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Objective of the thesis
Although enormous research has been done in the field of nanotechnology, many
efforts are still being focused on the synthesis mechanism, characterization,
applications and toxicity of nanomaterials in order to improve our understanding. The
goal of this work is to use fungi to synthesize metallic and semiconductor materials in
an efficient and reproducible manner. The motivation behind this work was to find a
new route as compared with current methods to fabricate inorganic materials with
greater ease, precise control with desirable features and to improve upon available
biological methods for synthesis of nanoparticles. The work described in this thesis
expands upon initial studies performed in Dr. Absar Ahmad’s lab and seeks to gain
greater control over, and insight into, biological procedure for synthesis and
characterization of nanomaterials. The fungus, Thermomyces lanuginosus (Humicola
lanuginosa) was isolated, identified and further employed for the production of
nanomaterials. A biological method was discovered to efficiently synthesize gold and
silver nanoparticles by the fungus. These nanoparticles were characterized by
different techniques such as UV-visible spectroscopy, Transmission Electron
Microscopy (TEM), X-ray Diffraction (XRD), X-ray Photoelectron Spectroscopy
(XPS), etc. The biocompatibility and cytotoxicity of gold and silver nanoparticles was
assessed by cell viability assay. These gold nanoparticles were radiolabelled with
Technitium-99m and biodistribution studies were carried out. Conjugation of gold
nanoparticles with anticancer drug (doxorubicin) was achieved by 1-Ethyl-3-(3dimethylaminopropyl)-carbodiimide (EDC) coupling protocol. Doxorubicin is a very
effective drug for liver cancer but this drug causes cardio-toxicity and renal-toxicity
with myelosuppression. Asialoglycoprotein receptors are present in abundance in liver
and more importantly, known to be over expressed in hepatic cancer. Pullulan is
known to have specific affinity for the asialoglycoprotein receptors. Since the gold
nanoparticles which we have synthesized using above fungus reach out to liver and
pass through urine within forty five minutes and causes no toxicity to NIH3T3 mouse
embryonic fibroblast cell line and MDA-MB-231 human breast carcinoma cell line at
50µg/ml. We can use these nanoparticles for drug delivery applications. If we can
conjugate Pullulan to gold-doxorubicin conjugate then this system will be very
effective for targeted drug delivery of liver cancer without side effects.
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Since fungus Humicola lanuginosa grows at temperature 50οC at pH 9, we screened a
number of mesophilic fungi in order to synthesize metal and quantum dots (platinum
and CdTe) nanoparticles at ambient conditions and pH. Out of several mesophilic
fungi screened, only Fusarium oxysporum produces protein capped water dispersible
extracellular platinum and CdTe (quantum dots) nanoparticles at room temperature.
CdTe (quantum dot) nanoparticles were synthesized by the fungus Fusarium
oxysporum and antibacterial activity was carried out against Gram positive and Gram
negative bacteria. The biocompatibility/cytotoxicity of CdTe nanoparticles was
assessed by cell viability assay.
Recently, it was discovered that naturally available raw materials (white and zircon
sand) as well as agro-industrial by-products (rice husk) can be used for the fungusmediated bioleaching of oxide nanoparticles of diverse morphologies. To follow up
on this way, a method was developed for silicate nanoparticles by bioleaching of
borosilicate glass (cover slip). Several approaches already exist in literature for
nanoparticle formation but controlling their size, shape and dispersity is the issue of
current interest. To address this concern, percolative microcavity synthesis has been
developed for gold nanoparticles to achieve such control.
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Organization of the thesis
The thesis is presented in six chapters, a brief summary of which is given below.
Chapter 1: General introduction
This chapter presents a general introduction about Nanotechnology and its historical
background. Various synthesis methodologies include that of chemical, physical and
biological types. Properties of nanomaterials and their potential applications are also
discussed in brief.
Chapter 2: Biological synthesis of metal nanoparticles using fungus
This chapter comprises of three parts. The first part deals with isolation and
identification of the novel, alkalotolerant, thermophilic fungus, Humicola lanuginosa.
The second part presents biosynthesis and characterization of nanoparticles. The
fungus Humicola lanuginosa was employed for the first time in the synthesis of metal
nanoparticles. The fungus demonstrates the ability to facilitate synthesis of metal
nanoparticles (viz. gold and silver). These particles were characterized using different
techniques available for material characterization. The biocompatibility/cytotoxicity
of gold and silver nanoparticles was assessed by cell viability assay. Gold
nanoparticles were radiolabelled with Tc-99m and biodistribution studies were carried
out followed by conjugation with anticancer drug doxorubicin. In the third part,
extracellular biosynthesis of platinum nanoparticles was presented using the fungus
Fusarium oxysporum in ambient conditions.
Chapter 3: Biological synthesis of quantum dots using fungus
As a follow-up to the biosynthesis work of nanomaterials by Dr. Absar Ahmad and
colleagues, an effort was extended for the biosynthesis of technologically important
quantum dot nanoparticles by the fungus Fusarium oxysporum. Cadmium telluride
(CdTe) quantum dots for the first time were synthesized by a fungal based process.
When the fungus was incubated with an aqueous solution of precursor (CdCl2 and
TeCl4), highly stable quantum dots were formed extracellularly. These biogenic CdTe
nanoparticles exhibit antibacterial activity against Gram positive and Gram negative
bacteria. These CdTe nanoparticles were also assessed for biocompatibility/
cytotoxicity by cell viability assay.
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Chapter 4: Silicate nanoparticles by bioleaching of glass and modification of the
glass surface
The idea behind this work originated from the recent use of naturally available raw
materials (white and zircon sand) as well as agro-industrial by-products (rice husk) for
fungus-mediated bioleaching of oxide nanoparticles of diverse morphologies. A
bioleaching method for precise synthesis of silicate nanoparticles was developed by
bioleaching of borosilicate glass cover slip and is described in this chapter.
Characterization of these bioleached silicate nanoparticles was carried out by different
techniques such as UV-Visible spectroscopy, XRD, XPS, TEM, etc. It inferred from
the results that the processed glass surface also undergoes significant morphochemical modifications.
Chapter 5: Physical manipulation of biological and chemical syntheses for
nanoparticle shape and size control
A nanosynthesis scheme (percolative microcavity synthesis) has been developed for
the shape and size control of the nanoparticles. Gold nanoparticles were synthesized
by both biological and chemical methods in order to compare the nanosynthesis
scheme. A simple and interesting solution-based process has been developed and can
be used for different chemical compositions according to their broader applications.
Chapter 6: General discussions and conclusions
This chapter of the thesis gives summary of the findings and conclusions derived from
the work.
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Summary:
This chapter is an introduction to the thesis and presents a brief overview about
nanotechnology and the various routes used to synthesize nanomaterials viz,
chemical, physical and biological. Biological synthesis methods have developed the
interest of many researchers due to their advantages over other methods and their
considerable success in the synthesis of nanoparticles of various chemical
compositions, sizes and shapes. The properties and various applications of
nanomaterials are also discussed in brief.
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Introduction:
Nanotechnology is the designing, characterization, production and application of the
structures, devices and systems by controlling shape and size at nanometer scale i.e.
1 nm to 100 nm (10−9 of a meter) (Fig 1). The unit of nanometer derives its prefix
nano from the Greek word ‘nanos’ meaning extremely small. The small size of
nanomaterials provides a large surface area within given space for enabling more
functionality with improved performance (1). At nanoscale, properties of the
materials are significantly different to their bulk counterparts (2). The change in the
materials property is due to increase in surface to volume ratio, which shows surface
properties and interaction (3). These properties are optical, catalytic, thermal,
electrical, mechanical, etc. These properties are a strong function of the size and shape
of the particles in the given composition.

Fig 1: A picture representing the relative sizes of various objects. (Image courtesy:
http://images.google.com).
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Therefore, design and production of materials with such novel applications resulted
by tuning the size and shape at nanoscale. It encompasses contributions from different
fields such as biology, chemistry, physics, engineering, medicine, etc. In biology, the
cell, a well known example of a machine that works at the nano level and in particular
its component DNA, RNA and proteins which are important for life are the best
natural bio-nanomaterials (4). The synthesis of nanoparticles in an array for specific
applications is an important area of nanoscience and nanotechnology. Generally, the
synthesis process comes under two broad categories: Top-down and bottom-up
approaches (Fig 2). Both the processes possess advantages and disadvantages.

Fig 2: Top-down and bottom-up approach for nanomaterial synthesis (Image courtesy:
http://images.google.com).
In top-down approach, bulk materials are chemically or physically designed or milled
till a desired shape and size is obtained. After reaching a certain size regime, synthesis
of materials becomes laborious and costly as well as introduces internal stress and
surface defects which affect properties of nanomaterials. Owing to the above
disadvantages the top-down process reaches its practical limits for synthesis. The
bottom-up approach refers to building up a material from the bottom, atom by atom,
molecule by molecule or cluster by cluster. The process allows synthesizing
nanomaterials with less defects, homogenous chemical compositions and better
control over size and shape. The bottom-up approach is driven by reduction in Gibbs
free energy and therefore the materials are produced closer to a thermodynamic
equillibrium state.
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Being an important part of our daily life, noble metals have marked an important
milestone for our progress. They are being used for numerous applications such as
currencies, jewellery, conductors, etc. While making such materials to be used by
human beings, care should be taken for its non-toxicity and inert nature. It has become
a prime concern in discovering newer materials. Noble metals, in particular gold and
silver, associated with humans have their history since 6000 BC and 4000 BC
respectively. The use of gold as jewellery continued through different times
(civilizations) [tomb of King Tutan Khaman (Egypt, 1300 BC)], the earlier use of
gold in jewellery comes from Sumer civilization in southern Iraq around 3000 BC,
when Lydian merchants introduced the first coins by using gold-silver alloys. Noble
metal in the form of currency was further developed by Roman Empire (100 AD).
The medicinal use of gold in the form of Swarna bhasma started from the Vedic
period (1000 BC-600 BC) in ancient times in India. Chinese literature also supports
the findings about the medicinal properties of gold (5). Aurum potable, a gold solution
preparation was believed to rejuvenate the human body. This work led by Paracelsus,
also promotes the use of gold for medicinal purposes. First documented literature on
gold colloid and its medical use was described by Antonii in 1618 (6). German
chemist, Johann Kunckels also explored the medical properties of the solutions of
gold in the year 1676 (7). Some efforts followed by above research also exist in
literature which suggests the stable dispersion of gold.
Many researchers were attracted toward metallic gold for its unusual color. Michael
Faraday prepared colloidal gold in 1857 by a novel synthetic route, Fig. 3 (8-10).
Dark-red solution of gold colloid was synthesized by the reduction of an aqueous
solution of chloroauric acid using phosphorus in CS2. The stability of these gold
colloids against aggregation can be achieved using stabilizing agents. Thomas
Graham (1861) first coined the term “Colloid” for suspended particles in liquid
medium which categorized in the size range of 1 nm to few µm (11). The present
development in the field replaces the term “Colloid” by “Nanoparticles” to be
describing particles in the size range of 1 nm to 100 nm after the introduction of the
term Nanotechnology by Norio Taniguchi (12).
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Fig. 3. (a) Faraday's colloidal suspension of gold (9). (b) High resolution transmission
electron microscopic image of individual colloidal gold particles (at a magnification
of 107×), prepared according to Faraday's recipe (10). (Image courtesy:
http://images.google.com).

Silver, since ancient times have also been equally important for domestic purposes.
Household utensils were fabricated by silver linings and these utensils were used for
preservation of perishable materials and disinfection of water. The Father of
Medicine, Hippocrates, also promoted the use of silver for its rapid healing of wounds
(13). Aristotle advised Alexander the Great (335 BC) to store drinking water in silver
vessels (14). In the late 13th century, Lanfranc exploited silver for medical purposes
(15), after which Paracelsus (1493-1541) did the pioneering work for the use of
metals in medical applications. Joseph Lister in the mid 19th century promoted the use
of sutures of silver wire in order to reduce the incidences of septic infection.
Antibacterial pioneering work was established by Ravelin (1869) and Von Nageli
(1893), it was suggested that at even low concentrations it is toxic to Spirogyra and
Aspergillus niger spores (13). Silver colloid was prepared for the first time by the
reduction of silver nitrate using ferrous sulfate and protection of these colloidal
particles with citrate ions (16, 17).
In ancient times, the applications were restricted only to their medicinal values, but
the scenario has changed ever since gold and silver are now being continuously used
for numerous applications. Most of the applications of these noble metals have been
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based on macroscopic form. While comparing, the first evidence for the existence of
non-macroscopic properties of gold appear many centuries ago in staining glasses and
a well known example is that of The Lycurgus Cup (18-20). Faraday suggests that the
origin of the red color in gold is due to the colloidal nature of the particles that
interact differently with light. Mie (1908) for the first time explained the dependence
of the color on the particles size (21). The major thrust to explore the properties of
nanomaterials in general, came after Richard Feynman’s talk (December 29th 1959) “There is plenty of room at the bottom” (22).
The properties of nanomaterials can be influenced by a number of factors. These
factors strongly modulate their properties including their size (23), shape (24), surface
composition (25), dielectric environment (26) and interparticle interaction (27). The
reasons for such notable variations are due to their dimensions comparable to the
de Broglie wavelength of the charge carriers and their high surface to volume ratio
(28). Among the various properties, one important property in case of metal
nanoparticles is their color. The color originates from the surface plasmons i.e.
coherent charge density oscillations (29). The excitation of the surface plasmons by
an electromagnetic field at an incident wavelength where resonance occurs results in
strong scattering of light, in the appearance of intense surface plasmon resonance
(SPR) bands and an enhancement of local electromagnetic fields (30).
Size quantization effect becomes more prominent when the size of the metal
nanoparticles reduce to a certain size limit, e.g. < 3 nm for gold nanoparticles, that
leads to a discrete energy level in the conduction band and can be understood by
making analogy with the case of particle-in-a-box model (31). The SPR band
decreases in intensity due to the size of nanoparticles in the nano regime which
provides an increase in surface scattering of the delocalized electrons (32). The
quantum size effects have been studied in case of semiconducting nanoparticles and
the energy level spacing for a spherical particle is predicted to be inversely
proportional to R2 (33). Thus, with decreasing size, the effective bandgap increases
and the relevant absorption and emission spectra blue-shifts.
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Different methods for the synthesis of nanoparticles:
Various physical and chemical methods have been reported for the synthesis of
nanoparticles. Spray pyrolysis (34), photoirradiation (35), radiolysis (36), physical
vaporization (37), electrochemical (38), ultrasonication (39), solvated metal atom
dispersion (SMAD) (40), electrospinning (41), lithography (42), chemical vapor
deposition (43), sputtering (44), laser ablation (45) etc. are most of the physical
methods which have been used for the synthesis of various compositions of
nanoparticles. Chemical vapor deposition (CVD), electrospinning and lithography
methods have been developed preferentially for the synthesis and formation of one
dimensional nanostructure materials such as nanowires, nanorods and nanofibres.
Similarly, physical vaporization, chemical vapor deposition, electrochemical
deposition and sputtering are used for the formation of thin films (two dimensional)
on solid supports. However, chemical methods have received an immense attraction
for the synthesis of nanoparticles due to better control over size and shape of
nanoparticles. Chemical reduction, sol-gel (46), co-precipitation (47), solvothermal
(48) and template based methods (49) are generally employed for nanoparticle
synthesis of various compositions. Inorganic nanomaterials such as metals, metal
oxides and semiconductor nanoparticles can be synthesized by reduction or oxidation
and precipitation of corresponding precursor salts. Although solvents can vary from
water to highly nonpolar media (50), few reports are also available on the synthesis of
nanoparticles in ionic liquids (51) and supercritical fluids (52) depending upon the
nature of the precursors used for the reaction. The nature of precursor ions also
determines the kind of reducing agents to be applied. The chemical reduction method
is a very common route for the synthesis of metal nanoparticles of different sizes and
shapes. Recently, size and shape controlled synthesis of metal nanoparticles has
attracted researchers due to their fine control over the chemical and physical
properties with respect to their applications. The size, shape and stability of metal
nanoparticles can be achieved by incorporating different additives, capping agents and
templates. Different templates such as micelles (53), reverse micelles (54), DNA (55),
tobacco mosaic virus (TMV) (56), polymeric molecules (57), preformed nanoparticles
(58) and mesoporous membranes (59) have been employed in order to attain control
over size and shape of the nanoparticles. Polymers, surfactants and biomolecules are
well known examples of capping agents, which have been extensively used for the
shape-controlled synthesis of metal nanoparticles (60).
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The physical and chemical methods employed for the synthesis of nanoparticles are
available and are extensively used; but are energy intensive, employ toxic chemicals
and also require high temperature for reaction. Therefore, alternative processes which
are environment friendly are desired for the nanoparticle synthesis. Bio-based
approaches are a good choice for nanoparticle synthesis as they occur in ambient
conditions and are environment friendly. Following section will highlight on the
biological synthesis of nanomaterials in detail.
Bio-based process for nanomaterial synthesis:
An important aspect of research in nanotechnology deals with the synthesis of
nanoparticles of different chemical compositions, sizes and dispersity. Many reports
exist in literature which are eco-unfriendly, use toxic chemicals, require higher
temperature and are expensive. Thus, there is a growing need to develop clean, ecofriendly processes, which do not use toxic chemicals in their synthesis. This led
researchers to look toward the biological systems to develop green chemistry and ecofriendly approaches for synthesis of nanomaterials. In nature, microorganisms are
associated with bioremediation of toxic metals. However, exploitation of these
microbes for the deliberate synthesis of nanoparticles is a relatively new area of
scientific research. The potential of organism to produce nanoparticles ranges from
simple prokaryote (bacteria) to eukaryote (fungi) and even plants. Viruses, a new
addition to the list, are also used for the assembly of nanomaterials.
Bacteria:
Among the different microorganisms, bacteria have received greater attention for the
synthesis of nanoparticles (61-66). The potential of these organisms to survive and
grow in the presence of high concentrations of metals (stressful conditions) is
remarkable. This might be because of a specific resistance mechanism that includes
efflux pumps, metal efflux systems, metal inactivation and complexation, alterations
in solubility and toxicity by changes in the redox state of the metal ions, extracellular
precipitation of metals and volatilization of toxic metals by enzymatic reactions (67,
68).
Biomineralization, bioremediation and bioleaching are well known examples of
metal-microbe interactions. Microbial mediated changes in the surface chemistry of
carbon steel, stainless steel, copper alloys or the other ones are gaining attention (69).
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Mineral precipitation reactions are also intervened by bacteria either directly or
indirectly (70). In order to find out the relevance of nanoparticle production and metal
reduction, biorecovery of precious metals (e.g. gold) and bioremediation of toxic
ones, researchers have investigated the mechanisms of nanoparticle production and
bioreduction and focused their attention on the reducing agents in bacteria (e.g.
enzymes) and biochemical pathways leading to metal ion reduction. Pollmann et. al.
(71) have shown bioremediation of uranium-contaminated waters where nanoparticles
of some other metals are produced. Bacillus subtilis 168 was able to reduce Au3+ ions
to octahedral gold nanoparticles (5-25 nm) within bacterial cells by incubation of the
cells with gold chloride under ambient conditions (61,72). Recently, silver
nanoparticles have been obtained by combination synthesis (culture supernatant of B.
subtilis and microwave irradiation) in water (73).
The silver-resistant bacterial strain Pseudomonas stutzeri AG259, isolated from silver
mine, intracellularly accumulated silver nanoparticles obtained along with some silver
sulfide (63). P. stutzeri AG259 challenged with high concentrations of silver ions
during culture resulted in intracellular formation of silver nanoparticles ranging in
size from a few nm to 200 nm (74, 75). A genetic system was developed in E.coli to
study the protein-mediated control of crystal growth using the crystallization of the
gold as a model system (76). Nair and Pradeep have shown that Lactobacillus strain
common in buttermilk, when exposed to silver and gold ions resulted in the
production of metal nanoparticles within the bacterial cells. They also extended their
effort for the preparation of gold-silver alloy nanoparticles (77). Lactobacillus sp. also
assists the synthesis of titanium nanoparticles at room temperature (78). Konishi et.al.
reported the deposition of gold nanoparticles by the metal reducing bacterium
Shewanella algae and was concluded that pH was an important factor in modulating
the morphology and location for deposition of biogenic gold nanoparticles (79). A
number of metal-reducing bacteria have been isolated and characterized from a
variety of habitats and much work has been focused in this direction.
Shahverdi et. al. (80) have reported the rapid biosynthesis of metallic nanoparticles of
silver using the reduction of aqueous Ag+ ions by the culture supernatants of K.
pneumonia, E. coli and Enterobacter cloacae (Enterobacteriacae). The biosynthetic
process was quite fast and silver nanoparticles were formed within 5 min of silver ion
coming in contact with the cell filtrate. Rhodopseudomonas capsulata showed the
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ability to produce gold nanoparticles in different sizes and the shape of gold
nanoparticles was controlled by pH. The nanoparticles were quite stable in solution
too (81). He et. al. also have shown networked gold nanowire formation in the
aqueous solution (82) and believed bioreduction and formation of gold nanoparticles
might be due to NADH-dependent enzymes which were secreted by R. capsulata.
Gram negative bacterium, E.coli DH5α could produce gold nanoparticles with mostly
spherical, triangle and quasi hexagon shapes and showed potential in direct
electrochemisty of hemoglobin (83). In another study, biorecovery of gold from
jewellery wastes was obtained using E.coli MC4100 (nonpathogenic strain) and
Desulfovibrio desulfuricans ATCC 29577 (84). Lengke, Fleet and Southam have
controlled the morphology of gold nanoparticles using filamentous cyanobacteria
such as Plectonema boryanum UTEX 485 and obtained cubic gold nanoparticles
(<10–25 nm) and octahedral gold platelets (~1–10 µm) (85). Moreover, the
mechanisms of gold bioaccumulation by cyanobacteria from gold (III)-chloride
solutions have shown that the interaction of cyanobacteria with aqueous gold (III)chloride initially promoted the precipitation of nanoparticles of amorphous gold(I)sulfide at the cell walls, and finally deposited metallic gold in the form of octahedral
(III) platelets (~10 nm to 6 µm) near cell surfaces and in solutions (86). Diversity of
hyperthermophilic and mesophilic dissimilatory microbes was studied and some of
these Fe (III)-reducing bacteria and archaea were found capable of precipitating gold
by reducing Au(III) to Au(0) (87). The reaction seemed to be enzymatically catalyzed
which was dependent on temperature and the presence of a specific electron donor,
hydrogen. Bacillus megatherium D01 exposed to the aqueous solution of HAuCl4
formed monodispersed spherical gold nanoparticles capped with self-assembled
monolayer (SAM) of thiol in an extracellular synthesis process. These gold
nanoparticles were stable without any aggregation (88).
Apart from gold and silver nanoparticles, there is great interest in the development of
the synthesis process for technologically important semiconductor nanoparticles such
as Cadmium sulfide (CdS), Zinc sulfide (ZnS) and Lead sulfide (PbS) for applications
such as quantum dot fluorescent biomarkers and cell labeling agents (89). These
luminescent quantum dot nanoparticles are emerging as a new class of materials for
biological detection and cell imaging. Bacteria have been used with considerable
success in the synthesis of semiconductor nanoparticles (90-92). Clostridium
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thermoaceticum (an acetogenic bacterium) was able to precipitate cadmium
extracellularly, the process was energy dependent and required cysteine. CdS was
precipitated from CdCl2 in the presence of cysteine hydrochloride at the cell surface
and in the medium (93). CdS particles could be produced intracellularly by exposing
Klebsiella aerogenes to Cd2+ ions in the size range of 20-200 nm (94). In another
case, E. coli, when incubated with cadmium chloride (1mM) and sodium sulfide
(1mM) showed the potential to synthesize intracellular semiconductor CdS
nanocrystals and the results revealed that nanocrystal formation increased ~20-fold in
E. coli grown in the stationary phase cells compared to late logarithmic phase cultures
(95). Rhodopseudomonas palustris was found to produce CdS nanoparticles when it
was incubated with 1 mM CdSO4 at 30°C for 72 h (96). It is believed that C-S-lyase
(an intracellular enzyme located in the cytoplasm) was responsible for the synthesis of
nanoparticles and interestingly these particles are found to be transported out of the
cell. ZnS nanoparticles are formed with spherical morphology by sulfate reducing
bacteria (family Desulfobacteriaceae) (97). Rhodobacter sphaeroides was found to
synthesize ZnS (98) and PbS (99) nanoparticles with an average diameter of 8nm and
10.5 ± 0.15 nm respectively. It was found that the culture time could modulate the
size of PbS nanoparticles.
Nanosized magnetic particles are common bacterial products during iron reduction
which enable early disease detection, efficacy in therapy, cellular interaction study in
biology (100,101). These particles may have some varied applications in drug
delivery, magnetic resonance imaging (MRI), diagnostics, immunoassays, molecular
biology, DNA and RNA purification, cell separation and purification, hyperthermia
(102,103) etc. Bacteria-based processes for the growth of the magnetic nanoparticles
have been achieved by iron reducing bacterium Thermoanaerobacter ethanolicus
(104,105) and particles formed of octahedral morphology in large quantities. A more
fundamental study was performed for the assembly of single-domain magnetite
particles (Fe3O4) into folded-chain and flux-closure ring morphologies by harvested
magnetotactic bacterium, Magnetospirillum magnetotacticum (106). Many mesophilic
microorganisms which own the ability to use Fe(III) as a terminal electron acceptor
could also reduce a variety of metals and metalloids other than Fe(III). Many Fe(III)reducing microorganisms could reduce forms of oxidized metals, including
radionuclides such as uranium(VI) and technetium(VII) and trace metals including
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arsenic(V), chromium(VI), manganese(IV), and selenium(VI). Many of these metals
and metalloids are environmental contaminants. Therefore, Fe(III)-reducing
microorganisms could be used for the removal of contaminant metals from waters and
waste streams and immobilization of metals in subsurface environments. Microbial
reduction of some of these metals may also play an important role in the formation of
metal deposits, which may be especially important in hot environments containing
metal-rich waters. The sulfate-reducing bacterium, D. desulfuricans (107, 108) and
metal ion-reducing bacterium, S. oneidensis were capable of reducing soluble
palladium (II) into insoluble palladium (0) with formate, lactate, pyruvate, or H2 as
the electron donor (109). In another study, S. algae were able to deposit platinum
nanoparticles by reducing PtCl6

