

25.25

100

0.215

1

FPLC (mono Q)
Chromatography

23

18.25

73

2.58

12

SDS-PAGE
Elution

8

14.2

56

10.1

47

The enzyme was purified 47-fold, with an overall recovery of 56%. The purified
enzyme could be stored in Milli Q water at -200C for a year without any apparent loss
of activity.

Analytical SDS-PAGE of sulphite reductase and capping protein
The molecular weights of eluted fractions obtained from preparative SDS-PAGE,
which showed sulphite reductase activity and capping protein which could synthesize
gold nanoparticles in combination with this fraction (will be discussed in next part of
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this chapter) were found to be 43 kDa and 13kDa respectively (figure 5.4 and 5.5).
The molecular weight of sulphite reductase of Thermomonospora sp. is slightly higher
than that of Fusarium oxysporum sulphite reductase which was reported equal to 36.5
kDa (Anil et al. 2007), but lower than those from Salmonella typhimurium (66 kDa)
[34] and Spinach (69 kDa) [35]. However, enzymes of E. coli [36] Sacharomyces
cerevisiae [37] and Thiobacillus denitrificans [38] are very high molecular weight
proteins with molecular weight of 607 kDa, 604 kDa and 160 kDa respectively. The
urge for the search of a capping molecule arised from the fact that there have been
reports which show the involvement of low molecular weight peptides or molecules
for capping of the nanoparticles and hence preventing their aggregation.
Phytochelatins, which are low molecular weight peptides made up of repeated c-GluCys units are known to act as a capping entity in the in vivo synthesis of CdS
(cadmium sulphide) nanoparticles by the fission yeast Schizosaccharomyces pombe,
[39] and in the in vitro sulphite reductase mediated synthesis of gold nanoparticles
(Anil et al. 2007). Amino acids such as lysine, glutamic acid and cysteine have also
been reported as capping agents in the synthesis of gold nanoparticles [40-42]. In a
radical shift from using commercially available capping molecules, we for the first
time have identified and purified a low molecular weight capping molecule (capping
protein) from the extracellular broth of Thermomonospora sp. This biological capping
molecule could render gold nanoparticles water dispersible and stabilizes gold
nanoparticles in solution. To the best of our knowledge, this is the first report of its
kind where a reducing agent i.e. sulphite reductase and capping agent i.e. capping
protein have been identified and purified from the same microorganism.
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2

1

97KDa

66KDa

45KDa
43kDa

30KDa

20.1KDa

14.4KDa

Figure 5.4: Molecular weight determination of the purified sulphite reductase by
SDS-PAGE. Lane (1) Molecular mass markers (1) Phosphorylase b (97 kDa) (2)
Bovine Serum Albumin (66 kDa), (3) Ovalbumin (45 kDa), (4) Carbonic anhydrase
(30 kDa) (5) Trypsin inhibitor (20.1 kDa) and (6) α- Lactalbumin (14.4 kDa). Lane
(2) Purified sulphite reductase.

1

2
230KDa
150KDa
100KDa
80KDa
60KDa
50KDa
40KDa
30KDa
25KDa
20KDa
15KDa
10KDa

13KDa

Figure 5.5: Molecular weight determination of the purified capping protein by SDSPAGE. Lane (1) Purified capping protein. Lane (2) Molecular mass markers.
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Amino acid composition of the enzyme sulphite reductase
Molecular weight and pI of purified sulphite reductase based on amino acid
composition (shown in Table: 5.2) was found to be 40.6 kDa and 4.6 respectively.
(http://isoelectric.ovh.org/)

Table: 5.2 Amino acid composition of sulphite reductase

Amino acid

Number of residues/mol

Ala
Met
Pro
Phe
Gly
Ile
Val
Trpa
Leu
Cysb
Asn
Gln
Ser
Thr
Tyr
Asp
Glu
Lys
Arg
His

27
19
16
17
21
18
16
14
18
15
14
09
13
26
11
14
39
23
13
07

Total

350

Determined spectrophotometrically according to: a. (Spande and Witkop, 1967) and
b. (Cavallini et al., 1966) respectively