2−

ions where by the nanoparticles were found to be

present in periplasmic space (110).
Actinomycetes:
Thermomonospora sp., an alkalothermophilic actinomycete when exposed to AuCl4ions, reduces the metal ions extracellulary by enzymatic process. More research
exploration is needed for the exact mechanism of these enzymatic processes.
Complete reduction of AuCl4− ions resulted in spherical monodispersed nanoparticles
(with average dimension of 8 nm) at pH 9.0 and 50°C (111).
In addition, intracellular synthesis of monodispersed gold nanoparticles (5–15 nm)
occurred in alkalotolerant actinomycete Rhodococcus sp. (65), where particles were
more concentrated on the cytoplasmic membrane than on the cell wall. It is believed
that the reduction of gold ions occurred on the surface of the mycelia and cytoplasmic
membranes. As a result, the production of nanoparticles with good monodispersity
and desired morphologies and compositions might be achieved by using
actinomycetes.
Yeasts:
Yeast has received much attention for the biosynthesis of nanoparticles. Dameron et.
al. (112) has demonstrated that the yeasts such as S. pombe and C. glabrata produced
intracellular CdS nanoparticles when challenged with cadmium salt in solution. Yeast
cells produce metal chelating peptides (glutathiones) accompanied by an increase in
sulfide concentration which leads to the formation of CdS nanocrystalline particles.
These biogenic CdS particles are capped and stabilized by the secreted peptide,
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glutathione and its derivative phytochelatins. Synthesis of zinc phosphate (Zn3(PO4)2)
nanoparticles was achieved by chemical precipitation using yeast cells (113). The
yeast, Torulopsis sp. was capable of intracellular synthesis of semiconductor PbS
nanocrystallites when exposed to aqueous Pb 2+ ions. These crystallites were recovered
from the biomass by freeze-thawing (114). They have also shown that the synthesis of
CdS nanocrystals intracellularly in S. pombe yeast cells exhibit ideal diode
characteristics (115). MKY3 (silver-tolerant yeast strain) when challenged with 1 mM
soluble silver in the log phase of growth led to extracellular synthesis of silver
nanoparticles (2–5 nm size) (116a). Lead resistant marine yeast Rhodosporidium
diobovatum, was successfully employed for the green synthesis of lead sulfide
nanoparticles (116b). In an effort to synthesize nanoparticles by green chemistry, low
cost and more reproducible way, Bakers yeast (Saccharomyces cerevisiae) was found
to produce spherical antimony trioxide (Sb2O3) nanoparticles (117). Sb2O3 could be
used in a variety of applications. In another study, biosynthesis of gold nanoparticles
was also achieved by Yarrowia lipolytica NCIM 3589 (118).
Fungi:
Among the other microorganisms, fungi are more advantageous in many ways.
Usually they grow on simple media and are easy to handle in laboratory. They secrete
large amount of enzymes and can be easy for downstream processing. These features
make them a novel candidate for the fabrication of nanomaterials synthesis.
The fungus Verticillium sp. (intracellular synthesis) and Fusarium oxysporum
(extracellular synthesis) were found capable to synthesize nanomaterials, when
exposed to aqueous gold and silver ions. In the case of Verticillium sp. reduction of
the metal ions occurred intracellularly leading to the formation of gold (119) and
silver (120) nanoparticles. A considerable difference appears in case of Fusarium
oxysporum, the reduction of metal ions occurring extracellularly resulting in the
formation of gold (121) and silver (122) nanoparticles. Apart from metal
nanoparticles, the fungus Fusarium oxysporum when exposed to the aqueous solution
of equimolar mixture of gold and silver led to the formation of gold-silver alloy
nanoparticles. The results suggested the secreted cofactor NADH plays an important
role and nanoparticles of different chemical compositions could be synthesized by
controlling this factor that depends on the amount of fungal biomass (123). Even more
interesting, the fungus Fusarium oxysporum when challenged with an aqueous
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solution of CdSO4 resulted in the formation of highly stable quantum dots of CdS
nanocrystals by a purely enzymatic process (124). The CdS quantum dots are formed
by reaction of Cd 2+ ions with sulphide ions formed by the enzymatic reduction of
sulphate ions. These enzymes are secreted into the solution by the fungus
F. oxysporum.
Gericke and Pinches studied many organisms in order to synthesize metal
nanoparticles.

Obtained results show that the yeast, P. jadinii, and the fungus,

V. luteoalbum, show the most intracellular nanoparticle synthesis of variable shapes
such as hexagons, triangles, rods, and spheres (125). Platinum nanoparticles were
obtained by reducing H2PtCl6 by the fungus (126). Recently, the fungus F. semitectum
employed to synthesize highly stable crystalline silver nanoparticles extracellularly
with 10-60 nm in dimension and mostly spherical in shape (127). Stable silver
nanoparticles could be achieved by using Aspergillus flavus; the fungus treated
solution turned dark red after 72 hr due to extracellular deposition of silver
nanoparticles (128). In another study with Aspergillus fumigatus for the extracellular
silver nanoparticles synthesis, particles with 5-25 nm dimensions with variable shapes
were obtained (129). It is believed that handling of Aspergillus is somewhat difficult
as they produce toxins, thus it is recommended to be more cautious while handling
these fungi in laboratory. Phaenerochaete chrysosporium (a white rot fungus), when
reacted with silver nitrate solution, silver nanoparticles were produced in 24 h
extracellularly. It is believed that stabilization of these particles occurs due to protein.
The morphology was mostly dominated by pyramidal shape in different sizes, but
hexagonal structures are also observed (130). The culture filtrate of Cladosporium
cladosporioides was used to synthesize crystalline silver nanoparticles; results suggest
that proteins, organic acids and polysaccharides released were responsible for
spherical nanoparticles (131). Even though, the culture filtrate of Penicillium
fellutanum (isolated from mangrove root soil) was incubated with silver ion and
maintained under dark conditions, spherical silver nanoparticles could be produced.
They also changed crucial factors such as pH, incubation time, temperature, silver
nitrate concentration and sodium chloride to achieve the maximum nanoparticle
production. Results revealed that the highest optical density (at 430 nm) was observed
24 hr after the start of incubation time (1mM concentration of silver nitrate, pH 6.0,
5°C temperature and 0.3% sodium chloride was used) (132). Sadowski et. al. reported
that Penicillium genus could be used for the biosynthesis of silver nanoparticles.
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Polydispersed silver nanoparticles obtained might be formed by an extracellular
mechanism (133). In addition, Penicillium sp. J3 isolated from soil was able to
produce silver nanoparticles. Reduction of silver ions occurred on the surface of the
cells and proteins might have a crucial role in the formation and stabilization of the
synthesized nanoparticles (134). Coriolus versicolor was investigated for the ability
for the formation of monodispersed and spherical silver nanoparticles. It was also
observed that reduction reaction of metallic ions was pH sensitive. For the reduction
of silver nanoparticles, glucose was necessary in the case of growth medium, and in
the case of fungal mycelium, S-H of the protein played an important role (135). Cell
extracts of Fusarium acuminatum Ell. and Ev. (USM-3793) isolated from infected
ginger (Zingiber officinale) was demonstrated for the production of silver
nanoparticles. The morphology of the synthesized nanoparticles was found to be
spherical with size dimensions of 5-40 nm. The extracellular extract contained
enzymes which might be acting as reducing agent in the nanoparticle formation (136).
Extracellular synthesis process was developed for the production of Au, Ag and
Au-Ag alloy nanoparticles using the extract of Volvariella volvacea (a naturally
edible mushroom). Size and shape of nanoparticle could be tuned by the two
important parameters viz. temperature and amount of extract. The study provides a
controlled and scalable synthetic process for the stable nanoparticles (137). An
endophytic fungus, Colletotrichum sp. was found to produce stable gold nanoparticles
with variable morphology (138a). Trichothecium sp. when reacted with gold ions
produces extracellular gold nanoparticles under stationary conditions, in contrast to
intracellular gold nanoparticles formed in shaking conditions (138b). Very recently,
different fungi have been successfully employed for the synthesis of nanomaterials
(139).
Fusarium oxysporum, is one of the various fungi, which have been explored
completely for the production of various nanomaterials. Various nanoparticles have
been synthesized extracellularly such as gold, silver, gold-silver alloy, quantum dots,
silica, titania, zirconia, magnetite, carbonate biominerals (CaCO3, SrCO3), barium
titanate, etc using fungi.
Mukherjee et. al. (121) reported gold nanoparticles with spherical and triangular
morphology. FTIR spectrum suggested carbonyl and amine stretch vibration from the
protein and electrophoresis revealed proteins of molecular mass between 66 kDa and
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10 kDa were involved in nanoparticle stabilization. Bimetallic nanoparticles (Au-Ag
alloy) are also formed extracellularly. These alloy nanoparticles could be used in
biomedical applications due to their unique electronic and structural properties. Anil
et. al. have also synthesized highly luminescent water dispersible CdSe quantum dot
at room temperature using fungus Fusarium oxysporum (140). Zirconia nanoparticles
were also produced by cationic proteins secreted by F. oxysporum when incubated
with ZrF62− anions. The proteins of molecular weights 24-28 kDa were found to be
responsible for the formation of zirconia nanoparticles (141). Similarly, it also
produced silica and titania nanoparticles with SiF6

2−

and TiF6

2−

anionic complexes

respectively, which resulted in the synthesis of silica and titania nanoparticles (142).
Biosynthesis of carbonate crystals by the fungus was achieved, CaCO3 (143a) and
SrCO3 (143b) were synthesized by “total biological synthesis”. Recently it was
discovered that naturally available raw materials [(white sand (144a) and zircon sand)
(144b)] as well as agro-industrial by-products (rice husk) (144c) can be used for the
fungus-mediated bioleaching of oxide (silica) nanoparticles of diverse morphologies.
In addition, it also produced binary oxide, bismuth oxide (Bi2O3) (145a) and ternary
oxide, barium titanate nanoparticles (BaTiO3) of irregular quasi-spherical morphology
at room temperature (145b). Magnetic nanoparticles with single domain
characteristics were also produced when incubated with the mixture of salts
K3[Fe(CN)6] and K4[Fe(CN)6]. These biosynthesized nanoparticles which were quasispherical in shape with 20-50 nm size (146). Although Fusarium sp. can produce
various nanoparticles widely, it is not applicable to all Fusarium sp. F. moniliforme,
which produces reducing components was not able to form silver nanoparticles upon
incubation with silver ions (147).
In another study, fungus-based approach provides an easy nanosynthesis for inorganic
compounds such as CuAlO2, where it is difficult with chemical synthesis, especially
under technologically desirable low-temperature condition (148). The use of fungal
biomass was discovered to break down chemically synthesized BiOCl nanoplates
(size 150-200 nm) into very small particles (<10 nm) while maintaining their
crystalline structure and the phase purity (149).
The fungus Fusarium oxysporum has been reported to secrete NADH-dependent
reductase into the solution. The enzymatic routes for in vitro synthesis of gold, silver
and CdS nanoparticles have been developed. In vitro gold (150a) and silver (150b)
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nanoparticles were achieved by sulfite and nitrate reductase respectively. The in vitro
synthesis of technologically important and highly stable semiconductor CdS
nanoparticles capped by photochelatin was also observed by the use of sulphite
reductase enzyme purified from the fungus (150c). The use of enzyme for in vitro
synthesis of nanoparticles showed interesting advantages by eliminating downstream
processing for different applications. This approach can be employed for the synthesis
of nanoparticles with different chemical compositions.
Plants:
Biosynthesis of nanomaterials using plant based processes has received great attention
as simple and viable alternative approach to chemical and physical methods.
Gardea-Torresdey et. al. have reported the formation of gold and silver nanoparticles
inside living plants Medicago sativa (Alfalfa) (151,152), even different morphologies
were obtained when alfalfa biomass reacted with gold ions (153). In a related
investigation, Cr(VI) ions were reduced to Cr(III) ions by agricultural biomass,
indicating its efficiency in decontaminating polluted water and soil polluted with
heavy metal ions (154). Alfalfa biomass also exploited for the synthesis of iron oxide
nanoparticles, at alkaline pH, produced smaller particles within dimension range of
1-4 nm with greater proportion of Fe2O3 (155).
Recently, the biosynthesis of metal nanoparticles by plant based processes and their
potential applications has been reported (156,164). The bioreduction of gold and
silver ions was studied in Pelargonium graveolens leaf (156,157) or Azadirachta
indica leaf (158). Moreover, formation mechanism of triangular gold nanoprisms by
Cymbopogon flexuosus (lemongrass) extracts was explored, the process involved
rapid reduction, assembly and room temperature sintering of “liquid-like” spherical
gold nanoparticles (159). Gold nanotriangles and silver nanoparticle synthesis was
achieved by Aloe vera plant extract, as well (163). P. graveolens leaves when exposed
to chloroaurate ions resulted in rapid reduction of the metal ions and formation of
stable gold nanoparticles of variable sizes. In the case of P. graveolens leaves, the
reduction of the AuCl4− ions was nearly complete after 60 min of reaction, the
particles were of larger dimensions (20-40 nm) (157). In another study, P. graveolens
leaf broth, when exposed to aqueous silver nitrate solution, resulted in extracellular
synthesis of stable crystalline silver nanoparticles (16-40 nm diameters) (156). Very
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recently, different plant extracts were used for synthesis of nanomaterials (165). More
elaborate studies are needed to show the mechanism of nanoparticle biosynthesis.
Microorganisms such as algae, yeast, fungi and plants were capable of producing
glutathione related peptides for detoxification and sequestration of metal ions. These
glutathione oligomers [Phytochelatins (PC)] used as a chelator for heavy metal ions
such as Cd, Pb, Zn and Cu reduces the intracellular concentration. PC related reports
exist in literature (166, 167). In several plants and yeasts, two main groups of
cadmium–PC complexes have been resolved, one in which Cd is bound to thiol
groups and the other in which inorganic sulfide ions (S2−) were incorporated into these
complexes to form nanometer-sized PC-coated CdS nanocrystallites (168-170).
Therefore, it seems that the PCs have the potential to be used as the chelating agent in
nanoparticle synthesis. Gold and silver nanoparticles were obtained by exposing
precursors at ambient temperature to a novel sundried biomass of Cinnamomum
camphora leaf (171). Huang et. al. (172) in another study fabricated silver
nanoparticles by lixivium of sundried Cinnamomum camphora in continuous-flow
tubular microreactors and introduced polyols as possible reducing agents. Shankar et.
al. (158) has reported the synthesis of stable gold, silver and bimetallic core-shell
nanoparticles by reduction with neem leaves (Azadirachta indica). Gold nanoparticles
formed were thin, planar structures rather than spherical. Planar particles were
predominantly triangular and hexagon shaped in small percentages. Silver
nanoparticles were found to be spherical and polydispersed with 5-35 nm dimension.
Interestingly, rod shaped nanoparticles synthesized in pH dependent manner using
Avena sativa (oat), suggest that biomass might contain more positive functional
groups such as positive amino groups, sulfhydryl groups, and carboxylic groups (173)
which allowed the Au(III) ions to get more close to the binding sites (174) and carry
out the reduction of Au(III) to Au(0). Rapid synthesis of stable gold nanotriangles was
achieved using Tamarindus indica (tamarind) leaf extract as reducing agent (161).
These gold nanotriangles are used in photonics, optoelectronics, and optical sensing.
Furthermore, Emblica officinalis fruit extract produced highly stable Au and Ag
nanoparticles extracellularly (162). In other study, gold and silver nanoparticles
produced by Aloe vera leaf extract were found to be of different shapes (spherical and
triangular) and sizes (163). Recently, Harris and Bali (175) have investigated the
uptake of metallic silver by two metallophytes, Brassica juncea and M. sativa and
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suggested that both the plant could be utilized for phytosynthesis of silver
nanoparticles.
Song and Kim (176) studied different plants (Pinus desiflora, Diopyros kaki, Ginko
biloba, Magnolia kobus and Platanus orientalis leaves broth) to synthesize stable
silver nanoparticles extracellularly. M.kobus and D.kaki leaf broths were able to
convert silver nanoparticles faster after increase in reaction temperature (25-950C)
but it is believed that, it might be a chemical conversion instead of an enzymatic one,
because enzymes can not be active at higher temperatures. Bimetallic Au/Ag
nanoparticles were formed by the interaction of bioinorganic capping molecules along
with gold and silver nanoparticles. Spherical silver nanoparticles with size range
15-90 nm were obtained by the reduction of Ag ions with D. kaki (persimmom) leaf
extract (177). Leguminous shrub, Sesbania drummondii seedlings could uptake high
amounts of gold (III) ions, resulting in the formation of intracellular monodispersed
spherical gold nanoparticles (178). Apiin (extracted from henna leaves) was employed
to synthesize anisotropic gold and quasi-spherical silver nanoparticles. Secondary
hydroxyl and carbonyl groups of apiin compounds were responsible for the reduction
of nanoparticles and providing stability to them for upto 3 months. Different amounts
of apiin were used to control the size and shape of nanoparticles (179). Coriandrum
sativum (family: Apiaceae) leaf extract when exposed to the aqueous solution of gold
ions, resulted in the extracellular production of gold nanoparticles with spherical,
triangle, truncated triangles and decahedral morphologies (180).
Rapid precipitation of α-Se/protein was achieved at room temperature using proteins
extracted from Capsicum annuum L. The protein and vitamin C present in C. annuum
L. extract were responsible for the synthesis of α-Se nanoparticles. The proteins also
stabilized nanoparticles on their surfaces (181). Interestingly, Green tea (Camellia
sinensis) extract was capable to produce gold nanoparticles and silver nanostructures
in aqueous solution in ambient conditions. Control of size, morphology and optical
properties of the nanoparticles were investigated and suggests that the initial
concentration of metal ions and the tea extract act as controlling factors (182). Silverprotein (core-shell) nanoparticles could be synthesized by spent mushroom substrate
in the size range (30.5 ± 4.0 nm) (183). Synthesis of spherical silver nanoparticles
(60–80 nm) using callus extract of Carica papaya was also achieved. Proteins and
other ligands were found responsible for the synthesis and stabilization of
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nanoparticles (184). Silver nanoparticles (10–20 nm) were fabricated by the latex of
Jatropha curcas which acts as reducing and capping agent (185).
Algae:
Till date, few reports exist for algae mediated synthesis of nanoparticles. Chlorella
vulgaris, dried cell suspension when incubated with HAuCl4 solution accumulated
elemental gold into

the cells (186). Phaeodactylum tricornutum (marine

phytoplanktonic algae), in response to Cd, formed PC-coated CdS nanocrystallites
(186,187). PC-coated CdS nanocrystallites formation has been reported for the
Chlamydomonas reinhardtii (freshwater microalgae) (188) and P. tricornutum
(marine microalgae) (189). PC-coated CdS crystallites from P. tricornutum were
similar to CdS nanocrystallites isolated from several plants and yeasts. Sargassum
wightii was capable to form extremely stable extracellular gold nanoparticles in size
range 8-12 nm (190). When Spirulina platensis biomass was exposed to aqueous
solution of gold, silver ions, spherical gold (6-10 nm), silver (7-16 nm) and bimetallic
Au-Ag nanoparticles (17-25 nm) were formed extracellularly (191). Cyanobacteria
and eukaryotic alga genera such as Lyngbya majuscule, Spirulina subsalsa and
Rhizoclonium heiroglyphicum could be used as cost-effective means for the
biorecovery of gold and formation of gold nanoparticles (192). In another study,
bioaccumulation and bioreduction of gold by Rhizoclonium riparium, Navicula
minima and Nitzaschia obtuse had been reported (193,194). Recently, cell extract of
marine microalga Tetraselmis suecica was used as a reducing agent for the synthesis
of gold nanoparticles (195).
Viruses:
In recent years, biological methods have been developed for eco-friendly synthesis of
inorganic materials. Biological materials like DNA (196,197), protein cages (198),
biolipid cylinders (199, 200), viroid capsules (201), bacterial rapidosomes (202), Slayers (203) and multicellular superstructures (204) have been used in templatemediated synthesis of inorganic nanoparticles and microstructures. Interestingly,
tobacco mosaic virus (TMV) was used as template for the synthesis of iron oxide,
CdS, PbS and SiO2 with different strategies. It appears to have happened due to
glutamate and aspartate external groups present on the surface of viruses (205).
Genetically engineered viruses (self-assembled viral capsids) were exploited as
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biological templates for the assembly of quantum dot nanowires. Peptides like A7 and
J140 which are capable to nucleate ZnS and CdS nanocrystals were expressed as
fusion proteins (PVIII) into the capsid of virus, M13 bacteriophage. These template
peptides were selected by phage display and exposure to precursor solution resulted in
assembly of ZnS (5nm hexagonal wurtzite) nanocrystals on viral capsid and CdS (35nm) assemblies in the form of nanowires. Hybrid nanowires (ZnS–CdS) were
achieved with a dual peptide virus engineered to express A7 and J140 within the same
viral capsid (206, 207).
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Some insight into the mechanisms of nanoparticle biosynthesis:
Researchers have focused their investigations to understand the exact mechanism of
biosynthesis, but have been unable to find the exact ones. Fusarium oxysporum
secrete at least four proteins in the aqueous extract which is indicated from
polyacrylamide gel electrophoresis (PAGE). Reaction of these protein extracts with
CdSO4 solution did not produce CdS nanoparticles. Addition of ATP and NADH
restored the CdS formation capability of the protein extract (124). It might be possible
that these proteins are responsible for the in vitro synthesis of gold, silver and CdS
nanoparticles (148-150). In depth investigation for intracellular formation of gold and
silver nanoparticles by the fungus Verticillium sp. is not established at the moment.
Since the particles are formed on the surface of mycelia, possibility is that negative
carboxylate groups interact with silver ions by electrostatic interactions. Thereafter,
the ions were reduced by enzymes present in the cell wall leading to the formation of
silver nuclei which subsequently grow through further reduction of metal ions and
accumulation of these nuclei occurs (120). In case of Fusarium oxysporum mediated
extracellular gold nanoparticle synthesis, the NADH specific reductase secreted by
the fungus leads to the formation of nanoparticles in solution (121).
In another study, reduction mechanism of H2PtCl6 and PtCl2 platinum nanoparticles
by hydrogenase enzyme isolated from the fungus was carried out. Result revealed that
at pH 9 and 65°C, H2PtCl6 was reduced to Pt(II) which was later reduced to Pt(0)
(126, 208). Previous studies suggest that H2PtCl6 might act as electron acceptor
during the redox mechanism of hydrogenase enzyme from sulfate reducing bacteria
(209). Several studies report the role of cytoplasmic and periplasmic hydrogenases
produced by microorganisms in metal reduction (87, 126, 210-215,). In the case of D.
desulfuricans and E. coli, partial inhibition of periplasmic hydrogenases with Cu(II)
showed that these metal reductase enzymes play a role in Au(III) reduction (84).
Possibly, hydrogenases play an important role in reduction but more investigations are
needed to know the exact mechanisms of these reductions. Matsunaga and Takeyama
(216) have shown that MagA gene and its protein (isolated from Magnetospirillum sp.
AMB-1) were required for biomagnetic nanoparticle formation. Magnetotactic
bacteria contain a membrane protein that plays an important role in biomineralization,
therefore focus has shifted toward gene and protein identification (217, 218). Recent
studies reveal a number of genes and proteins which play critical roles in the
Ph.D Thesis

Asad Saghir Syed

University of Pune

Chapter 1: General introduction

23

biomineralization of bacterial magnetic particles (219). Chemical composition and
microstructural characters were studied for bacterial magnetosomes extracted from
M. gryphiswaldense. Cuboctahedral magnetite particles in dimensions of 46 ± 6.8 nm
were obtained. The particles (Fe3O4) exhibit high chemical purity and the majority of
them falls within a single magnetic-domain range (220). Plant based studies, explain
that C. annuum L. extract contains proteins with amine groups which play reducing
and controlling role during the formation of silver nanoparticles in the solutions (221).
In case of neem (Azadirachta indica) leaf broth, stabilizing the nanoparticles was
possibly facilitated by reducing sugars and/or terpenoids present in the leaf broth
(158). Au, Ag and Au-Ag bimetallic nanoparticles were stabilized by polypeptide/
proteins of S. platensis alga (191).
Most of the studies were focused on controlling the morphology and size of
nanoparticles by using proteins. Recently, association of proteins with spheroidal
aggregates of biogenic ZnS nanocrystals was achieved and suggests that these
extracellular proteins from microbes could limit the biogenic nanoparticles (222).
Controlled formation of magnetite crystals with uniform size was achieved in the
presence of Mms6 (a small acidic protein isolated from M. Magneticum AMB-1)
(223). Mms6 also promoted the formation of uniform, isomorphic, superparamagnetic
nanocrystals (224). The recombinant Mms6 protein was exploited for the synthesis of
uniform, well-defined CoFe2O4 nanocrystals in vitro (225).
The case of CdS nanocrystals produced by E. coli cells indicates that nanocrystals
synthesize intracellularly. CdS nanocrystals could be synthesized following Cd 2+ and
S2− ions transported into the cells (95). ZnS nanoparticles too were synthesized by
biological method (98). The results reveal that soluble sulfate diffused into
immobilized beads and was then carried to the interior membrane of R. sphaeroides
cell

facilitated

by

sulfate

permease.

After

that,

ATP

sulfurylase

and

phosphoadenosine-phosphosulfate reductase reduced sulfate to sulfite, and sulfite
reductase reduced sulfite to sulfide which in turn reacted with O-acetylserine to
synthesize cysteine via O-acetylserine thiolyase. Cysteine then produced S2− by a
cysteine desulfhydrase in the presence of zinc. After this process, spherical ZnS
nanoparticles were synthesized following the reaction of S2− with soluble zinc salt.
These nanoparticles were discharged from immobilized R. sphaeroides cells into the
solution.
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Important parameters for biosynthesis:
Bio-based methods are a new approach for the development of natural nanofactories.
Most of the important factors are constantly being researched upon to get
nanoparticles with desirable features. The following mentioned parameters are
considered as the most promising in biosynthesis of nanoparticles:
a). Bio-based sources for production of nanomaterials:
To choose the best source for the production of nanomaterials, intrinsic properties
such as growth rate, enzyme production and metabolic pathways must be taken into
consideration. Fusarium oxysporum, Verticillium sp. and Trichothecium sp. are some
of the successfully used fungi for nanoparticles synthesis.
b). Biomolecules responsible for biosynthesis:
Biomolecules, especially enzymes and proteins are the major reducing and stabilizing
agent for nanobiosyntheis. These can be exploited as whole cells of microorganisms,
crude enzyme and in purified form obtained from microorganism. Nanoparticles
production reaction seems to involve bio-reduction and needs coenzymes such as
NADH, NADPH, FAD, etc. Nanomaterials synthesis will be cheaper with help of
whole cells of the fungus as compred to purified enzymes from the same fungus.
c). Favorable conditions for growth:
Growth of organism and enzyme production are the key factors which can be tuned by
the growth of organism. Therefore, nutrient, inoculum, pH, temperature, etc. should
be optimized. Harvesting time is important in the case of using whole cells and crude
enzymes. Therefore, it might be necessary to monitor the enzyme activity during the
time course of growth.
d). Favorable reaction conditions:
Harvesting of cells was carried out to avoid unwanted residual nutrients and
metabolites to avoid complications. Production rate and yield is crucial at industrial
scale and needs to be optimized (including exposure time, pH, temperature, etc).
Optimizing these factors could control morphology and properties of synthesizing
nanoparticles. Therefore, researchers have focused their attention on finding optimal
reaction conditions and mechanisms involved in the bio-reduction and production of
nanoparticles.
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Properties of nanomaterials:
The reduction in material dimensions has pronounced effect on their properties that
are significantly different from their corresponding bulk materials. These different
properties exhibited by nanomaterials are due to (a) large surface atom, (b) large
surface energy, (c) spatial confinement and (d) reduced imperfections. The few
properties of nanomaterials are discussed as follows:
I). Optical Property:

Fig 4: Size dependent optical properties of gold nanoparticles. (Image courtesy:
http://images.google.com).
Metal nanoparticles (Fig 4) show different optical properties corresponding to their
bulk form (226). These properties are dependent on composition, size, shape and
surrounding medium of the nanoparticles (227). Depending on the size and shape of
the nanoparticles, the optical properties vary from visible region to NIR region (228).
This effect happens to appear due to the interaction of electron cloud present on the
surface of metal nanoparticle with electromagnetic radiation. Metal nanoparticles
(such as gold, silver and copper) are known to exhibit unique optical properties in
visible and in NIR region within certain size limit of particles (226).
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II). Surface Plasmon Resonance (SPR):
Electron clouds are contributed by the large number of atoms present on the surface of
nanoparticles. These free electrons lead to a dipole excitation across the particles
under the influence of the electric field vector of the incoming light (Fig 5). This
induces positive polarization charge on cationic lattice. This charge acts as a restoring
force and brings back electron cloud to its original position, thus causing the
oscillations of the electron cloud.

Fig 5: Collective excitation of the electrons: Surface Plasmon Resonance (SPR).
(Image courtesy: http://images.google.com).
Thus, the electron density within the surface layer oscillates, whereas the density in
the interior of the particle remains constant. This phenomenon is called as surface
plasmon resonance and has been explained by Mie in 1908, based on the Maxwell’s
equation of scattering (21). Interestingly, any changes in the electron density near the
surface of nanoparticles will lead to changes in the plasmon absorption. This surface
sensitivity of colloidal nanoparticles has been used to study adsorption/
chemisorptions of biomolecules etc. (50a, 229-234). Several applications are
emerging based on the surface plasmon resonance properties of nanoparticles.

III). Magnetic properties:
Magnetic properties of nanoscale materials are distinctly different from that of bulk
materials. Ferromagnetic particles form single domains with large single magnetic
moments at nanoscale. It changes magnetic properties drastically.

Under

thermodynamic equilibrium, magnetization behaviour of these nanoparticles is similar
as that of atomic magnetization but with large magnetic moment. Below certain size,
ferromagnetic particles become super-paramagnetic in nature (235). These particles
do not show hysteresis in magnetization, since there is only one domain per particle.
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IV). Mechanical Properties:
The mechanical properties of nanomaterials increase with the decrease in size. Most
of the studies have been focused on the mechanical properties of one dimensional
structure such as nanowire. The enhanced mechanical strength of nanowires or
nanorods is ascribed to the high internal perfection of the nanowires. Generally,
imperfections such as dislocations, micro-twins, impurities, etc. in crystals are highly
energetic and should be eliminated from the perfect crystal structures. The smaller the
cross-section of nanowires, the less is the probability of finding in it any
imperfections as nanoscale dimension makes the elimination of such imperfections
possible (236).
V). Thermal Properties:
Metal and semiconductor nanoparticles are found to have significantly lower melting
point or phase transition temperature as compared to their bulk counterparts. The
lowering of the melting points is observed when the particle size is below 100 nm and
is attributed to increase in surface energy with a reduction of size. The decrease in the
phase transition temperature can be ascribed to the changes in the ratio of surface
energy to volume energy as a function of size (237).
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Applications of nanomaterials:
Nanotechnology is of great vitality and offers immense opportunities. It offers an
extremely broad range of potential applications including nanomedicine (detection,
diagnostics and drug delivery), materials science, electronics, catalytic activities,
photocatalytic activities, antimicrobial activities, etc. The variety of applications of
nanomaterials is due to their unusual properties, large surface area, etc. Nanomaterials
are explored and continuously being researched for various applications.
Nanoparticles for drug delivery in cancer:
There is a great potential of nanomaterials in the field of medicine (Nanomedicine).
Few of the biomedical applications of nanomaterials includes detection of molecular
interaction (238), cancer treatment by magnetic drug targeting (239), contrast agent in
MRI (magnetic resonance imaging) (240), magnetic carriers for cell separation,
enzyme immobilization (241), etc. Till date, there are many reports focusing on the
application of nanomaterials in cancer therapy and diagnostics. The transport of a
drug into tumor area is affected by the interstitial pressure as well as the composition,
charge and characteristics of the drug (hydrophobicity, size) (242, 243). The dense
packing of tumor cells restricts the movement of molecules into the interstitial
compartments (244). The lack of tumor response to a drug (multi-drug resistance) can
be due to poorly vascularized tumor regions and lack of drug accumulation in the
tumor cells at a therapeutically effective concentration.
Nanomaterials of variable sizes can be synthesized with surface modifications that
determine their properties in biological systems. Nanomaterials, whether bare or
functionalized, below 100 nm and with at least one dimension can enter cells, even
nuclear compartments and interact with the DNA and cellular proteins. Nanoparticles,
undoubtedly, could be used in drug delivery systems due to their longer circulation
time, larger effective surface area and lower sedimentation rate along with enhanced
diffusion potential which makes them readily internalized in tumor cells through
membrane.
Nanotechnology has the tremendous potential to improve cancer drug delivery in the
following ways.
(1) Detect cancers at an early stage.
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(2) Deliver the required concentration of the drug.
(3) Protect the drug from alterations and inactivation.
(4) Increase drug concentration at or near the target site.
(5) Prevent multi-drug resistance.
(6) Specifically destroy malignant cells without affecting the normal cells.
Nanoparticles injected into biological systems are rapidly coated with plasma proteins
such as immunoglobulins and fibronectin. After injection, the macrophages
internalize the opsonized nanoparticles through phagocytosis and deliver them to
liver, spleen, kidney, lymph node and bone marrow (245). Cellular uptake
mechanisms for nanoparticles and macromolecules are pinocytosis (246), endocytosis
(247,248), and receptor-mediated endocytosis (249). Macromolecules and DNA,
which are susceptible to lysosomal degradation, can be delivered by nanoparticles
which escape lysosomal degradation.
The best way to increase the efficacy and reduce the toxicity of a cancer drug is to
direct the drug to its target and to maintain its concentration at the site for a sufficient
time for therapeutic action. Using nanoparticles to deliver drugs to tumors offers an
attractive possibility to avoid obstacles that occur during conventional systemic drug
administration. Nanoparticles can be directed to tumors by passive and active
targeting. There are numerous examples of targeting nanoparticles and this area of
research will offer important tools for cancer treatment (250, 254). Researchers have
focused in investigating processes for the development for cancer treatment by using
different types of nanomaterials (metal nanoparticles, magnetic nanoparticle,
polymeric