Effect of pH and Temperature
Sulphite reductase of Thermomonospora sp. exhibites an optimum pH and
temperature at 8 and 50 oC respectively. However, enzymes from Fusarium
oxysporum (Anil et al., 2007), Saccharomyces cerevisiae (Kobayashi and Yashimoto,
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1982), Salmonella typhimurium (Ostrowski et al., 1989), Spinach (Kruger and Siegel,
1982) and E. coli (Siegel et al., 1973) showed an optimum pH of 6, 7.3, 7.7, 7.75 and
7.7, respectively. The optimum temperature of the purified enzyme was 50oC. This
optimum temperature is more than Fusarium oxysporum (Anil et al., 2007) and E.coli
(Siegel et al., 1973) which were reported as 45 o and 25oC respectively. The higher
optimum temperature and pH may be attributed to the alkalophilic and thermophilic
nature of Thermomonopsora sp. and since it grows mainly at elevated temperature

100
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A

B

80
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70

Relative activity %

% (percent of maximum activity)

and pH, its secretional products may also possess the same characteristics.
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Figure 5.6: Effect of pH and temperature on the activity of sulphite reductase.
(A) Optimum pH and (B) Optimum temperature.

5.3 Sulphite reducatse mediated synthesis of gold nanoparticles
5.3.1 Materials and Methods
Chloro auric acid (HAuCl4), Na2SO3 and NADPH, (Sigma chemicals Co., St Louis,
MO, U.S.A). All other chemicals used were of analytical grade. Sulphite reductase
and capping protein were purified as described in previous part.

5.3.2 In vitro synthesis of gold nanoparticles
The total reaction mixture of 2 ml containing 1.0 mM each of freshly prepared
HAuCl4 and Na2SO3, 100 µg of capping protein, 0.15 mM NADPH and 100 µg of
sulphite reductase was incubated under aerobic conditions at 50oC for 4h. Reaction
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mixture in the absence of capping protein was also incubated at 50 oC to confirm its
role in the stabilization of gold nanoparticles. Samples were removed at regular
intervals and subjected to UV-vis spectroscopy to check for the formation of
nanoparticles.

5.3.3 Characterization of in vitro synthesized gold nanoparticles
UV-vis spectroscopy
UV-vis spectrophotometric measurements were performed on a Perkin Elmer dualbeam Spectrophotometer (model lambda 750) operated at a resolution of 1 nm.

Transmission Electron Microscopy (TEM)
Samples were prepared by drying a drop of gold nanoparticles solution on carbon
coated TEM copper grids followed by measurements on a JEOL Model 1200 EX
Transmission electron microscope operated at an accelerating voltage of 80 kV.

X-Ray Diffraction (XRD) measurements
X-Ray Diffraction (XRD) studies of the biosynthesized gold nanoparticles powder
casted on glass substrates were carried out on a Philips X’PERT PRO instrument
equipped X’celerator. The sample was scanned using X’celerator with a total number
of active channels of 121. Iron-filtered Cu Kα radiation (λ=1.5406 Å) was used.
XRPD patterns were recorded in the 2 theta range of 20°- 80° with a step size of 0.02°
and a time of 5 seconds per step at 40 kV voltage and a current of 30 mA.

Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectroscopy measurement on as-synthesized gold nanoparticles in KBr pellets
was carried out using a Perkin –Elmer Spectrum One instrument. Spectrometer was
operated in the diffuse reflectance mode at a resolution of 2 cm-1. To obtain good
signal to noise ratio, 128 scans of the film were taken in the range of 450 – 4000 cm-1.

X-ray Photoemission Spectroscopy (XPS)
XPS of the biosynthesized gold nanoparticles was carried-out on a VG MicroTech
ESCA 3000 instrument after depositing gold nanoparticles on the Si substrate.