nanoparticles, fluorescent nanoparticles or quantum dots, silica

nanoparticles), etc. and drugs such as taxol, doxorubicin, camptothecin, etc.
Nanotechnology in bio-imaging and detection:
Imaging and detection of live cells is important in cancer biology and tumor therapies.
Successful development of the quantum dots as fluorescent probe, imaging for the
live cell and detection of live cells become feasible (89). Quantum dots nanocrystals
and the nanosized particles in the range of 1-10nm with unique properties would emit
light in different color in size dependent manner. Quantum dots are excellent probes
for in vivo imaging at molecular and cellular levels due to their stability and
multicolor emissions. Remarkable advantage of quantum dots has been reported
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because of their much stronger intensity and excellent photostability as compared to
other fluorescent molecules. Modified quantum dots can be used as robust
immunofluorescent probes for detection of cancer markers such as Her2 and other
cellular targets on putative tumor cells. In addition, quantum dots can potentially be
used for long-term labeling of live cells (255-257). The detection and diagnosis of
cancers in vivo are promising applications of quantum dots. In early experiments in
mice, multifunctional nanoparticle probes can bind to cancer targets in these animals
allowing for visualization of the tumors in vivo (258). Since the utility of quantum
dots as fluorescent labels, it is not surprising to develop a nanochip to carry out
chemical analysis in future for separation and detection. Another important potential
application is the use of nanomaterials as a drug carrier, where they can serve as
nanobots to deliver drugs and also detectors which release the “drug” at or near the
site of interest which will avoid the side effects associated with the drugs (259).
Nanoparticles as carrier for drug delivery:
Viral vectors, non-viral vectors and polymeric nanoparticles have been developed as
carriers for delivery applications, but with little success. These carriers have some sort
of immune response causing toxic changes to the cell and also affect certain proteins
in the body. Polymeric nanoparticles also serve toxic effects due to degradation.
Nanotechnology offers synthesis and application of inorganic nanomaterials for drug
delivery applications. There is great interest in inorganic nanoparticles as a carrier for
delivery of DNA (260), proteins (261) etc. In the related investigation, inorganic
nanoparticles such as gold (262), silica (263) and iron oxide nanoparticles (264-266)
have been studied. These nanoparticles show low toxicity and controlled release
property and offer surface functionality, biocompatibility and capability of targeted
delivery of drugs (267). Conjugation of antibodies to nanomaterials is being used for
targeted drug delivery. In another study, magnetite nanoparticles are used for
hyperthermia of cancer (268). Thus, inorganic nanoparticles are gaining considerable
importance for drug delivery and therapeutic applications.
Nanomaterials can be used for different applications such as catalysis (269),
photocatalysis (270), optoelectronics (271), single-electron transistors, light emitters
(272), nonlinear optical devices (273), hyperthermia treatment for malignant cells
(274), magnetic memory storage devices, MRI enhancement (275), etc.
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Summary:
We have isolated alkalophilic, alkalotolerant and thermophilic microorganisms from
self-heating compost obtained from Pune district in Maharashtra, India, in order to
synthesize highly monodispersed extracellular nanomaterials. The microorganisms
obtained from above source represent different genera of bacteria, actinomycetes and
fungi. All the cultures have been brought into pure culture and then screened for
nanoparticles synthesis. Out of the 10 cultures screened, one fungus (AAH-SHC-1)
was found to produce extracellular nanoparticles. It was maintained on alkaline
MGYP (malt extract, glucose, yeast extract and peptone) agar slants. The fungal strain
was aerobic and spore forming in nature showing optimum growth at temperature
500C and pH 9. The fungus (AAH-SHC-1) was identified as Thermomyces
lanuginosus (Humicola lanuginosa) based on cultural and morphological characters
and also by Internal Transcribed Spacer (ITS) sequence analysis.
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Introduction:
Fungal taxonomy is traditionally based on comparative morphological features (1-3).
However, special caution should be taken when closely related or morphologically
similar fungi are identified, because the morphological characteristics of some fungi
are medium dependent and cultural conditions can substantially affect vegetative and
sexual compatibility (4-5). The earliest system for fungal classification and
identification up to species level relied on morphological characters, mainly those of
reproductive structures, spore morphology and the manner in which the spores are
produced along with host range and secondary metabolites profile. However, this
method of classification presents critical limitations such as sterility of fungal cultures
that have not developed reproductive structures or morphological similarities among
the members of different species (6). Now, it is clear from above that the conventional
methods cannot be applied for identifying the fungal isolates that fail to sporulate in
culture, which are categorized as mycelia sterilia (7). Various optimization of growth
conditions have been used to promote sporulation of these fungi, such as potato
dextrose agar (PDA), potato carrot agar (PCA), corn meal agar (CMA), oat meal agar
(OMA), water agar as well as inclusion of host tissues in plate culture (8), UV
treatment and grass leaf technique. Nevertheless, a large number of fungi still do not
sporulate in culture, and these mycelia sterilia are considerably frequent in fungal
studies (7).
The correct identification of fungi is of great practical importance not only in the
industry but also in clinical pathology, biotechnology and environmental studies.
Different names for the same fungus (anamorph and teleomorph stages) also results in
a little confusion in their identification (9). In recent years, molecular biology
techniques have provided newer tools for the correct identification of fungi up to
species level.
Ribosomal RNA (rRNA) and ribosomal genes (rDNA) have been studied for their
usefulness in fungal systematics. It is accepted that ribosomal genes are well
characterized, ubiquitous and easily accessible via PCR technology. In ribosomal
DNA sequencing, intergeneric transcribed spacers (ITS) and intergeneric regions
(IGR) are more variable than the coding regions and these variable rDNA regions
could offer valuable guidelines for characterizing and differentiating between two
closely related species. It is possible that the ITS/IGR ratio could be suitable for
designing species specific oligonucleotide probes for fungal identification. Based on
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DNA sequence analysis or internal transcribed spacers of ribosomal DNA,
phylogenetic studies have been carried out with important plant pathogenic fungi such
as Phytophthora (10) and Puccinia (11). Lee et. al. have designed synthetic
oligonucleotide probes from ITS sequence data to differentiate between different
Phytophthora sp. (12). Phylogenetic relationship among Fusarium solani and its
formae speciales is identified on the basis of their morphological and molecular
characterization (13).
Different species of Aspergillus such as Apergillus oryzae [produces alpha amylase
used as a digestive aid in pharmacology (“Taka Diastase”)] and Aspergillus flavus
(produces highly toxic aflatoxin) which are morphologically very close, have been
identified and resolved with the help of molecular techniques. Similarly different
species of Trichoderma, Gliocladium and Verticillium have been resolved using
similar techniques.
From the foregoing brief outline of the recent studies on the use of molecular
techniques for better characterization of strains taxonomically, it is obvious that newer
avenues are being explored vigorously to make fungal taxonomy more meaningful.
Several biochemists and molecular biologists believe in and recommended molecular
taxonomy as the only realistic and reliable basis for classification and identification of
fungi. Will it be possible to dispense with morphology-based taxonomy and fully
switch over to molecular taxonomy and achieve reliable classification and
identification is a question yet to be answered.
A careful analysis will show that the molecular data could contribute useful attributes
for a better understanding of the phylogeny and evolutionary relationships of fungi,
taxonomy and classification based on morphology would still be the most readily
applicable and practical means for classification and differentiation of fungal strains.
Hawksworth (1977) points out that it may not be realistic to expect molecular
approaches to be the key for fungal classification (14). “As about 1800 fungi new to
science are described every year and less than 100 species are sequenced each year,
the gap widens rather than contracts. Technological developments including
automated molecular and other biochemical procedures are unlikely to be of practical
value for many years, except in certain fungi of medical and agriculture significance”.
It can be safely assumed that in the immediate future atleast, industrial biotechnology
and fermentation studies for fungal-based biomolecules will have to primarily rely
upon morphology based taxonomy for discovering novel strains, while exploring
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natural biodiversity. Further advances in molecular techniques may see the advent of
an era in which molecular biology would play increasingly significant role, not only
in aiding fungal taxonomy, but also in the augmented expression of heterologous
genes and eukaryotic proteins in fungal systems through recombinant DNA
technology.
Extremophiles are microorganisms which thrive under conditions which are lethal to
human beings, such as extremes of temperature [from -140C (psychrophiles) to 450C
(thermophiles) to 1100C (hyperthermophiles)]; extremes of pH [from 1 (acidophiles)
to 9 (alkalophiles)]; very high barostatic pressure (barophiles); nonaqueous
environment containing 100% organic solvents; excess heavy metal concentrations;
etc. These microorganisms have 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 the membrane and enzymes, etc (15-17).
We have isolated 10 alkalophilic, alkalotolerant and thermophilic microorganisms
(bacteria, actinomycetes and fungi) from self- heating compost obtained from Pune
district in Maharashtra, India, in order to synthesize highly monodispersed
extracellular nanomaterials. Out of 10 cultures screened, one fungus (AAH-SHC-1)
was found to produce extracellular monodispersed nanoparticles. This fungus was
identified on the cultural, morphological and molecular basis.
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Materials and Methods:
Materials:
Malt extract, Glucose, Yeast extract and Peptone were purchased from HiMedia
(India.), Agar agar (Qualigens), 2X CTAB buffer [CTAB: 2%, NaCl: 1. 5 M, EDTA:
20mM, Tris-HCL (pH-8): 100mM], Working CTAB solution [2X CTAB stock: 25ml,
β-mercaptoethanol: 50µl, Polyvinylpyrrolidone (PVP): 0.25g], RNase A, Chloroform,
Isoamyl alcohol, ethanol, TE buffer [10mM Tris-HCL, 1mM EDTA (pH-8)], agarose.
ITS-1 and ITS-4 primers, deoxyribonucleotide triphosphate (dNTPs) and Taq DNA
polymerase were purchased from Bangalore Genei, India. Thermal Cycler (Applied
Biosystems, Veriti) and Nikon Microscope (Eclipse E200).
Collection of self heating compost:
The samples for the isolation of alkalotolerant, alkalophilic and thermophilic
microorganisms were collected from Pune district of Maharashtra, India.
Isolation of alkalotolerant, alkalophilic and thermophilic microorganisms from
self-heating compost:
For the isolation of extremophilic microorganisms (alkalotolerant, alkalophilic and
thermophilic) in order to synthesize highly monodispersed inorganic nanomaterials,
one gram of self heating compost was taken and suspended in 10mL of sterile distilled
water and agitated for 10 min in a shaker at 200 rpm. One mL of suspension solution
was diluted serially to 10-2 and 10 -3 and 10-4 dilutions. Subsequently, 1mL of each
dilution was placed on alkaline MGYP plates [(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 9.0]. The inoculated Petriplates were placed in B.O.D
incubator at 50 0C in polythene bags with moist cotton to avoid desiccation. The
polythene bags were opened daily to provide adequate aeration to cultures.
Observations on appearance of various microorganisms (bacteria, actinomycetes and
fungi) were taken from 2 nd upto 5th day. After 2-5 days, microorganisms such as
bacteria, actinomycetes and fungi were observed growing from the compost in the
plates. Individual colonies and hyphal tips of the fungi were removed from alkaline
MGYP plates and placed again on alkaline MGYP plates and incubated at 50oC for at
least 2-5 days. Each microbial culture was checked for purity and transferred to
alkaline MGYP slants for highly monodispersed nanomaterials synthesis.
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Cultural and morphological characters of the isolated fungus which produced
highly monodispersed nanoparticles:
For studying the cultural and morphological characters the isolated fungus (AAHSHC-1) was grown on alkaline MGYP agar plates. Cultural characters such as color
and nature of the colony were determined by visual observations. Morphological
features of the fungus such as mycelia, conidiophores and conidia were studied
microscopically (Nikon Eclipse E200 Microscope).
Molecular characterization of the isolated fungus:
Isolation of fungal genomic DNA:
The genomic DNA of the alkalotolerant and thermophilic fungal strains was extracted
according to the Cetyl Trimethyl Ammonium Bromide (CTAB) method (18). For the
isolation of DNA, the fungus was grown in 250 ml Erlenmeyer flask containing 100
ml alkaline MGYP medium. The growth was initiated by inoculating agar plug
containing mycelia from 7 days old alkaline MGYP slant. The flasks were incubated
on a rotary shaker (200 rpm) for 4 days at 50°C and pH 9. The contents were
centrifuged at 6000 rpm for 15 min, washed repeatedly to remove the media
constituents. Fungal mycelia were lyophilized to dryness and crushed in liquid
nitrogen. Crushed mycelia (0.5g) were taken in a 2 mL micro centrifuge tube. 1mL of
pre warmed (650C) working CTAB solution was added in the same micro centrifuge
tube. This mixture was incubated at 650C for 1 hr with interrupted gentle mixing after
every 10 min. The mixture was cooled to room temperature and 500µL of chloroform:
isoamyl alcohol (24:1) was added. The tubes were inverted for gentle mixing and then
centrifuged at 10,000 rpm at RT for 10min. Supernatant was transferred into another
tube and equal volumes of phenol (pH-8): chloroform (1:1) were added. The tubes
were again inverted for gentle mixing and then centrifuged at 10,000 rpm at RT for
5min. To the supernatant, 10µL of 10mg/ml RNase A was added. The tubes were
inverted for the mixing and incubated at 370C for 30 min. 500µL of pre chilled
(-200C) isopropanol was added to precipitate the DNA. The tubes were inverted
several times and kept at -200C for 30 min. The tubes were then centrifuged at 12,000
rpm for 15min at 40C. The supernatant was poured off and the tubes were inverted on
a tissue paper. 1mL pre chilled (-200C) 70% ethanol was added to the tubes and
centrifuged at 12,000 rpm for 15min at 4 0C. The supernatant was poured off and the
tubes were kept for drying at RT for 3-4 hr. After complete drying, the DNA pellet
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was re-suspended in 100 µL of TE buffer (40C). The quality of the isolated DNA was
checked on 0.8 % agarose gel stained with Gel red.
PCR amplification of ITS regions:
Internal transcribed spacer (ITS) regions from the fungal strain were amplified using
Applied Biosystems, Veriti 96-well thermal cycler with a final reaction mixture
volume of 15 µL containing 0.5 µL fungal DNA solution (40ng), and 10 µL of PCR
master mix which contains 2 µL 10X buffer (Bangalore Genei, India), 4 µL (0.2 mM)
dNTPs,

1

µL

(1

µM)

each

of

the

ITS1-TCCGTAGGTGAACCTGCGG

Universal

Eukaryotic

(forward

Primer
primer),

ITS4-TCCTCCGCTTATTGATATGC (reverse primer) and 0.5 U/µL Taq DNA
polymerase (Bangalore Genei, India). Thermocycling parameters: Initial denaturation
at 950C for 3 min, 35 cycles: 950C for 30 sec, 540C for 30 sec, 72 0C for 1 min; final
extension was at 720C for 3 min. The resulting PCR products were analyzed on 1 %
agarose gel containing Gel red.
DNA sequencing and sequence analysis:
PCR amplicon obtained using ITS1 and ITS4 primers was sequenced by Sangers
dideoxy chain termination method (19) and was carried out at Chromous Biotech Pvt.
Ltd, Bangalore, India. The sequence of PCR amplicon was then analyzed by
performing nucleotide BLAST at NCBI. The hit matching with the sequence of PCR
amplicon was then again used for the sequence alignment. The alignment of PCR
amplicon and hit was done by using Clustal-W sequence alignment tool (20).
Phylogenetic analysis was carried out using MEGA 4 software (21).
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Results and Discussion:
Alkalotolerant, alkalophilic and thermophilic microorganisms from self heating
compost:
A total of 10 (AAH-SHC-1 to AAH-SHC-10) microorganisms were isolated from
above self heating compost collected from above location. These microorganisms
were maintained on alkaline MGYP agar slants. After growing all the microorganisms
at pH 9 and 500C, the slants were preserved at 150C. From an actively growing stock
culture, subcultures were made on fresh slants and after 4 days of incubation at pH 9
and 500C were used as the starting material for the fermentation experiments.
For the synthesis of the gold and silver nanoparticles, all the microorganisms isolated
from above source were grown in 250mL Erlenmeyer flasks containing 50mL of
alkaline MGYP medium. The culture was grown with continuous shaking on a rotary
shaker (200 rpm) at 500C for 96 h. After 96 h of fermentation, cells and mycelia were
separated from the culture broth by centrifugation (5000 rpm) at 200C for 20 min and
the cells and mycelia were then washed thrice with sterile distilled water under sterile
conditions. The harvested cells and mycelial mass (10 g of wet mycelia) each was
then resuspended in 50 mL of 10-3 M aqueous HAuCl4 and AgNO3 solution in 250
mL Erlenmeyer flasks at pH 9. The whole mixture was put into a shaker at 500C (200
rpm) and maintained in the dark. The bioreduction of the AuCl4- and Ag+ ions in
solution was monitored by periodic sampling of aliquots (2 mL) of the aqueous
component and measuring the UV-vis spectra (200 nm to 800 nm) of the solution. Out
of 10 microorganisms five were negative (AAH-SHC-3, AAH-SHC-4, AAH-SHC-6,
AAH-SHC-7 and AAH-SHC-10) and four (AAH-SHC-2, AAH-SHC-5, AAH-SHC-8
and AAH-SHC-9) showed intracellular synthesis of gold and silver nanoparticles.
Only AAH-SHC-1 produced extracellular highly monodispersed gold and silver
nanoparticles. Further studies were carried out only on strain AAH-SHC-1 for
extracellular synthesis of gold and silver nanoparticles.
Cultural and morphological characters of the fungus:
The fungus AAH-SHC-1 grown on alkaline MGYP medium produces fast growing
colonies. Colonies which initially appear off-white and felt-like, turn grey with time
on the upper side of Petriplate. Subsequently the reverse side of colony turns brown
and the agar substratum stains a deep brown or wine color. The vegetative mycelium
is hyaline, septate, thin walled, highly branched and is differentiated into conidia on
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short lateral branches functioning as undistinguished conidiophores. Conidia are
attached at bulging conidiogenous cells. Conidia produced were single, apically
positioned, globose or subglobose, brown, single celled. Conidia are attached
terminally on the conidiogenous cells. Based on the above cultural and morphological
features the isolated strain has been identified as Thermymyces lanuginosus
(Humicola lanuginosa) (22-25).

A

B

Fig 1: Morphological features of the fungus AAH-SCH-1. The fungal strain was
grown on alkaline MGYP agar plate for microscopic observations. Fungal growth:
front (A) and back (B) side of alkaline MGYP agar plate, (C-E) Mycelia, (F)
Attachment of the conidia on conidiophore, (G-H) Conidia.
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Genomic DNA, PCR amplification and sequence analysis:
Genomic DNA isolation by CTAB method resulted in obtaining high quality DNA
(Fig. 2). Universal eukaryotic primers (ITS1 and ITS4) used for the amplification of
ITS regions successfully amplified fungal genomic DNA producing fragments of
0.57 kb (Fig. 3). Sequence analysis was done using ChromasV 2.0 program and the
sequence profile was obtained in FASTA format. BLAST analysis of the sequence
determined the identical sequence from the data base. Majority of the hits from
BLAST search were from Thermomyces lanuginosus (Humicola lanuginosa). The
sequence analysis of the isolated fungus determined that the 570 bps fragment consist
of a partial ITS1 region at 5’ end (1 to 182 bps), 5.8 S ribosomal RNA (183 to 338
bps), ITS2 (339 to 512 bps) and partial 28S ribosomal RNA (513 to 570 bps) at 3’
end. All the sequences were aligned using Clustal-W programme and the homology
between the sequences was determined. The sequence has been submitted to
Genebank nucleotide database and is accessible under accession number JN600618.
Phylogenetic analysis of the sequence:
The phylogenetic tree was constructed using MEGA 4 software employing neighbour
joining method. This analysis was carried out by using ITS sequence of the isolated
fungus (Fig. 4). The phylogenetic analysis also confirmed that the isolated fungal
strain AAH-SHC-1 is closely related to Thermomyces lanuginosus (Humicola
lanuginosa).
Genomic DNA of fungus AAH-SHC-1

Genomic DNA

Fig 2: Genomic DNA of fungus AAH-SHC-1 on 0.8 % agarose gel.

Ph.D Thesis

Asad Saghir Syed

University of Pune

Part 1: Isolation and identification of the fungus Humicola lanuginosa

56

PCR Amplification and Sequencing of ITS 1 gene

bps
1358
1078
872
603

570bp
amplicon

310
281

X ladder Amplicon

Fig 3: Lane 1: Low range standard molecular weight marker (Фx174) and Lane 2:
0.57 kb PCR amplicon obtained from fungus AAH-SHC-1.
ITS1 regions of fungus AAH-SHC-1:
5’
1
51
101
151
201
251
301
351
401
451
501
551
3’

AATCTCCCAC
CCTCCGGTGT
GGCCCGTGCC
GATTGTCTGA
TCTTGGTTCC
GAATTGCAGA
TCTGGTATTC
GCACGGCTTG
TGAAAGGCAG
TCACGCGCTC
TTCTTCCAAG
CATATCAATA

CCGTGTCTAC
TCCGCCGGGG
CGCCAGAGGC
GTGACGAAAT
GGCATCGATG
ATTCCGTGAA
CGGGGGGCAT
TGTGTTGGGC
CGGCGGCGTC
AAGGAGGGGT
GTTGACCTCG
AGCGAAGGAA

CACACCTAGT
GGGTCGTCCC
ACTCACTGTG
GCAATCGTTC
AAGAACGCAG
TCATCGAATC
GCCTGTCCGA
CGCCGTCCCC
GCGTCCGGTC
CCGGCCGGGG
GATCAGGTAG

GTTGCTTTGG
GGGGCGCGGT
AACGCTTTTG
AAAACTTTCA
CGAAATGCGA
TTTGAACGCA
GCGTCATTGC
TCGTTTGGAG
CTCGAGCGTA
CCATAGCCTC
GAGTACCCGC

CGGGCCCACT
GTGCCCCCGG
TGAATGCGAG
ACAATGGATC
TAAGTAATGT
CATTGCGCCC
GAACCCTCAA
GGGACGGGCC
TGGGGCTCTG
TGAAGGTCAA
TGAACTTAAG

Internal Transcribed Spacer 1: 1….182bps
5.8 S ribosomal RNA: 183….338bps
Internal Transcribed Spacer 2: 339-512bps
28S ribosomal RNA: 513….570bps
Seq: Corresponding regions in ITS1 amplified PCR amplicon of fungus AAH-SHC-1.
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Phylogenetic relationship of selected member with fungus AA-SHC-1:

AAH-SHC-1

Fig 4: Phylogenetic relationships of selected members with fungus AAH-SHC-1.

Hits:
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Clustal 2.1 multiple sequence alignment:
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Conclusion:
Morphology of the fungus AAH-SHC-1 obtained from self-heating compost which
produced extracellular monodispersed nanoparticles mostly agrees with the
description of Barron (22), Barnet and Hunter (23), Abbas et.al (24) and Eriksen et.al
(25). The fungus AAH-SHC-1 is grown on alkaline MGYP medium and produces fast
growing colonies. Colonies which initially appear off-white and felt-like, turned grey
with time on the upper side of Petriplate. Subsequently the reverse side of colony
turns brown and the agar substratum stains a deep brown or wine color. The
vegetative mycelium is hyaline, septate, thin walled, highly branched and is
differentiated into conidia on short lateral branches functioning as undistinguished
conidiophores. Conidia are attached at bulging conidiogenous cells. Conidia produced
were single, apically positioned, globose or subglobose, brown and 1-celled. Conidia
are attached terminally on the conidiogenous cells (Fig 1). All the above mentioned
characters are identical to those describe for the fungus Thermomyces lanuginosus
(Humicola lanuginosa). Hence the fungus AAH-SHC-1 is referred to as Thermomyces
lanuginosus (Humicola lanuginosa). The ITS sequence analysis and homology
alignment of isolate AAH-SHC-1 using BLAST and Clustal-W programme
respectively revealed similarity with genus Thermomyces lanuginosus (Humicola
lanuginosa). The phylogenetic studies also indicate that the closest relative of the
fungus AAH-SHC-1 is Thermomyces lanuginosus. Therefore, considering the cultural
and morphological characters, we identified the fungus as Thermomyces lanuginosus.
The sequence analysis and phylogenetic studies also support the identification.
Although Thermomyces lanuginosus has wide spread occurrence in soils across India
and different strain of Thermomyces lanuginosus have been isolated from self-heating
compost and other substrates, no attempts have been made to synthesize inorganic
nanomaterials from Thermomyces lanuginosus. The fungus Thermomyces lanuginosus
(Humicola lanuginosa), which we have isolated, produces highly monodispersed gold
and silver nanoparticles.
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Summary:
Nanomaterial synthesis using biological routes occurs at ambient conditions;
therefore, focus has shifted toward biological routes as compared to chemical and
physical methods which are currently available and extensively used for
nanosynthesis. Biosynthesis of metal nanoparticles viz. gold and silver by Humicola
lanuginosa was demonstrated when exposed to HAuCl4 and AgNO3 solutions
respectively. The biogenic nanoparticles synthesized were characterized by UV,
TEM, XRD, XPS, EDAX and FTIR. The fungus reduces the respective solution and
leads to the formation of extracellular nanoparticles of spherical morphology with
good dispersity. Cell viability assay was carried out on NIH3T3 mouse embryonic
fibroblast cell line and MDA-MB-231 human breast carcinoma cell line.
Biodistribution studies were also carried out by radiolabelling gold nanoparticles with
Technetium-99m (Tc-99m). Conjugation of gold nanoparticles with anticancer drug
doxorubicin was carried out for drug delivery applications.
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Introduction:
Materials at nanoscale exhibit novel properties different from their bulk counterparts.
The properties include chemical, physical, optical, electronic and magnetic. These
unique properties are significantly dependent on the particle size and shape.
Biosynthesis occurs at ambient reaction conditions and therefore attracts increasing
attention as a novel synthesizing platform. Bacteria (1), actinomycetes (2), fungus (3)
and even higher plants (4) have been employed for the production of nanomaterials.
The creative use of magnetotactic bacteria (which synthesize magnetite nanoparticles)
(5), diatoms (siliceous materials) (6) and S-layer bacteria (gypsum and calcium
carbonate layers) (7) are some of the well known examples used for the nanoscale
biosynthesis.
The bacteria, Pseudomonas stutzeri AG256 isolated from silver mines has been
reported for the production of silver nanoparticles (8). Nair and Pradeep reported the
formation of gold, silver and gold-silver alloy nanoparticles with well defined
morphology by Lactobacillus strain found in buttermilk (9). Besides bacteriamediated biosynthesis, eukaryotic organisms such as fungi are also a good choice for
the production of nanomaterials as they secrete more enzymes when compared to
bacteria and are easier to handle and grow on simple media. However, a novel bioinspired process has been reported for the intra and extra-cellular synthesis of
nanoparticles using the fungi, Verticillium sp. and Fusarium oxysporum respectively.
These entrapped nanoparticles are produced in solution and may have the exciting
possibility for industrial applications.
The fungus Verticillium sp. is found to produce gold nanoparticles with fairly well
defined morphology and good dispersity (10). These results suggest that the trapping
of AuCl4- ions on the surface of fungal cells is due to the enzymes with positive
charge groups. Although the fungal production of nanoparticles is higher as compared
to bacterial synthesis, it might be so due to large amount of enzyme secretion from
fungi. When incubated with Ag+ ions, the fungus Verticillium sp. has shown the
capability to produce silver nanoparticles (3).
Fusarium oxysporum, specific for NADH-dependent reductase, was successfully used
for the reduction of AuCl4- ions to gold nanoparticles. It has opened up exciting
possibilities for novel fungal-enzyme based approach for nanoparticle synthesis (11).
It was also used for the synthesis of stable silver hydrosol (12) and technologically
important CdS nanoparticles (13). By controlling the amount of cofactor NADH,
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synthesis of stable Au-Ag alloy nanoparticles has been achieved. This approach can
be further employed for producing nanoparticles with different chemical compositions
(14).
However, it is remarkable research toward elucidating the mechanism or the feasible
conditions

for

the

production

of

nanoparticles

with

desirable

features.

Thermomonospora sp. an extremophilic actinomycetes, when reacted with gold ions,
resulted in efficient synthesis of monodispersed gold nanoparticles, extracellularly
(2). It is believed that the reduction of metal ions and stabilization of nanoparticles
occurs by an enzymatic process. This monodispersed synthesis of gold nanoparticles
could be due to extremes of the conditions such as alkaline pH and slightly elevated
temperature as compared to polydispersed gold nanoparticle synthesis by Fusarium
oxysporum. Alkalotolerant Rhodococcus sp. has been reported for intracellular
synthesis of good quality monodispersed gold nanoparticles (15). These extracellular
nanoparticles were stabilized by the enzymes and reducing agents secreted by the
fungi in the reaction mixture. Previous reports suggest that the fungal strain produces
four high molecular weight proteins which are found associated with the
nanoparticles. Out of these, one strain is found to be NADH-dependent reductase. An
endophytic fungus, Colletotrichum sp. growing in the leaves of geranium was found
to produce stable gold nanoparticles with variable morphology (16). Zirconia
nanoparticles are also produced by the use of fungus Fusarium oxysporum, and the
fungus is also having the capability of hydrolyzing aqueous ZrF62- ions extracellularly
(17). It is believed that the fungus secretes the protein similar in nature to silicatein,
thus resulting in the formation of zirconia nanoparticles. In the biosynthesis of
nanoparticles, the fungal growth plays an important parameter. Trichothecium sp.
when grown under stationary conditions and reacted with gold ions produces
extracellular gold nanoparticles, while under shaking conditions results in intracellular
gold nanoparticle formation. There is a possibility that some sorts of enzymes or
proteins are responsible for the synthesis. The fungus secretes the enzyme or protein
under stationary conditions into the reaction mixture but not in shaking conditions
(18). For the elucidation of the mechanism for nanobiosynthesis, α-NADPHdependent sulfite reductase, nitrate reductase and phytochelatin isolated from
Fusarium oxysporum has been used for in vitro gold and silver nanoparticle
production respectively (19, 20).

Ph.D Thesis

Asad Saghir Syed

University of Pune

Part 2: Biological synthesis of gold and silver nanoparticles using fungus

65

Apart from microbes, biosynthesis of nanoparticles can also be possible using plants
such as Alfalfa (21), Geranium (Pelargonium graveolens) (22), lemongrass plant
(Cymbopogon flexuosus) (23) extracts, Azadirachta indica (24), Emblica officinalis
(25), Aloe vera (26), Cinnamomum camphora plant extracts, sugar beet pulp,
memecylon edule leaf extract and leaf extract of ginger (Zingiber officinale) (27).
Moreover, bio-based approaches have also been successfully achieved for the
synthesis of nanomaterials of different chemical compositions. To control the shape
and size of the synthesized nanoparticle is of great importance. There is growing need
for the development of protocol for the synthesis of nanomaterials with desired
features (in terms of size, shape and dispersity). Recently, lemongrass (Cymbopogon
flexuosus) plant extracts have been exploited for the size and shape controlled
biosynthesis of gold nanotriangles. Nanotriangle morphology could be controlled by
halide ions.
Improvement in dispersity of gold nanoparticles has been achieved by
Thermomonospora sp. as compared to Fusarium oxysporum, due to the alkaline pH
and elevated temperature of the reaction medium. On the other hand, the size, shape
and yield of biosynthesized nanoparticles significantly depend on the physiological
parameters and are remarkably affected by the growth conditions which include
temperature and environment of inorganic ions of the live organism. For example,
biosynthesis yields of cadmium sulfide (CdS) nanocrystals increased about 20-fold in
Escherichia coli cells grown to stationary phase as compared to late logarithmic
phase. The use of live fungi for the size and shape control biosynthesis of
nanoparticles is so far an unexplored and underexploited area of current research and
would be of great prominence for a variety of applications.
The availability of nanoparticles with controlled optical and electrical properties has
sparked widespread interest in their biologically relevant applications such as
luminescent tagging and imaging, medical diagnostics, drug delivery and implantable
nanoelectronics (28, 29). A number of templates have been used for enzyme
immobilizations such as silica nanotubes (30), phospholipid bilayers (31, 32), self
assembled monolayers (33, 34), etc. There are several reports on metal nanoparticleenzyme conjugates which include the formation and enzyme activity of nanoparticles
complexed with horse radish peroxidase (35), xanthine oxidase (36), glucose oxidase
and carbonic anhydrase (37). Functionalized γ-Fe2O3 magnetic nanoparticles (38)
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have been used for the support of the enzyme lipase. Conjugation of pepsin (39) and
fungal protease (40) with nanoparticles has also been reported.
At the National Chemical Laboratory, Pune, our group has reported the conjugation of
in vitro synthesized CdS nanoparticles to jacalin and chickpea lectin with 1-Ethyl-3(3-methyl amino propyl)-carbodiimide (EDC) (41). Hrushikesh et. al. (42) reported
the binding of the hormone insulin to gold nanoparticles and its application in
transmucosal delivery for the therapeutic treatment of Diabetes mellitus. Conjugates
of gold nanoparticles to doxorubicin have been reported (43).
Gold and magnetite nanoparticles are the most commonly used nanoparticles for
hyperthermia and drug delivery. The unique chemical properties of colloidal gold
make it a promising agent in targeted delivery approach for drugs or genes to specific
cells. The physical and chemical properties of colloidal gold permit more than one
protein molecule to bind to a single particle of colloidal gold. Tumor necrosis factor
(TNF) can be bound to gold nanocrystals and delivered safely and effectively to
tumor-burdened mice and dogs (44). This will form the basis of a new formulation of
the potent anticancer drug TNF-α, which destroys tumors but is also very toxic to
healthy tissues. By coupling TNF-α to colloidal gold, this will become a safe as well
as an effective anticancer therapy.
Gold and silica composite nanoparticles have been investigated as nanobullets for
cancer. Gold atoms bind to silicone atoms and serve as a seed for the growth of
aluminium islands. The large electron affinity toward gold causes a significant change
in the electronic structure of silica resulting in a substantial reduction in the highest
occupied and lowest unoccupied molecular orbital and the optical gap, thus allowing
it to absorb near IR radiations. This suggests that a small cluster can have a similar
effect in the treatment of cancer as the large sized nanoshell but with a different
mechanism (45). Carbon magnetic nanoparticles (CMNP) are composed of spherical
particles 40-50 nm in diameter, with iron/ iron oxide particles dispersed in carbonbased host-structure (46). Free doxorubicin (DOX) molecules are immobilized onto
the surfaces of activated CMNP particles to form CMNP-DOX conjugates. The in
vitro antiproliferative activity of immobilized doxorubicin in the conjugates has been
demonstrated in tumor cell toxicity assay. It is suggested that this CMNP-DOX
system can be used for targeted drug delivery system in cancer. The use of magnetic
nanoparticles for the delivery of chemotherapeutics has evolved since the 1970’s.
Zimmerman and Pilwat in 1976 used magnetic erythrocytes for the delivery of
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cytotoxic drugs (47). In 1980’s, several authors developed this strategy to deliver
different drugs using magnetic microcapsules and spheres (48-51).
Hepatic cancer is the most prevalent primary cancer of the liver. Doxorubicin (DOX)
is an anthracycline antibiotic which is one of the most widely used anticancer agents
for the treatment of hepatic cancer (52). However, problems related to the
development of multidrug resistance and acute cardiotoxicity have led the scientists to
investigate alternative forms of administering DOX for the treatment of cancer. High
hepatocellular uptake of DOX coupled with low systemic exposure remains the key
issue in successful therapy. Free DOX (positively charged) enters the tumor cells by
diffusion but is effluxed by P-glycoprotein receptors present on the tumor cell surface
resulting in minimal intracellular concentrations of DOX (52,53). DOX loaded
nanoparticles showed improvement of DOX concentrations in tumor cells as
compared to free DOX and also revealed improvement in multiple drug resistance
(54). Another severe problem with DOX therapy is its fatal normal tissue toxicity.
DOX shows severe cardio-toxicity along with renal-toxicity with myelosuppression
(55). Asialoglycoprotein receptors are present in abundance in liver and more
importantly, known to be over expressed in hepatic cancer. Pullulan is known to have
specific affinity for the asialoglycoprotein receptors. Pullulan has been used in liver
targeted drug delivery system by covalent coupling with polymer/drug (52, 56).
Monoclonal antibody based therapeutics have been investigated in various
experiments for targeting hepatic cells and growth factors on tumor vasculatures (57).
The results of these experiments have been promising and have showed that antibody
based therapeutics are efficient in delivering the cancer drugs to the desired site of
action thus reducing systemic toxicity. Liposomes, nanoparticles, HEMA(N-2hydroxypropyl) methylacryl amide)-DOX conjugate (58) and dendrimers were found
to be clinically useful in the case of passive targeting of hepatic cancer. Use of ligand
targeted therapeutics for treatment of hepatic cancer is also reported. This strategy
utilizes targeting to specific tumor factors, receptors or protein over express on the
cancerous cells thereby increasing the exposure of malignant cells.
In the present work, the fungus Humicola lanuginosa was used for the first time in the
synthesis of gold and silver nanoparticles. Biodistribution studies of the gold
nanoparticles were conducted and these gold nanoparticles were then conjugated with
anticancer drug doxorubicin.