Ph.D.Thesis

Shadab Ali Khan

University of Pune

Chapter 5

130

5.3.4 Results and Discussions
Visual inspection
Freshly prepared HAuCl4 when incubated with Na2SO3, capping protein, NADPH and
sulphite reductase, under aerobic conditions and at 50 oC resulted in the formation of
highly monodispersed gold nanoparticles just after 4h, as evidenced by the change in
the color of reaction mixture from colorless (0 h) to ruby-red (4 h) (Figure 5.7 A & B
respectively).The color change indicates the reduction of gold metal ions from Au+3 to
Au0 and arises due to the excitation of SPR (Surface Plasmon Resonance) in the metal
nanoparticles [43, 44]. The solution was extremely stable, with no evidence of
flocculation of the particles even a month after reaction. From this experiment it is
very clear that sulphite reductase plays a very important role in the reduction of gold
ions to metallic gold accompanying the reduction of Na2SO3 to sulphide. This enzyme
sulphite reductase gains electrons from NADPH and oxidizes it to NADP+. The
enzyme is then oxidized by the simultaneous reduction of metal ions [23]. Similar
enzymatic reduction of gold ions into metallic gold by NADPH-dependent sulphite
reductase of molecular weight 35.6 kDa with phytochelatins as capping agent has
been shown by Anil et al. in 2007. However Yasui and Kimizuka have reported that
Glucose oxidase (GOD), an enzyme of oxidoreductases class could reduce Au (III)
ions in the presence of β-D-glucose, with FAD as electron donor, forming stable gold
nanoparticles with an average diameter of 14.5 nm [45]. Hydrolytic enzyme such as
Trypsin has also been shown to reduce gold metal ions, resulting in the formation of
three-dimensional (3D) gold nanoflowers with 12 cysteine residues and trypsin as
capping agent [46]. A 29-kDa “gold shape-directing protein (GSP)” present in the
extract of green algae Chlorella vulgaris was used in the bioreduction and in the
synthesis of shape-and size-controlled distinctive triangular and hexagonal gold
nanoparticles by Kannan et al. in 2010.
To ascertain the role of capping protein, the same reaction mixture without the
capping protein was incubated at 50oC for 4h. After the incubation period was over, a
less intense color of gold nanoparticles was developed (Figure 5.7 C).This less intense
color indicates that reduction of Au (III) to Au (0) might have taken place by sulphite
reductase but as there was no capping molecule involved in the synthesis, the size of
the gold nanoparticles would not have remained in the nanodimensions. It is to be
noted that the color of gold nanoparticles is a direct function of SPR, which in turn
depends on the size of the nanoparticles [47]. This experiment clearly suggests a
Ph.D.Thesis

Shadab Ali Khan

University of Pune

Chapter 5

131

prominent role of capping protein in stabilizing gold nanoparticles, in absence of
which the gold nanoparticles tend to flocculate giving rise to a less intense color.

A

B

C

Figure 5.7: Formation of gold nanoparticles in the presence of sulphite reductase and
capping protein, (A) at 0 hour, (B) after 4 hour and (C) Formation of gold
nanoparticles without capping protein after 4 hour.
UV-vis spectroscopy
The UV-vis spectra for the reaction mixture of gold nanoparticles, as a function of
time, (Figure 5.8) showed a well defined Surface Plasmon at 533 nm, which is in very
good agreement with the reported SPR band of gold nanoparticles. (A. Henglein
1993, P. Mulvaney 1996 and M. Sastry et al. 1998). The intensity of sharp SPR band
centered at 533 nm increases with increasing time and gets stabilized after 4h of
reaction. Curve ‘a’ represents the UV-vis spectrum of gold nanoparticles synthesized
without capping protein which shows a less sharp SPR band centered at 575 nm. This
red shift of UV-vis absorption spectrum may have arised because of agglomeration of
gold nanoparticles in the reaction mixture, since the exact position of SPR band
depends on the size of the particle also.
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Figure 5.8: UV-vis spectra of enzyme mediated biosynthesized gold nanoparticles
(as a function of time) synthesized using sulphite reductase and capping protein from
0 to 4h.Curve ‘a’ represents UV-vis spectrum of gold nanoparticles without capping
protein after 4h.

Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) analysis of the gold nanoparticles showed
that they are monodispersed and are essentially spherical (Figure 5.10A). The
particles are well dispersed and show no sign of aggregation; this separation is mainly
because of capping protein which is involved in capping of gold nanoparticles and
prevents their aggregation. The dispersity shown in TEM image exactly correlates
with the color and UV-vis spectroscopy analysis of the gold nanoparticles which
showed the nanoparticles to be very stable and monodispersed. The nanoparticles
were crystalline in nature as depicted by Selected Area Electron Diffraction (SAED)
pattern (Figure 5.10B). Particle size distribution of gold nanoparticles revealed that
the particles are having diameter in the range of 2-6 nm with an average of 3nm
(Figure 5.10 C). Figure 5.10 (D) shows TEM image of gold nanoparticles synthesized
without capping protein, which shows agglomerated gold nanoparticles forming a
clump, each of size 40-50 nm. This is the strongest evidence favoring the role of
capping protein in stabilizing and capping of the gold nanoparticles and also is in
good agreement with UV-vis spectroscopy measurements indicating agglomerated
nanoparticles.
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Figure 5.10: (A) TEM micrograph of enzyme mediated biosynthesized gold
nanoparticles. (B) Selected Area Electron Diffraction (SAED) pattern recorded from
one of the gold nanoparticles shown in Figure (A). (C) Histogram of size distribution
of the gold nanoparticles. (D) TEM micrograph of gold nanoparticles synthesized
without capping protein.

X-Ray diffraction (XRD) measurements
Figure 5.9 presents an X-Ray diffraction (XRD) pattern of the as-synthesized gold
nanoparticles. The X-ray diffraction pattern of gold nanoparticles showed intense
peaks at {111}, {200}, {220} and {311} with Braggs reflection at 2θ = 38°.09, 45°,
65° and 78° respectively, and agrees with those reported for the gold nanocrystals.
No spurious diffractions due to crystallographic impurities were found. An
overwhelmingly strong diffraction peak at 38.09o is assigned to the {111} facets of a
face-centered cubic (fcc) metal gold structure [48].
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Figure 5.9: XRD pattern of enzyme mediated biosynthesized gold nanoparticles
deposited on Si (111) glass plate.
Fourier Transform Infrared Spectroscopy (FTIR)
Figure 5.11 shows Fourier Transform Infrared Spectroscopy (FTIR) spectrum of
enzyme mediated synthesized gold nanoparticles after 4h of reaction. The presence of
two bands at 1640 and 1584 cm-1 are seen in the figure. The 1640 and 1584 cm- 1
bands may be assigned to the amide I and II bands of proteins and arise due to
carbonyl stretch and N-H stretch vibrations in the amide linkages of the sulphite

transmittance

reductase or capping protein respectively.

1584 cm-1

1000

1640 cm-1

1500

2000
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Figure 5.11: FTIR spectrum recorded from drop-cast films of enzyme mediated
biosynthesized gold nanoparticles after 4h of reaction. The amide I and II bands are
identified in the figure.
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X-ray Photoemission spectroscopy (XPS)
Figure 5.12 shows the Au 4f spectrum from the in vitro synthesized gold
nanoparticles which could be decomposed into two spin-orbit components 1 and 2
(spin-orbit splitting ~ 3.8 eV). The Au 4f (7/2) and 4f (5/2) peaks occurred at a
binding energy (BE) of 84.3 eV and 88.2 eV respectively and are characteristic of
metallic Au [49]. The absence of higher binding energies for Au 4f component
confirms that all the chloroaurate ions are fully reduced by sulphite reductase enzyme
and are in metallic form.

Au 4f
Intensity (a.u.)

84.3
88.2

80

82

84

86

88

90

92

Binding Energy (eV)
Figure 5.12: X-ray Photoemission spectroscopy of enzyme mediated biosynthesized
gold nanoparticles showing Au 4f core level spectra.
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Summary
This chapter presents the major outcome of the thesis and gives the general
conclusions of the extracted results from the work done in this particular thesis. It also
emphasizes on the potential scope for future work required to be done in this field.
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6.1 Summary of the work
The work done in this thesis mainly focuses on the biological synthesis of oxide
nanoparticles using microorganisms. The details of the work have been described in
different chapters and the summary for each chapter with their conclusions has been
described here. This thesis mainly revolves around three microorganisms:
i) thermophilic fungus Humicola sp. ii) mesophilic fungus Fusarium oxysporum and
iii) alkalothermophilic actinomycete Thermomonospora sp. The reasons why each of
the above mentioned microorganisms are used for the synthesis of specific inorganic
nanomaterials are as follows:
i)