Ph.D Thesis

Asad Saghir Syed

University of Pune

Part 2: Biological synthesis of gold and silver nanoparticles using fungus

68

Materials and Methods:
Materials:
Chloroauric acid (HAuCl4) and silver nitrate (AgNO3) were obtained from Sigma
Aldrich, malt extract, yeast extract, glucose and peptone were obtained from HiMedia
and used as-received.
Fungal growth and maintenance:
The fungus Humicola lanuginosa was isolated from self-heating compost obtained
from Pune district in Maharashtra, India. It was maintained on MGYP [malt extract
(0.3%), glucose (1%), yeast extract (0.3%), and peptone (0.5%)] agar slants. Stock
cultures were maintained by sub-culturing at monthly intervals. After growing the
fungus at pH 9 and 50 0C for 4 days, the slants were preserved at 15 0C. From an
actively growing stock culture, subcultures were made on fresh slants and after 4 days
of incubation at pH 9 and 500C, the same were used as the starting material for
biosynthesis of gold nanoparticles.
Extracellular biosynthesis of gold and silver nanoparticles by Humicola
lanuginosa:
For the biosynthesis of gold and silver nanoparticles, the fungus was grown in
250 mL Erlenmeyer flasks containing 100 mL of MGYP medium. 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 500C for 96 hr. After 96 hr of fermentation, mycelia were
separated from the culture broth by centrifugation (5000 rpm) at 200C for 20 min and
then the mycelia 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 aqueous solution of 1mM HAuCl4 (for gold nanoparticles) and 1 mM
AgNO3 (for silver nanoparticles) solutions in 250 mL Erlenmeyer flasks and the same
was put onto a shaker at 500C (200 rpm). The reaction was carried out for a period of
96 hr and fungal biomass was separated by filter-paper to collect biomass and filtrate
in sterile conditions. Periodically, aliquots of the reaction solution were removed and
subjected to UV-Vis spectroscopy to check the formation of nanoparticles
extracellularly.
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Characterization of biosynthesized gold and silver nanoparticles:
The optical properties of metal nanoparticles were examined by using UV-Vis
spectroscopy. The measurements were performed on a Shimadzu dual-beam
spectrophotometer (model UV-1601 PC) operated at a resolution of 1 nm. The
nanoparticles were also characterized by using Transmission Electron Microscopy
(TEM) and X-ray Diffraction (XRD) measurements. The biosynthesized nanoparticles
solution was drop cast on a carbon coated copper grid and analyzed using JEOL
1200EX instrument operated at a voltage of 80 kV. The Selected Area Electron
Diffraction (SAED) analysis was carried out on the same grid. HRTEM images were
scanned on FEI Technai G2 system operated at an accelerating voltage of 300 kV at
room temperature. The XRD patterns were obtained on a Philips PW 1830 instrument
operating at 40 kV and at a current of 30 mA with Cu Kα radiation (λ = 1.5404 Å). Xray photoelectron spectra were recorded on VG MicroTech ESCA 3000 instrument.
FTIR spectra of metal nanoparticle solution was recorded on Perkin Elmer spectrum
one B in diffuse reflectance (DRS) mode at a resolution of 2 cm−1. Energy Dispersive
Analysis of X-ray (EDAX) analysis was 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 nanoparticles.
Cell Viability Assay:
The effect of nanoparticles on the proliferation of NIH3T3 mouse embryonic
fibroblast cell line and MDA-MB-231 human breast carcinoma cell line was assessed
by MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay.
Briefly, the cells (2x104 for NIH3T3 and 1x105 for MDA-MB-231) grown in 96-well
plates were treated with varying concentrations of nanoparticles (0-1000 µg/ml) for
24 hr at 370C. The cells were further incubated with MTT (0.5 mg/ml) at 370C for
3 hr followed by addition of 200 µl of isopropanol. The color intensity was measured
at 570 nm using an enzyme linked immunosorbent assay (ELISA) reader. The
experiments were performed in triplicates. The cell viability was plotted as percent of
control (59).
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Radiolabelling and biodistribution studies:
a) Radiolabelling of gold nanoparticles with Tc-99m:
Tc99m-gold nanoparticles were prepared by dissolving 10 mg of gold nanoparticles in
1 ml of distilled water followed by the addition of 100 µg of SnCl2.2H2O and the pH
was adjusted to 6.5. Approximately Tc-99m (2mCi) was added to the content, mixed
and incubated for 10-15min. The percent radiolabel was determined by using instant
thin layer chromatography (ITLC) method (60).
b) Radiochemical purity (RCP):
The radiochemical purity of Tc-99m with gold nanoparticle was estimated by instant
thin layer chromatography (ITLC) using silica gel coated fibre sheets. ITLC was
performed using 100% acetone and 0.9% saline as the mobile phase. A measured
amount of 2-3 µl of the radiolabelled 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 well counter (ECIL). Radiochemical
purity (RCP) was calculated as the fraction of radioactivity that remained at the origin
and was designated as percent (%) RCP.
c) Biodistribution of radiolabelled nanoparticles:
Male Sprauge Dawley rat weighing (180-220 gm) was selected for evaluating the
localization of the labelled complex. Tc99m-gold nanoparticles of 14.8 MBq (400uCi)
were administered through the penile vein of rat. The biodistribution studies of
labelled gold nanoparticles were evaluated after 45 min post injection.
Conjugation of anticancer drug doxorubicin with gold nanoparticles:
Biosynthesized gold nanoparticles were conjugated with anticancer drug doxorubicin.
As mentioned earlier, biosynthesized nanomaterials are capped by a protein layer
secreted by the fungus in the reaction mixture during the process of biosynthesis. Free
amino as well as carboxylic groups are present in the capped protein layer. The free
carboxyl group present on these proteins was targeted to couple with the free amino
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group present on the doxorubicin. Carboxyl group on the nanoparticles surface was
estimated as described by Ansary et. al. 2007 (41).
The gold nanoparticles were conjugated to doxorubicin, with free carboxyl by using
the activator 1-Ethyl-3- (3-dimethylaminopropyl)-carbodiimide (EDC). The coupling
reaction was carried out in a 5 ml reaction volume, of 50 mM MES/HEPES buffer
containing 250 µg of gold nanoparticles and 250 µg of doxorubicin was added to
5 mM of EDC. Conjugation was performed at 300C. After stirring for 12 h at room
temperature, the reaction mixture was concentrated under high vacuum and further
purification of the doxorubicin-gold conjugate was done by HPLC (Waters) using C18
symmetry reverse phase column and gradient elution was carried out using
Acetonitrile : Water (5% : 95%). At a flow rate of 0.5 ml/min. A dual wavelength
recorder set at 253nm and 530nm was used to detect the doxorubicin and gold
nanoparticles respectively from the column. Fluorescence measurements were carried
out using a Perkin Elmer LS-50B spectrofluorimeter.
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Results and Discussion:
Biological synthesis of gold nanoparticles by Humicola lanuginosa
The fungus, Humicola lanuginosa when incubated with aqueous solution of 1mM
HAuCl4 at temperature 500C and pH 9 for 96 hr under shaking condition on a rotary
shaker (200 rpm) resulted in the production of extracellular monodispersed, stable and
water dispersible gold nanoparticles.

A

B

C

1

2

Fig 1: Conical flasks with fungus Humicola lanuginosa before (A) and after (B)
exposure to HAuCl4 ion for 96 hr. (C). Filtrate of the control flask (1) and filtrate of
treated flask (2).

Figure 1 shows two conical flasks with the Humicola lanuginosa fungal biomass
before (A, conical flask on the left side) and after (B, conical flask on the right side)
exposure to 1 mM HAuCl4 solution at 50 0C for 96 hr. The change in the color from
pale yellow to vivid ruby red after incubation with fungus could clearly be seen in
Figure 1(B), which demonstrates the formation of Au nanoparticles by the fungal
biomass. The color ruby red appears due to excitation of the surface plasmon
resonance, of Au nanoparticles (61). By simple filtration of the reaction mixture we
have established the extracellular nature of the gold nanoparticles (Fig 1 C).
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UV-Vis spectroscopy of gold nanoparticles:
Biosynthesis of gold nanoparticles was monitored by the UV-Vis spectroscopy. After
the HAuCl4 solution reacted with the fungus Humicola lanuginosa, it was observed
that the surface plasmon band that occurs at ~530 nm, corresponds to the surface
plasmon resonance of gold nanoparticles (11, 61). These gold nanoparticles were
separated from the fungal biomass by filtration after completion of the reaction. The
biomass upon filtration was found to be colorless, indicating that the reduction of the
gold ions took place extracellularly. It was observed that these gold nanoparticles
were stable toward aggregation. These nanoparticles are thus stabilized in solution by
capping agent that is secreted by the fungus which is likely to be a protein or set of
proteins. An absorption band centered at 270 nm which can be attributed to the
presence of protein secreted by the fungus in the reaction mixture, can be clearly seen
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Fig 2: UV-Vis spectra recorded for the gold nanoparticles.
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Transmission Electron Microscopy of gold nanoparticles:
Morphology and size distribution profile of the biosynthesized nanoparticles was
obtained by TEM analysis. These gold nanoparticles are monodispersed, sized in
between 18-24 nm with average size approximately 20 nm (Fig 3 D). These particles
are very well dispersed in solution, which is due to the capping agent likely to be a
protein secreted by the fungus which also prevents their aggregation. Fig. 3. B shows
the Selected Area Electron Diffraction (SAED) pattern obtained from gold
nanoparticles shown in Fig 3 A. The Scherrer ring pattern characteristic of face
centered cubic (fcc), gold is clearly observed, showing that the structures seen in
TEM images are nanocrystalline in nature. The HRTEM micrograph showed that
interplaner distance is 2.35 A, which exactly matches with the (111) plane of the gold
nanoparticles.
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Fig 3. A). TEM micrograph recorded for gold nanoparticles. B). Selected area
diffraction pattern recorded from extracellular gold nanoparticles shown in Fig 3.A.
C). HRTEM micrograph. D). Particle size distribution histogram. The solid line is a
Gaussian fit to the histogram.
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X-ray Diffraction analysis of gold nanoparticles:
XRD analysis can provide information of the crystalline nature of the nanoparticles.
The presence of four prominent Bragg’s reflection corresponding to the (111), (200),
(220) and (311) orientations agree with those reported for gold nanoparticles (15).
These reflections are broad which indicates that the formed particles are in the
nanoscale dimension.
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Fig 4: XRD pattern recorded for gold nanoparticles.
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X-ray photoelectron spectroscopy of gold nanoparticles:
The presence of gold nanoparticles was also confirmed by analyzing the sample by
XPS is shown in Fig 5. The results showed in Fig 5 confirm the presence of Au, C, O,
N as the prominent elements. Peaks corresponding to C 1s core levels (Fig 5 A)
appear from the proteins with binding energies (BE) 283, 285 and 286 eV. The peaks
in (Fig 5 B and C) corresponds to chemically distinct N 1s and O 1s core levels with
binding energies 400 eV and 531.5 eV respectively. The Au 4f spectrum could be
resolved into two peaks (Au 4f7/2 and 4f5/2) due to the spin-orbit coupling with binding
energy of 84.2 and 87.6 eV respectively. These binding energies are characteristic of
metallic gold (Fig 5 D) and agree with those reported for gold nanoparticles (19).
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Fig. 5: X-ray photoelectron spectrum of gold nanoparticles.
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Fourier transform infrared spectroscopy of gold nanoparticles:
FTIR spectrum recorded for the biosynthesized gold nanoparticles shows the presence
of two bands at 1654 and 1541 cm-1 as seen in the Fig 6. The band at 1654 and 1541
cm-1 may be assigned to the amide I and II bands of proteins respectively (2).
Moreover, there is a possibility of stabilization of the gold nanoparticles by surface
binding protein either by free amino group or by cysteine residues present in the
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Fig 6: FTIR spectrum of gold nanoparticles.
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Energy Dispersive Analysis of X-ray (EDAX) of gold nanoparticles:
EDAX spectrum is recorded in the spot profile mode from one of the densely
populated gold nanoparticles. Signals are observed from Au, together with C, O and
Si. Presence of gold was confirmed by two peaks which appear to be at 2.15 and 9.70
keV. The C and O signals are likely to be due to X-ray emission from proteins or
enzymes present on the biosynthesized nanoparticle surfaces. The Si signal likely
appears due to X-ray emission from the glass substrate used for EDAX analysis.
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Fig 7: EDAX analysis of gold nanoparticles.
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Cell viability assay of gold nanoparticles:
The effect of Au nanoparticles on the cell viability of NIH3T3 mouse embryonic
fibroblast cell line and MDA-MB-231 human breast carcinoma cell line was checked
by MTT assay. The cells were treated with varying concentrations of Au
nanoparticles (50µg/ml, 250µg/ml, 5000µg/ml and 1000µg/ml) for 24 hr. There is no
significant difference on cell viability at concentration of 50µg/ml. The cell viability
was reduced in a dose-dependent manner in both the cell lines and the significant
cytotoxicity of the nanoparticle was observed from concentrations of 250µg/ml for
both the cell lines. The cell viability was reduced by 52% in case of NIH3T3 and
71.17% for MDA-MB-231 cell line at 1000µg/ml concentration.
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Fig 8: Cell viability assay of gold nanoparticles against NIH3T3 mouse embryonic
fibroblast cell line and MDA-MB-231 human breast carcinoma cell line. The data
represented in the form of a bar graph and plotted using means + S.E. of triplicate
determinations. The values were analyzed by Student’s t-test (p < 0.005). Statistical
analysis, P values for significantly different means, *P< 0.005 and **P> 0.05 vs
control.
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Radiolabelling and biodistribution studies:
a) Complex formation study:
On the basis of chromatographic analysis, the radiolabelling efficiency was found to
be more than 99% consistently. The optimal labelling efficiency was obtained with
100 µg of stannous chloride (the concentration of SnCl2.2H2O was varied from
50-100 µg) and at pH 6.5.
b)

Biodistribution

and

gamma

scintigraphic

imaging

of

Tc99m-gold

nanoparticles:
Localization and biodistribution study of Tc99m-gold nanoparticle in normal healthy
rat over time was determined by gamma camera imaging, as shown in Figure 9. The
study clearly indicates the biodistribution of the complex (Tc99m-gold nanoparticle)
in above mentioned rat. These gold nanoparticles reach out to the liver, heart, kidneys
and pass out through the urine within 45 minutes.

Fig 9: Gamma scintigraphic image showing biodistribution of biosynthesized gold
nanoparticles in rat.
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Conjugation of gold nanoparticles with anticancer drug doxorubicin:
The HPLC profile showed distinct peaks at 253 nm and at 530 nm (Fig 10). The peak
having maximum absorbance at 253 nm and 530 nm was collected and further
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purified by HPLC (Fig 11).
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Fig 10: HPLC profile of the crude (gold nanoparticles-doxorubicin conjugate) at two
different wavelengths A) 253 nm for doxorubicin detection and B) 530 nm to detect
gold nanoparticles.
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Fig 11: HPLC profile of the purified (gold nanoparticles-doxorubicin conjugate) at
two different wavelengths A) 253 nm for doxorubicin detection and B) 530 nm to
detect gold nanoparticles.
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Fluorescence measurement:
Fluorescence measurement was carried out for the anticancer drug doxorubicin and
gold nanoparticle-doxorubicin conjugate by exciting both the samples at 480 nm (Fig
12). There are no significant changes in the fluorescence spectrum. Decrease in the
peak intensity of doxorubicin after conjugation with gold nanoparticles is due to slight
quenching of doxorubicin by gold nanoparticles.
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Fig 12: Fluorescence emission spectrum of doxorubicin and gold nanoparticledoxorubicin conjugate excited at 480 nm.
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Biological synthesis of silver nanoparticles by Humicola lanuginosa
Silver nanoparticles obtained by reacting the fungal biomass (20g) with 1mM aqueous
solution of AgNO3 in 250 ml Erlenmeyer flask at temperature 500C and pH 9. The
reaction mixture was put onto a shaker under shaking conditions. The change in the
color from yellowish to brown indicates the formation of silver nanoparticles.
Figure 13 shows two conical flasks with the fungal biomass before (A) and after (B)
exposure to 1 mM AgNO3 solution at temperature 500C and pH 9 for 96 hr. The
change in the color from yellow to brown clearly demonstrates the formation of silver
nanoparticles. The brown color arises because of the excitation of surface plasmon
vibrations in the silver nanoparticles (61). After filtration, it was observed that the
biomass was still pale yellow and that the aqueous solution contained the silver
nanoparticles, characterized by an intense brown color. This demonstrates that the
reduction of the Ag+ ions takes place extracellularly (Fig 13 C).

A

B

C

1

2

Fig 13: Conical flasks with fungus (Humicola lanuginosa) before (A) and after (B)
exposure to AgNO3 ions. (C) Filtrate of the control flask (1) and filtrate of treated
flask (2).
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UV-Vis spectroscopy of silver nanoparticles:
Bio-reduction of the aqueous Ag+ ions after exposure to the fungal biomass was
monitored by UV-Vis spectroscopy (Fig 14). It was observed that the biomass has a
pale yellow color before reaction with the silver ions, which changes to a brownish
color after completion of the reaction. This indicates the formation of silver
nanoparticles in the reaction mixture and is due to the excitation of surface plasmon
vibrations (61). It was observed that the surface plasmon band centered at ~415 nm
that corresponds to the surface plasmon resonance of silver nanoparticles (12). These
silver nanopartices are also stabilized by the secreted protein in the reaction. The
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protein band also appears around 270 nm in the UV spectrum.
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Fig 14: UV-Vis spectrum for the silver nanoparticles.
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Transmission Electron Microscopy of silver nanoparticles:
A representative TEM micrograph Fig (15) recorded from the silver nanoparticle
solution deposited on a carbon coated copper TEM grid. The silver nanoparticles are
very well dispersed. The morphology is predominantly spherical but quite
polydispersed in size ranging from 5-20 nm. These nanoparticles are stabilized by
protein of the fungus present in the reaction mixture. As per earlier discussion, silver
nanoparticles synthesized by incubating AgNO3 by fungus are stable toward
aggregation. Fig 15. B shows the Selected Area Electron Diffraction (SAED) pattern
obtained from gold nanoparticles shown in Fig 15 A. The Scherrer ring pattern
characteristic of face centered cubic (fcc), silver is clearly observed, showing that the
structures seen in TEM images are nanocrystalline in nature. HRTEM results show
the inteplaner distance which matches with (111) plane of the silver nanoparticles.
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Fig 15: (A) Representative TEM micrograph recorded of silver nanoparticle. (B).
Selected area diffraction pattern recorded from extracellular silver nanoparticles
shown in Fig 15.A. (C). HRTEM micrograph. (D). Particle size distribution histogram
of silver nanoparticles synthesized by the fungus.
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X-ray Diffraction analysis of silver nanoparticles:
The XRD pattern for silver nanoparticles is provided in Figure 16. The presence of
Braggs reflections arises due to (111), (200), (220) and (311) planes and agree well
with those reported for fcc silver. The XRD pattern thus clearly shows that the silver
nanoparticles formed are crystalline in nature (4).
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Fig 16: XRD pattern recorded for silver nanoparticles.
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X-ray photoelectron spectroscopy of silver nanoparticles:
X-ray photoelectron spectroscopy (XPS) analysis supports the reduction of Ag+ ions
to elemental silver by the fungus (Fig 17). The peaks corresponding to chemically
distinct C1s (282, 285 and 286), O1s (531.5 and 533) and N 1s (400) core level with
binding energies are also represented in the figure. The Ag 3d spectrum could be
decomposed into a single spin-orbit pair. The Ag 3d5/2 and 3d3/2 peaks occur at
binding energies (BE) of 367.8 eV and 374.2 eV respectively and are assigned to the
metallic Ag. It clearly indicates that all the silver ions are reduced by the fungus (20).
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Fig 17: XPS spectrum for silver nanoparticles.
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Fourier transform infrared spectroscopy of silver nanoparticles:
The amide bond between amino acid in protein thus gives rise to signature in the
FTIR spectrum (Fig 18). The FTIR spectrum shows two bands at around 1644 and
1523, these bands are assigned to Amide I and Amide II of the proteins and are due to
–C=O and –N-H stretch vibrations present in the amide linkages of the proteins,
respectively. Role of the protein in stabilization of the silver nanoparticles by free

Transmittance (a.u.)