We have screened a number of mesophilic, thermophilic, alkalophilic and
alkalothermophilic microorganisms in order to synthesize oxide nanoparticles of
medical importance such as gadolinium oxide and cerium oxide nanoparticles at
different pH and temperatures. Out of the several microorganisms screened, only
thermophilic fungus Humicola sp. produces protein capped water dispersible
extracellular gadolinium and cerium oxide nanoparticles at just 50oC.

ii) Our group has already shown Fusarium oxysporum–based bioleaching approach
towards the room temperature synthesis of oxide nanoparticles using cheap
naturally available raw materials (white sand and zircon sand) as well as agroindustrial by-products (rice husk). This led us into thinking towards the
possibility of extraction of protein capped nanoparticles such as SiO2 from flyash.
iii) We had already reported the extracellular biosynthesis of monodispersed gold
nanoparticles from the whole cells of a novel extremophilic actinomycete,
Thermomonospora sp. In order to know the exact mechanism of synthesis of
monodispersed gold nanoparticles, we decided on further investigating this
extremophilic actinomycete.
In this thesis, we have shown that the fungus Humicola sp. can be used for the
extracellular biosynthesis of lanthanide nanoparticles such as gadolinium and cerium.
The choice for these metals may be justified by the fact that these metals started
gaining their importance in biomedical applications but their biosynthetic routes have
not been explored yet. We have shown that when the aqueous solutions of oxide
precursors such as Gadolinium chloride (GdCl3) and Cerium (III) nitrate hexahydrate
(CeN3O9.6H2O) were exposed to fungus Humicola sp., the fungus was able to
synthesize oxide nanoparticles of gadolinium and cerium respectively. Transmission
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electron microscopic analysis confirmed that Gd 2O3 nanoparticles are in the range of
3-8 nm with an average size of 6 nm, whereas CeO2 nanoparticles are in the range of
12-20nm with 16nm as average diameter. Surface characterization techniques such as
X-ray diffraction and X-ray photoemission spectroscopy also confirm the synthesis of
Gd2O3 and CeO2 nanoparticles with the aforementioned sizes. The highly fluorescent
protein capped Gd2O3 nanoparticles were radiolabelled with Technicium-99m and
injected into rats in order to see biodistribution. These nanoparticles reach out to the
liver and kidneys and pass through urine very fast. Since these nanoparticles reach out
to the liver, they can be used for targeted drug delivery for liver cancer. In order to
avoid any side effects of taxol, we conjugated taxol with protein capped Gd2O3
nanoparticles with the help of EDC coupling protocol. To achieve proper conjugation,
taxol was first derivatized and modified to 1, 6 hexane diamine taxol and
electrostatically conjugated to free carboxyl groups of capping peptide involved in the
capping of the Gd 2O3 nanoparticles using EDAC coupling reaction. The conjugation
was then confirmed with the help of UV-vis spectroscopy and flourimetric analyses.
Unbound drug molecules were removed by HPLC which finally gave the purified
Gd2O3-taxol conjugate. Cytotoxicity of Gd-taxol conjugate was checked on THP-1
cell lines (cancer cell lines) to access its potential in the treatment of cancer. IC50
values of taxol and Gd-taxol conjugate showed that Gd-taxol conjugate is more
effective in killing cancer cells than taxol alone. It can be concluded that the
conjugation of taxol to Gd2O3 nanoparticles enhances its hydrophilicity so that the
drug can easily penetrate deep inside the cells with the help of endocytosis,
phagocytosis or other receptor mediated internalization processes. We believe this
work could open new doors for nanosized drug delivery applications in cheap
treatment of cancers.
In an attempt to obtain oxide nanoparticles purely through eco-friendly routes and
negate the requirement of chemical precursors, we have extended the concept of
fungal bioleaching from agro - based by-products to waste material such as fly-ash.
We have shown that the fungus Fusarium oxysporum when exposed to fly-ash was
able to leach crystalline silica nanoparticles extracellulary in solution. Hence, a cheap
and environment friendly approach has been derived to obtain commercially
important oxide (silica) nanoparticles out of waste materials using the fungus.
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In a very novel discovery of its kind, we have shown that the fungus Humicola sp. can
be used for the biotransformation of shape, size and phase of bulk anatase type TiO2
particles. When we treated the fungus Humicola sp. with disc shaped micron size
anatase type TiO2 particles, to our pleasant surprise we found that the fungus could
successfully transform the disc shaped micron size anatase type TiO2 particles into
circular brookite type TiO2 nanoparticles. It is to be noted here that the phase
transformation of TiO2 is an extremely difficult process and requires very high
temperature to occur successfully. However, we were able to achieve this task at just
50oC.
Mechanistic aspect of formation of nanomaterials through biological route which is
still seldom encountered in literature has been discussed in details in this thesis. We
have purified an NADPH dependent sulphite reductase enzyme and capping protein
from Thermomonospora sp. to synthesize gold nanoparticles. We chose gold because
one can easily track the formation of gold nanoparticles synthesis through visual
inspection and could further confirm it by UV-vis spectroscopy which is rather
difficult in case of oxide nanoparticles. When we incubated the purified sulphite
reductase enzyme along with NADPH, capping protein, HAuCl4 and sodium sulphite,
the enzyme could synthesize gold nanoparticles within just 4h of reaction. The
electrons required for the reaction were provided by NADPH. Transmission electron
microscopic (TEM) analysis showed that the particles were almost monodispersed
and were in the range of 2-4nm. Capping protein which was also added in the reaction
mixture provided the required stability and prevented aggregation of nanoparticles in
solution. The role of capping protein in providing stability was further confirmed
when the same reaction mixture was incubated without capping protein and when
observed under TEM, the gold nanoparticles were found to be agglomerated and tend
to cluster. Here, we have shown that by purifying the biomolecules and capping
entities associated with the synthesis and capping of nanomaterials, one can
synthesize nanoparticles in vitro with desired size.