amino group or others present in the protein may be a possibility.
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Fig 18: FTIR spectrum for silver nanoparticles.
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Energy Dispersive Analysis of X-ray (EDAX) of silver nanoparticles:
EDAX spectrum (Fig 19) represents the signal from densely populated silver
nanoparticles. Signals from Ag, together with C, O and Si are present. The presence
of signals appear from C, O due to the X-ray emission from the biomolecules likely to
be of proteins. The Si signal appears from the glass substrate used in EDAX analysis.
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Fig 19: EDAX spectrum for silver nanoparticles
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Cell viability assay of silver nanoparticles:
The effect of Ag nanoparticles on the cell viability of NIH3T3 mouse embryonic
fibroblast cell line and MDA-MB-231 human breast carcinoma cell line was checked
by MTT assay. The cells were treated with varying concentrations of Ag
nanoparticles (50µg/ml, 250µg/ml, 5000 µg/ml and 1000 µg/ml) for 24 h. There is no
significant difference on cell viability at concentration of 50µg/ml. The cell viability
was reduced in a dose-dependent manner in both the cell lines and the cytotoxicity of
the nanoparticle was observed from concentrations 250µg/ml in both the cell lines.
The cell viability was reduced by 20.83% in case of NIH3T3 and 42.18% for MDAMB-231 cell line at 1000µg/ml concentration.
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Fig 20: Cell viability assay of silver nanoparticles against NIH3T3 mouse embryonic
fibroblast cell line and MDA-MB-231 human breast carcinoma cell line. The data is
represented in the form of a bar graph and plotted using means + S.E. of triplicate
determinations. The values were analyzed by Student’s t-test (p < 0.005). Statistical
analysis, P values for significantly different means, *P< 0.005 and **P> 0.05 vs
control.
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The exact mechanism by which the nanoparticle biosynthesis takes place is not so
clear. Extracellular biosynthesis of gold nanoparticles using the fungus Fusarium
oxysporum has been reported to occur by NADH-dependent reductase secreted by the
fungus into the solution (11). Purified enzymes from the fungus Fusarium oxysporum
were employed for the successful synthesis of metal and sulfide nanoparticles. The
enzymes sulfite reductase and nitrate reductase were used for the in vitro synthesis of
gold (19) and silver nanoparticles respectively (20). Even more interesting, in vitro
synthesis of technologically important and highly stable semiconductor CdS
nanoparticles capped by phytochelatin was also observed by the use of sulphite
reductase enzyme purified from the fungus (41). Shahverdi et. al. suggests that, cell
supernatant of Enterobacter contains the enzyme nitroreductase that may be involved
in the biosynthesis of silver nanoparticles (62). Gold nanowire biosynthesis has been
achieved by the protein present in the cell free extract of Rhodopseudomonas
capsulata. The cell free extract reduced the gold ions resulting in gold nuclei which
further formed nanoparticles. Due to the insufficient capping in the solution, these
gold nanoparticles are unstable and form liner assembly (63). Gold nanoplates were
synthesized by incubation of aqueous solution of chloroauric acid with extract of
Chlorella vulgaris (unicellular green alga) at room temperature. The result suggests
that proteins are involved in the synthesis of nanomaterials as well as control the
shape and size of the nanomaterials. A protein with an approximate molecular weight
28 kDa was isolated, purified and tested for the reduction of chloroauric acid in
aqueous solution (64). Silver nanoplates have been obtained by the extract of
Chlorella vulgaris at room temperature. The protein content in the extract involved in
the biosynthesis provides dual functions i.e. Ag ion reduction and shape controlled
synthesis of nanosilver. Hydroxyl groups in Tyr residues and carboxyl groups in Asp
and/or Glu residues were further identified as the most active functional groups for
Ag ion reduction and for directing the anisotropic growth of Ag nanoplates,
respectively (65). In case of plant, in particular, Neem leaf broth, rapid synthesis of
stable gold, silver and bimetallic Au-Ag core shell has been achieved. It is assumed
that flavanones and terpenoids act as the stabilizing agents for nanoparticles and that
the reduction of metal ions is possibly also facilitated by these and/or sugars (24).
The present study suggests the size controlled synthesis of gold and silver
nanoparticle synthesis using fungus Humicola lanuginosa. This is an enzymemediated process also supported by FTIR analysis. Remarkably, the reduction of ions
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and stabilization of the synthesized nanomaterials is by the secreted biomolecules,
likely to be a protein in the reaction mixture. These secreted proteins cap the
nanoparticle’s surface and prevent their aggregation thus making them water
dispersible. In an attempt to synthesize metal nanoparticles with control over size and
shape, a novel thermophilic fungus was isolated, and identified as Humicola
lanuginosa by morphological and molecular techniques. The biosynthesized
nanoparticles were characterized by UV-Vis spectroscopy, TEM, XRD, XPS, FTIR
and EDAX. These gold nanoparticles were radiolabelled and injected in rat to see the
biodistribution. Conjugation of gold nanoparticles with anticancer drug doxorubicin
was achieved.
In the earlier reports, none of the above studies give mechanisms for
nanobiosynthesis, instead they only give the possibility or role of a biomolecule in the
biosynthesis process. The complete elucidation of the mechanisms for nanoparticle
biosynthesis needs extensive efforts and thorough analysis which includes purification
of the active biomolecules responsible for the synthesis, sequence analysis and
structure analysis. Our efforts are still on for controlling the shape and size of
nanoparticles and the mechanism for biosynthesis. Complete elucidation of
mechanism for the biosynthesis of nanoparticles is beyond the scope of this thesis.
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Conclusion:
In the present work, a novel alkalotolerant and thermophilic fungus was isolated and
identified as Humicola lanuginosa in the laboratory. This fungus produces metal
nanoparticles such as gold and silver when reacted with aqueous solutions of HAuCl4
and AgNO3 which leads to the production of extracellular nanoparticles with good
dispersity and stability. The fungus Humicola lanuginosa has been employed for the
first time for the biosynthesis of metal (viz. gold and silver) nanoparticles.
Characterization of biosynthesized nanoparticles has been carried out by different
techniques. FTIR results suggest that the biomolecules likely to be proteins are
responsible for the stabilization and formation of nanoparticles. The biocompatibility
and cytotoxicity of gold and silver nanoparticles was assessed by cell viability assay.
Biodistribution profile also suggests further exploitation of these gold nanoparticles to
the particular site. Conjugation of gold nanoparticles to doxorubicin also opens up the
exciting possibility for drug delivery applications.
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Summary:
The present work emphasizes on nanoparticle synthesis protocol which occurs in
ambient conditions. In our laboratory, fungi, actinomycetes and plant extracts are
exploited for their potential to synthesize nanoparticles of different chemical
compositions, sizes and shapes. Fusarium oxysporum when incubated with
Hexachloroplatinic acid (H2PtCl6) in ambient conditions reduces the precursor and
leads to the formation of stable extracellular platinum nanoparticles. The
nanoparticles are in the size range of ~15 ± 5 nm and are stabilized by proteins
present in the solution. The reduction process is believed to occur enzymatically, thus
creating the possibility of a rational, fungal-based method for the synthesis of
nanoparticles over a wide range of chemical compositions.
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Introduction:
Materials with at least one dimension are in the nanometer range (1-100 nm) which
exhibit significantly different properties from those of the corresponding bulk
materials (1). Due to their extremely small size, they exhibit unusual properties such
as electronic, optical, magnetic and chemical. Nanomaterials have great potential
applications in catalysis (2), photocatalysis (3), optoelectronics (4), hyperthermia for
malignant cells (5), cell labeling (6), cell tracking (7), in vivo imaging (8), DNA
detection (9) etc. In particular, platinum nanoparticles are of great importance for their
excellent catalytic activity (10-12). Synthesis of nanoparticles for catalytic application
is an area of current interest due to the difficulty in synthesis and stability of
nanoparticles. The available process for the preparation of platinum nanoparticles
requires toxic chemicals (sodium borohydrate) (13), polymers (10), electrolytes (11),
and thiol groups (14) to maintain the stability of nanoparticles. The synthesis of
platinum nanoparticles of different shapes has been achieved (15) in aqueous
solutions. Chemical and physical methods for nanomaterial synthesis are usually
energy intensive, employ toxic chemicals and require higher temperatures. Therefore,
a clean, nontoxic and environment friendly process for the synthesis of nanoparticles
is in great demand. Researchers have turned toward biological systems (microbes and
plants) for inspiration, which could provide a possible route for the development of
nanoparticle synthesis. Biological systems are characterized by the processes that
occur at ambient temperature and pressure. Therefore microbial and plant based
processes for the synthesis of nanoparticles are an emerging technologies with great
potential in industry.
Bacteria, among microbial system, was studied and considered a potential source for
nanoparticle synthesis (16). In our laboratory, we have investigated eukaryotic
organism such as fungi, instead of bacteria for the synthesis of nanoparticles. After
the extensive screening programme, two fungi, viz. Fusarium oxysporum (17, 18) and
Verticillium sp. (19, 20) were found to produce nanoparticles.
Moreover, earlier reports suggest intracellular nanoparticle synthesis using microbial
routes. But it requires some additional steps for isolating the nanoparticles from
microbial biomass. The difficulty in its downstream processing and time consumption
hampers the process and evokes the purpose for development of a simple and cheap
route for nanoparticle synthesis. Thus, there is a need for a more applicable and
practical way if nanoparticles are to be formed extracellularly. The extracellular
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synthesis of nanoparticles has been reported by bacteria (21), actinomycetes (22),
fungi (23, 24) and plants (25).
Cis-platin (cis diaminedichloroplatinum), a well-known platinum compound is used
as an antitumor agent (26). Yolkshell nanocrystals of FePt@CoS2 have been found to
be more potent in killing HeLa cells as compared to cis-platin (27). Considering the
importance of the platinum nanoparticle, there is a growing need for the development
of a protocol which will occur in ambient conditions. Biological synthesis of platinum
nanoparticle using bacteria (28), fungi (29), plant (30), enzymes (31) and aqueous
honey solution (32) has been suggested as possible eco-friendly alternatives to the
available methods. These methods produce variable morphology of nanoparticles and
there is no specific control on the shape and size of nanoparticles. A variable
morphology (triangles, squares and spheres) has been observed for these processes.
Leaf extracts of Diopyros kaki plant were used as a reducing agent for platinum
nanoparticles. In the process, nearly complete conversion (~90%) was achieved at
higher temperature of 950C. Enzymatic transformation of metal salts for the
production of nanomaterials is superior over other methods, even though it has
limitations. The major problem associated with the process is that the enzyme works
at its optimum condition and at different pH and temperature metals can inhibit the
enzyme activity. Despite earlier reports of bio-based methods for platinum
nanoparticles, none of them provide control over size and shape for nanoparticle
synthesis which occur in ambient conditions.
We have established the biosynthesis of metals, metal sulfides, oxides and suggested
enzymatic reduction by the fungus and found Fusarium oxysporum as an efficient
biocatalyst for the nanosynthesis. In the present work, we have employed the fungus
Fusarium oxysporum for the extracellular synthesis of platinum nanoparticles.
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Materials and Methods:
Materials:
Hexachloroplatinic acid (H2PtCl6) was obtained from Sigma Aldrich. Malt extract,
yeast extract, glucose and peptone were obtained from HiMedia and used as-received.
Fungal growth and maintenance:
The fungus Fusarium oxysporum was maintained on Potato Dextrose Agar [PDA
(potato 25% w/v, dextrose 2% w/v, and agar 2% w/v)] slants at 250C. Stock cultures
were maintained by subculturing at monthly intervals. The fungus was grown at
pH 7.0 and 250C for 5 days; the slants were preserved at 15 0C. From an actively
growing stock culture, subcultures were made on fresh slants and after 5 days of
incubation at pH 7.0 and 250C, were used as the starting material for synthesis of
nanoparticles.
Biological synthesis of platinum nanoparticles:
For the extracellular synthesis of platinum nanoparticles, the fungus was grown in
500 mL Erlenmeyer flasks each containing MGYP media (100 mL), composed of
malt extract (0.3 %), glucose (1.0 %), yeast extract (0.3 %) and peptone (0.5 %) at
25-270C under shaking at 200 rpm for 96 hr. After 96 hr of fermentation, mycelia
were separated from the culture broth by centrifugation (5000 rpm) at 10 0C for 20 min
and then the mycelia 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 aqueous solution of 1mM H2PtCl6 solutions in 500 mL Erlenmeyer
flasks and the same was put into a shaker at 25-27 0C (200 rpm). The reaction was
carried out for a period of 96 hr and fungal biomass was separated by filter-paper to
collect biomass and filtrate in sterile conditions. Periodically, aliquots of the reaction
solution were removed and subjected to UV-Vis spectroscopy to check the formation
of nanoparticles extracellularly.
Characterization of platinum nanoparticles:
Optical measurement of the platinum nanoparticles was studied by UV-visible
spectrophotometer over the spectral range of 200-800 nm. The measurements were
carried out on a Shimadzu dual-beam spectrophotometer (model UV-1601 PC)
operating at a resolution of 1 nm. TEM measurements were performed on a JEOL
model 1200 EX TEM operating at an accelerated voltage of 80 KV. Samples for TEM
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analysis were prepared by drop coating the nanoparticle solutions on carbon coated
copper grids. SAED analysis was performed on the same grid. X-ray diffraction
analysis was carried out for nanoparticle powder on Panalytical ‘X’ Pert PRO system
with CuKα radiation (λ) 1.5418 Å). Nanoparticle powder samples were used for XPS
measurements. The measurements were performed on a VG microtech ESCA 3000
instrument. The FTIR measurements were performed on a Perkin–Elmer Spectrum
One instrument operated in the diffuse reflectance mode at a resolution of 2 cm-1. The
samples for the measurement were prepared by mixing platinum-nanoparticle powder
with KBr.
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Results and Discussion:
The fungus, Fusarium oxysporum when reacted with aqueous solution of
Hexachloroplatinic acid (H2PtCl6) at room temperature for 96 hr under shaking
conditions on a rotary shaker (200 rpm) resulted in the formation of extracellular and
highly stable platinum nanoparticles of nearly ~15±5 nm in size and spherical in
shape.

UV-Vis spectroscopy of platinum nanoparticles:
The Figure 1A shows glass vial of the Hexachloroplatinic acid (H2PtCl6) reaction
solution at the beginning (time t = 0, glass vial on the left side) and after 96 hr of
reaction (glass vial on the right side) with the Fusarium oxysporum biomass. The dark
brown color of the solution after reaction indicates the presence of platinum
nanoparticles in the solution.
The UV-Vis spectrum recorded for the reaction mixture before and after the reaction
of Hexachloroplatinic acid (H2PtCl6) with fungus Fusarium oxysporum is shown in
Figure 1B. When Hexachloroplatinic acid (H2PtCl6) is dissolved in water, it forms
2H+ and PtCl62-. The absorption peak at 260nm appears due to the presence of PtCl62in water. But after reduction with the fungus Fusarium oxysporum, the absorption
peak disappeared which indicates the complete reduction of precursor salt to zerovalent platinum.
Absorption band at 270-280 nm which is contributed by proteins present in the
extracellular broth, suggesting a possible reducing enzyme based process for the
synthesis of platinum nanoparticles. The solution was extremely stable, with no
evidence of flocculation of the particles even a month after reaction. The long-term
stability of the platinum nanoparticle solution could be due to the presence of the
capping protein/peptide in solution that binds to the surface of the nanoparticle and
prevents its flocculation.
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Fig 1. A). Shows glass vial containing H2PtCl6 solution before (glass vial on the left)
and after reaction with the fungal biomass (glass vial on the right). B).UV-Vis spectra
recorded from the aqueous 1mM H2PtCl6 solution after 96 hr of reaction with the
fungal biomass.

Transmission Electron Microscopy of platinum nanoparticles:
Transmission electron micrograph analysis was performed in order to determine the
size and shape of the biosynthesized nanoparticles. The transmission electron
micrographs (Fig. 2A) bring out the formation of nanoparticles in size range of ~15 ±
5 nm. The morphology of the nanoparticles was found to be spherical. Fig 2. B shows
the Selected Area Electron Diffraction (SAED) pattern obtained from platinum
nanoparticles shown in Fig 2 A. The Scherrer ring pattern characteristic of face
centered cubic (fcc), platinum is clearly observed, showing that the structures seen in
TEM images are nanocrystalline in nature. The histogram shown in (Fig 2C) brings
out the size distribution of nanoparticles, sized in between 5-30 nm with average size
approximately 15 nm (Fig 2 C).
As stated earlier, fungus secretes the proteins which play a role of reducing and
capping agents in the process. As the dissolved components (Hexachloroplatinic acid)
get into the solution, they form reactive molecular complexes, which leads to the
formation of inorganic nanoparticles and are also capped by the secreted proteins in
the reaction media.
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Fig 2. A. TEM micrograph of the platinum-nanoparticle formed by the reaction of
H2PtCl6 with Fusarium oxysporum biomass for 96 hr. B).Selected area diffraction
pattern recorded from extracellular platinum nanoparticles shown in Fig 2.A.
C) Particle size distribution histogram determined from the TEM micrograph.
X-ray Diffraction analysis of platinum nanoparticles:
X-ray diffraction (XRD) analysis of platinum nanoparticles was carried out by
depositing them as a biofilm on a glass substrate which showed intense Bragg’s peaks
corresponding to (111), (200) and (220) in the 2 θ range 35 θ-80 θ (Fig.3) and in
agreement with those reported for the platinum nanocrystals (33). The broadening of
the Bragg’s peaks indicates that the platinum particles formed are of nanoscale
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Fig 3: X-ray Diffraction pattern for the platinum nanoparticles synthesized by using
Fusarium oxysporum.
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X-ray photoelectron spectroscopy of platinum nanoparticles:
The presence of platinum nanoparticles was also confirmed by analyzing the sample
by XPS is shown in Fig 4. The results showed the presence of Pt, C, O, N as the
prominent elements. In Figure 4, we have presented the background corrected XPS
results of the platinum nanoparticles. In Fig 4A, peaks correspond to chemically
distinct C 1s core levels originating from the hydrocarbon chains, α-carbon and
–COOH groups present in the proteins with binding energies 284.8, 286.4 and
288.4 eV respectively. The peaks in (Fig 4B and Fig 4C) corresponds to chemically
distinct N 1s and O 1s core levels with binding energies 400 eV and 531.5 eV
respectively. Fig 4D shows Pt 4f spectrum which could be resolved into two peaks
(4f5/2 and 4f7/2) due to the spin-orbit coupling with binding energies 71.3 and 74.8 eV
respectively (13).
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Fig. 4: X-ray photoelectron spectrum of platinum nanoparticles.
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Fourier transform infrared spectroscopy of platinum nanoparticles:
Figure 5 shows the FTIR spectrum recorded from the Hexachloroplatinic acid
solution after reaction with the fungus Fusarium oxysporum for 96 hr. In case of
platinum nanoparticles, the presence of two bands at 1650 and 1536 cm-1 are seen in
the figure. The 1650 and 1536 cm-1 bands may be assigned to the amide I and II bands
of proteins, respectively (22). It is well-known that proteins can bind to platinum
nanoparticles through either free amine groups or cysteine residues in the proteins and
therefore, stabilization of the platinum nanoparticles by surface-bound proteins is a
possibility.
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Fig 5: FTIR spectrum for the fungus synthesized platinum nanoparticles. The amide I
and II bands are identified in the figure.
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Conclusion:
In conclusion, the fungus Fusarium oxysproum was employed for the extracellular
synthesis of platinum nanoparticles. The fungus reduces the Hexachloroplatinic acid
(H2PtCl6) in solution, stabilizes them by secreting proteins at room temperature. The
morphology of the nanoparticles was found to be spherical, nearly ~15 ± 5 nm in size.
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Summary:
The growing demand for semiconductor (quantum dots) nanoparticles has fueled
significant research in developing strategies for their synthesis and characterization.
Quantum dots (Q dots) are extensively investigated by the chemical route; on the
other hand, use of microbial sources for biosynthesis witnessed the highly stable,
water dispersible nanoparticles formation. We report, for the first time, an efficient
fungal-mediated synthesis of highly fluorescent CdTe quantum dots at ambient
conditions by the fungus Fusarium oxysporum when reacted with a mixture of CdCl2
and TeCl4. Characterization of biosynthesized CdTe nanoparticles was carried out by
different

techniques

Photoluminescence

such

(PL),

as
X-ray

Ultraviolet-visible
Diffraction

(UV-Vis)