6.2 Scope for future work
Biological synthesis of oxide nanomaterials using microorganisms is still a new field
and the oxide nanoparticles synthesized in this thesis were chosen according to the
growing applications of these materials especially in biology. For example,
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gadolinium finds its application in magnetic resonance imaging technique and cerium
oxide nanoparticles are being used in various biomedical applications such as wound
healing, inhibition of cellular ageing, treatment of neurodegenerative diseases, etc.
However, there is still a long way to go when these biosynthesized oxide materials
start replacing conventional chemically synthesized materials. The foremost question
which needs to be answered is the scale-up method of biosynthesized products. The
underlying mechanism involving the formation of oxide nanoparticles needs to be
completely worked out in order to synthesize tailor made nanomaterials and gain
access to control over shape and size. Complete biosynthetic pathways needs to be
elucidated and a series of enzymes and proteins responsible for the synthesis need to
be purified and can be genetically engineered in some other sources to maximize the
production of desired valuable products. Time dependent kinetics need to be carried
out for maximum production of nanomaterials. Selection of the type of
microorganisms for obtaining desired nanomaterials needs to be done. One can
broaden the vision on fungal bioleaching and look for waste materials to obtain
valuable products by employing microorganisms. However, certain protocols need to
be standardized in order to get maximum output in lesser time. Pharmacokinetic and
pharmacodynamic studies in case of conjugation of nanoparticles to drug need to be
performed. Quantitative studies of drug release kinetics inside the cancer cells will
help us in designing better strategies for conjugation of nanomaterials to different
anticancer drugs.
We have already made significant progress towards biological synthesis of inorganic
nanoparticles of different sizes, shapes and chemical compositions along with
complete characterization of nanomaterials and synthesis of nanoparticle-drug
conjugates. Since nanomaterials which we are making from microbial routes are
capped with natural proteins and are water dispersible, they may bind to cell adhesion
molecules (CAMs) like integrins or VEGFs (vascular endothelial growth factors).
Therefore, targeting CAMs such as integrins and VEGFs is a novel anti–angiogenesis
strategy for targeting of solid tumor. The nanomaterials which we are synthesizing
using fungal routes may also bind to various receptors such as LHRH (Leutinizing
hormone releasing hormone), EGFR (Epidermal growth factor receptor) and EpCAM
(Epithelial cell adhesion molecule) without a targeting agent. Hence, these
nanoparticles which are until now considered only as delivery agents in targeted drug
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delivery treatment, can also be taken into consideration to be used directly as a drug in
future ; with no side–effects and much cheaper than the ones currently being used.
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