(XRD),

X-ray

spectroscopy,
Photoelectron

Spectroscopy (XPS) and Transmission Electron Microscopy (TEM). Biosynthesized
nanoparticles are capped by a protein layer which was confirmed by Fourier
Transformed Infrared Spectroscopy (FTIR) analysis. CdTe nanoparticles showed
significant antibacterial activity against Gram positive and Gram negative bacteria.
Cell viability assay was carried out on NIH3T3 mouse embryonic fibroblast cell line.
The fungal based fabrication provides an economical, green chemistry approach for
the production of highly fluorescent CdTe quantum dots.
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Introduction:
Semiconductor nanocrystals, also known as quantum dots (QDs), are nanosized
particles composed of II-VI group or III-V main group elements. Q dots have gained a
lot of attention for their unique electronic and optical properties resulting due to
quantum confinement effects (1, 2). Over the past decades, efforts have been made to
study different functionalities such as size, shape and chemical compositions (3-6).
The semiconductors have been applied to various technological areas which include
biological labels (7, 8), optoelectronics (9) and solar cells (10). Optical properties can
be tuned by simply changing the size of nanoparticles and this also possesses potential
application in cell labeling (11), cell tracking (12), in vivo imaging (13), diagnostics
and DNA detection (14).
Cadmium telluride (CdTe), an important II-VI group semiconductor material with
large exciton Bohr radius (7.3 nm) and narrow bulk band gap of 1.5 eV has shown
significant potential for LED (energy), FRET (electronics), and biomedical
applications (9, 15-17) due to their size dependent properties. CdTe quantum dots
provide excellent photostability, narrow emission and high quantum yield in
comparison with organic dyes, therefore explored in live cell bio-imaging (18).
Organometallic method (3, 19, 20) and aqueous (water based) method (21-24) with
thiols as capping agent are the two most useful protocols developed for the production
of CdTe quantum dot nanoparticles. Moreover, these processes require high
temperature and employ highly toxic chemicals, such as trioctylphosphane or trioctylphosphane oxide. To address this concern, surface of the quantum dots need to
be functionalized with proteins or biocompatible layers in order to decrease toxicity
and then can be utilized in imaging and labeling (6, 25). Therefore, a novel, rational,
cost effective and reproducible process is needed for the scalable synthesis of CdTe
nanoparticles.
Biological routes have been employed to synthesize quantum dots with controlled
sizes, shapes and other functionalities (25). Many organisms are reported for the
synthesis of semiconductor nanoparticles, such as ZnS nanoparticles by sulfatereducing bacteria, Rhodobacter sphaeroides (26). Fusarium oxysporum (27),
Schizosaccharomyces pombe (28), Rhodopseudomonas palustris (29) and Escherichia
coli (30), have been developed for synthesis of CdS nanoparticles. PbS nanoparticles
have been synthesized by Torulopsis sp. (31). Holmes and co-workers have
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2+

demonstrated that the exposure of Cd

ions to the bacterium, Klebsiella aerogenes

results in the intracellular formation of CdS nanoparticles in the size range of
20-200 nm (32). Dameron and coworkers reported that the yeasts such as
Schizosaccharomyces pombe and Candida glabrata produced intracellular CdS
nanoparticles when challenged with aqueous solution of cadmium salt (33). These
biosynthesis processes occur at ambient conditions and are considered as environment
friendly methods. Recently, CdSe nanoparticles have been synthesized intracellular
by using yeast. For the isolation of intracellular nanoparticles, complicated procedures
are required which include cell washing, cell disruption and removal of cell fragments
for getting CdSe nanoparticles (34). In order to avoid the above complications
Scientist started screening of extracellular inorganic nanomaterials using biological
methods. Extracellular CdSe nanoparticle synthesis has been reported by the fungus
Fusarium oxysorum (35). Very recently,

lead

sulfide nanoparticles were

biosynthesized by lead resistant marine yeast Rhodosporidium diobovatum (36). To
the best of our knowledge, this is the first demonstration of fungal-mediated approach
for the synthesis of CdTe QDs.
Present work emphasizes on the use of fungus Fusarium oxysporum to biosynthesize
CdTe (quantum dot) nanoparticles. The process utilizes Cd and Te precursors in a
very dilute form and allows bottom up, one-step preparation of CdTe quantum dot
nanoparticles. Different techniques were employed for their characterization such as
SAED and XRD which confirmed the crystalline nature of biosynthesized CdTe
nanoparticles. Biosynthesized CdTe nanoparticles are capped by proteins, secreted by
the fungi in the reaction mixture, which makes CdTe nanoparticles water dispersible
and provides stability in solution by preventing their agglomeration. These CdTe
nanoparticles also showed antibacterial activity against Gram positive and Gram
negative bacteria. Cell viability assay was carried out on NIH3T3 mouse embryonic
fibroblast cell line. Fungus based approach provides a novel, rational and environment
friendly synthesis protocol for nanomaterial synthesis.
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Materials and Methods:
Materials:
Cadmium chloride (CdCl2) and Tellurium tetrachloride (TeCl4) were obtained from
Sigma Aldrich. Malt extract, Yeast extract, Glucose and Peptone were obtained from
HiMedia and used as-received.
Fungal growth and maintenance:
The fungus Fusarium oxysporum was maintained on Potato Dextrose Agar [PDA
(potato 25% w/v, dextrose 2% w/v, and agar agar 2% w/v)] slants at 250C. Stock
cultures were maintained by subculturing at monthly intervals. The fungus was grown
at pH 7.0 and 250C for 5 days, the slants were preserved at 150C. From an actively
growing stock culture, subcultures were made on fresh slants and after 5 days of
incubation at pH 7.0 and 250C, were used as the starting material for synthesis of
nanoparticles.
Extracellular biosynthesis of Cadmium telluride (CdTe) nanoparticles:
For the synthesis of quantum dot nanoparticles, the fungus was grown in 500 mL
Erlenmeyer flasks each containing MGYP media (100 mL) composed of malt extract
(0.3 %), glucose (1.0 %), yeast extract (0.3 %) and peptone (0.5 %) at 25-27 0C under
shaking condition at 200 rpm for 96 hr. After 96 hr of fermentation, mycelia were
separated from the culture broth by centrifugation (5000 rpm) at 100C for 20 min and
then the mycelia 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 aqueous solution of 1mM CdCl2 and 1mM TeCl4 solutions in 500 mL
Erlenmeyer flasks and the same was put onto a shaker at 25-270C (200 rpm). The
reaction was carried out for a period of 96 hr and fungal biomass was separated by
filterpaper to collect biomass and filtrate in sterile conditions. Periodically, aliquots of
the reaction solution were removed and subjected to UV-Vis spectroscopy and
fluorescence spectroscopy to check the formation of nanoparticles extracellularly.
Characterization of biosynthesized CdTe nanoparticles:
Various aliquots of the biosynthesized nanoparticles solution were collected during
the course of reaction, by separating the fungal mycelia from the aqueous component
by simple filtration. UV-Vis spectrophotometric measurements performed on a
Shimadzu dual-beam spectrophotometer (model UV-1601 PC) operated at a
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resolution of 1 nm. Fluorescence measurements were carried out using Perkin-Elmer
LS 50B luminescence spectrophotometer. The diluted biosynthesized nanoparticles
solution was drop cast on a carbon coated copper grid and analyzed using
Transmission Electron Microscope-FEI Technai G2 system operated at an
accelerating voltage of 80 kV at room temperature. The Selected Area Electron
Diffraction (SAED) analysis was carried on the same grid. Thin films of the
nanoparticles were drop casted on glass substrates and then subjected to X-ray
diffraction analysis and data was recorded on Panalytical ‘X’ Pert PRO system,
while X-ray photoelectron spectrum was recorded on VG MicroTech ESCA 3000
instrument. FTIR spectrum of biosynthesized nanoparticles solution was recorded on
a Perkin Elmer Spectrum One B in diffuse reflectance (DRS) mode at a resolution of
2 cm−1. Energy Dispersive Analysis of X-ray (EDAX) was carried out on a Leica
Stereoscan-440 SEM equipped with a Phoenix EDX attachment. EDX spectrum was
recorded in the spot-profile mode by focusing the electron beam onto a region on the
surface coated with nanoparticles. Thermogravimetric analysis of nanoparticles was
carried-out using the Q5000 V2.4 Build 223 instrument by TA Instruments at the scan
rate 10 0C min−1 in N2 environment.
Antibacterial activity:
The bacterial cultures Staphylococcus aureus NCIM 2079, Bacillus subtilis NCIM
2063, Escherichia coli NCIM 2065 and Pseudomonas aeruginosa NCIM 2200 used
for the antibacterial activity were from our in-house culture collection unit, the
National Collection of Industrial Microorganisms (NCIM), Pune, India. Evaluation of
antibacterial activity of CdTe nanoparticles was carried out by filter paper bioassay
(37). For antibacterial activity, bacterial culture were inoculated in nutrient broth and
incubated at 370C for 24 hr. From the actively growing bacterial culture broth, 100 µl
(0.1ml) of bacterial suspension (with a concentration of 105 CFU/ml) was mixed with
half strength nutrient broth (0.9 ml) and was immediately overlaid on the surface of
the sterile nutrient agar plates (90 mm diameter) and incubated at 37 0C for some time
for initial growth. Sterile filter paper discs (Whatman No. 3: 10mm sq. cm) were
placed on agar plates and then loaded with 50 µl suspension of CdTe nanoparticles of
different concentrations. These plates were incubated for 24 hr. and visually
monitored for the zone of inhibition. Filter paper disc on nutrient agar plate without
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nanoparticles suspension was used as a control. After incubation, the zone of
inhibition was measured in millimeter across the filter paper.
Cell Viability Assay:
The effect of nanoparticles on the proliferation of NIH3T3 mouse embryonic
fibroblast cell line was assessed by MTT assay. Briefly, the cells (2x104 for NIH3T3)
were grown in 96-well plates and were treated with varying concentrations of
nanoparticles (0-500 µg/ml) for 24 hr at 370C. The cells were further incubated with
MTT (0.5 mg/ml) at 370C for 3 hr followed by addition of 200 µl of isopropanol. The
color intensity was measured at 570 nm using an enzyme linked immunosorbent assay
(ELISA) reader. The experiments were performed in triplicates. The cell viability was
plotted as percent of control (38).
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Results and Discussions:
The fungus, Fusarium oxysporum when reacted with aqueous solution of CdCl2 and
TeCl4 at room temperature for 96 hr under shaking condition on a rotary shaker
(200 rpm) resulted in the formation of highly stable, water dispersible and fluorescent
CdTe nanoparticles.

UV-Vis spectroscopy of CdTe nanoparticles:
The UV-Vis spectrum recorded for the biosynthesized CdTe nanoparticles solution,
after the reaction with precursor solution is shown in Figure 1A, this showed notable
feature around 400-450 nm for CdTe nanocrystals (39). The Tauc plot (Fig 1B)
obtained from this data shows that the bandgap of CdTe nanoparticles is 2.61 eV. The
inset of Fig 1 shows glass vials of the CdCl2 and TeCl4 reaction solution at the
beginning (time t=0, glass vial on the left side) and after 96 hr of reaction (glass vial
on the right side) with the fungus Fusarium oxysporum. The change in the color of the
solution from colorless to dark yellow after reaction is due to the excitation of Surface
Plasmon Resonance (SPR) of CdTe nanoparticles. Absorption between 270-280 nm
suggests the presence of proteins in the reaction mixture (Fig 1). These secreted
proteins capped the nanoparticles surface and made them water dispersible and stable.
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Fig 1: A) UV-Vis spectrum of extracellular CdTe nanoparticles, the inset shows glass
vial containing CdCl2 and TeCl4 solution before (glass vial on the left side) and after
reaction with the fungal biomass for 4 days (glass vial on the right side). B). Taucs
plot for the CdTe quantum dot nanoparticles.
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Fluorescence measurements of CdTe nanoparticles:
Fluorescence measurement of the biosynthesized CdTe nanoparticles was studied by
exciting the reaction mixture at 400 nm. As shown in Fig. 2A, the biosynthesized QDs
possess strong fluorescence emission band centered at 475 nm, which is in good
agreement with nanoparticles synthesized by chemical methods. The inset of Fig 2 A
shows glass vials containing CdCl2 and TeCl4 reaction solution at the beginning (time
t=0, glass vial on the left side) and after 96 hr of reaction (glass vial on the right side).
When the solution of nanoparticles was illuminated with a 365 nm lamp, an intense
green luminescence was seen (the inset of Fig 2 A, glass vial on the right side). Green
luminescence is significant for several applications and a subject of intense scientific
research. The Tauc plot (Fig 2B) obtained from fluorescence data shows that the
bandgap of nanoparticles is close to 2.6 eV.
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Fig 2: A) Fluorescence emission spectrum of extracellular CdTe nanoparticles. The
inset shows glass vial containing CdCl2 and TeCl4 solution before (glass vial on the
left) and after reaction with the fungal biomass for 4 days (glass vial on the right)
B). Tauc’s plot derived from the fluorescence data.
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Transmission Electron Microscopy of CdTe nanoparticles:
The TEM analysis of the CdTe nanoparticles showed that they are in the size range of
15-20 nm. The morphology of the nanoparticles was essentially spherical (Fig 3 A).
Fig 3. B shows the Selected Area Electron Diffraction (SAED) pattern obtained from
CdTe nanoparticles shown in Fig 3 A. The Scherrer ring pattern characteristic of face
centered cubic (fcc), CdTe is clearly observed, showing that the structures seen in
TEM images are nanocrystalline in nature.

A

B

531
511
400
220

Fig 3: A) TEM micrograph of CdTe nanoparticles and B). SAED pattern recorded
from extracellular CdTe nanoparticles shown in Fig 3 A.

X-ray Diffraction analysis of CdTe nanoparticles:
X-ray diffraction (XRD) analysis of these biosynthesized CdTe nanoparticles was
carried out by depositing them as a thin film on a glass substrate (Fig 4) which
showed intense peaks corresponding to (111), (220) and (311) planes in the 2 θ range
of 15 θ-60 θ and agree with the standard diffraction pattern for CdTe nanocrystals
(40). The broadening of Bragg’s peaks indicates that the particles formed are in
nanoscale dimensions.
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Fig 4: XRD pattern of extracellular CdTe nanoparticles.
X-ray photoelectron spectroscopy of CdTe nanoparticles:
The presence of CdTe nanoparticles was also confirmed by analyzing the sample by
XPS as shown in Fig 5. The results showed the presence of Cd, Te, C, O, N as the
prominent elements. In Figure 5, background corrected XPS was presented for the
CdTe nanoparticles. Peaks correspond to chemically distinct C 1s core levels (Fig 5
A) originating from the α-carbon and –COOH groups present in the proteins with
binding energies 285 and 286.5 eV respectively. The peak (in Fig 5B) corresponds to
chemically distinct O 1s core level transition with binding energy 532 eV of proteins.
The Cd 3d spectrum (Fig 5C) could be decomposed into two spin-orbit components 1
and 2 (spin-orbit splitting ~ 6.6 eV). The Cd 3d5/2 and 3d 3/2 peaks occurred at binding
energies of 406.6 eV and 413.2 eV respectively, which agrees with the core level
binding energies and are characteristic of metallic Cd. Moreover, the binding energies
of 573.19 eV and 585.2eV for Te 3d peak are comparable to the core level binding
energies and are typical for metallic Te (Fig. 5D). The XPS data clearly indicates that
all the Cd Te metal ions are fully reduced by the fungus Fusarium oxysporum and are
in metallic form. These findings are comparable and in good agreement with the
reported literature (41).
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Fig 5: XPS analysis of extracellular CdTe nanoparticles.

Fourier transform infrared spectroscopy of CdTe nanoparticles:
FTIR analysis was performed to determine the nature of the present protein on the
surface of nanoparticles. The presence of two bands in the region 1644 and 1530 cm-1
assigned to amide bands I and II respectively of proteins (Fig 6). Similar results were
reported in our previous reports on the synthesis of CdS nanoparticles by Fusarium
oxysporum (27). The data provide some insights on the nature of the capping layer of
nanoparticles surface, which may be further utilized for biofunctionalization for
different applications.
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Fig 6: FTIR analysis of extracellular CdTe nanoparticles.
Energy Dispersive Analysis of X-ray (EDAX) of CdTe nanoparticles:
EDAX spectrum in Fig 7 shows the spot profile mode from one of the densely
populated CdTe nanoparticle regions on the surface. Signals are observed from C, O,
Cd and Te. The C and O signals are likely to be due to X-ray emission from proteins/
enzymes present on to the nanoparticles surface.
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Fig 7: EDAX spectrum for extracellular CdTe nanoparticles.
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Thermogravimetric analysis of CdTe nanoparticles:
As mentioned earlier, the nanoparticles synthesized by fungal based route are capped
by protein layer that stabilize them against aggregation. To further estimate the
amount of pure CdTe nanoparticles, thermogravimetric analysis (TGA) was
performed. TGA plot from biosynthesized CdTe nanoparticles show weight loss
(30%) in the range of 200-2500C, corresponding to release of water vapour and some
biomolecules which are loosely bound to the surface of nanoparticles. Therefore, a
total of 30 % weight loss was recorded after heating up to 5000C. Beyond 5000C there
was no indication for any weight loss for the nanoparticles, thus the rest 70% weight
to be of pure CdTe nanoparticles.
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Fig 8: TGA analysis of extracellular CdTe nanoparticles.
Antibacterial activity of CdTe nanoparticles:
Antibacterial activity was performed against Gram positive (Staphylococcus aureus
and Bacillus subtilis) and Gram negative bacteria (Escherichia coli and Pseudomonas
aeruginosa) with different concentration of CdTe nanoparticles (100 µg, 500 µg and
1000 µg). CdTe nanoparticles showed growth inhibition against these bacteria (Fig 9
and Fig 10). The growth inhibition in terms of zone of inhibition was estimated and
presented in table 1.
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Fig 9: Antibacterial activity of CdTe nanoparticles against Gram positive bacteria
(viz Staphylococcus aureus NCIM 2079 and Bacillus subtilis NCIM 2063)
C: Control, Different concentrations (1: 100 µg, 2: 500 µg and 3: 1000 µg).
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Fig 10: Antibacterial activity of CdTe nanoparticles against Gram negative bacteria
(viz Escherichia coli NCIM 2065 and Pseudomonas aeruginosa NCIM 2200)
C: Control, Different concentration (1:100 µg, 2: 500 µg and 3:1000 µg).
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Table 1: Antibacterial activity in terms of zone of inhibition of CdTe nanoparticles
against bacterial cultures was presented.
Concentrations/ Zone of Inhibition
100 µg
500 µg
1000 µg

Organism
Gram positive bacteria
Staphylococcus aureus (NCIM 2079)
Bacillus subtilis (NCIM 2063)
Gram negative bacteria
Escherichia coli (NCIM 2065)
Pseudomonas aeruginosa (NCIM 2200)

17 mm
-

30 mm
22 mm

35 mm
26 mm

-

29 mm
27 mm

33 mm
30 mm

Cell viability assay of CdTe nanoparticles:
The effect of CdTe nanoparticles on the cell viability of NIH3T3 mouse embryonic
fibroblast cell line was checked by MTT assay. The cells were treated with varying
concentrations of CdTe nanoparticles (50µg/ml, 250µg/ml and 5000 µg/ml) for 24 hr.
The cell viability was reduced in a dose-dependent manner and the cytotoxicity of the
nanoparticle was observed from concentrations of 50µg/ml. The cell viability was
reduced by 37.57%, 59.18%, and 64.22% at 50µg/ml, 250µg/ml and 500 µg/ml
concentrations respectively.
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Fig 11: Cell viability assay of CdTe nanoparticles against NIH3T3 mouse embryonic
fibroblast cell line. The data represented in the form of a bar graph and plotted using
means + S.E. of triplicate determinations. The values were analyzed by Student’s ttest (p < 0.005), statistical analysis, P values for significantly different means,
*P < 0.005 and **P > 0.05 vs control.
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We have established the extracellular biosynthesis of technologically important CdS
semiconductor nanoparticles by the fungus Fusarium oxysporum by a purely
enzymatic process (27). The fungus Fusarium oxysporum secretes some enzymes like
sulfite reductase and capping proteins in the reaction mixture. The process has been
discussed in greater details in our earlier reports. Purified enzymes from the same
fungus Fusarium oxysporum viz. Sulfite reductase and Nitrate reductase was
employed for the in vitro synthesis of gold and silver nanoparticles respectively
(42, 43). We observe that the similar mechanism is also involved in the biosynthesis
of CdTe nanoparticles but more research needs to be carried out to confirm the
mechanism proposed above.

Ph.D Thesis

Asad Saghir Syed

University of Pune

Chapter 3: Biological synthesis of quantum dots using fungus

129

Conclusion:
In conclusion, the present investigation for the first time demonstrates a novel,
rational, eco-friendly, efficient and most importantly an extracellular biosynthetic
process for the synthesis of CdTe quantum dot nanoparticles. The synthesized
nanoparticles are crystalline in nature and capped with a protein layer, that makes
them water dispersible and stable toward aggregation. CdTe nanoparticles were
characterized by different techniques such as UV-visible spectroscopy, fluorescence
measurements, XRD, XPS, TEM, etc. These CdTe nanoparticles showed significant
antibacterial activity against Gram positive and Gram negative bacteria. Cell viability
assay also showed the reduction in the cell viability for these CdTe nanoparticles at
different concentrations.
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Summary:
Bioleaching is examined as a low temperature (500C), soft chemical approach to
nanosynthesis and surface processing. We demonstrate that fungus based bioleaching
of borosilicate glass enables synthesis of nearly monodispersed ultrafine
(~5±0.5 nm) silicate nanoparticles. Using various techniques such as X-ray
diffraction, X-ray photoelectron spectroscopy and FTIR, we compare the constitution
and composition of the nanoparticles with that of the parent glass and establish the
basic similarities between the two. The bioleaching process is shown to enhance the
non-bridging oxygen component and correspondingly influence the Si–O–Si network.
The root mean square roughness of glass surface is seen to increase from 1.27 nm for
bare glass to 2.52 nm for 15 hr fungal processed case, this increase being equivalent
to that for glass annealed at 5000C.
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Introduction:
Bioleaching is a well-known process in the context of metal extraction from minerals
(1-7). However, its unique low temperature, soft processing green chemistry
capabilities has hardly been exploited in the context of nanosynthesis and nanoscale
surface processing. Indeed, biofluids generated by micro-organisms contain multiple
organic acids capable of controlled slow leaching of elements and proteins which can
dynamically cap and control the growth of molecular complexes, rendering the right
conditions for the synthesis of capped ultrafine nanoparticles. Most importantly, this
can be implemented at or near room temperature in an environment friendly manner.
In case of complex compounds such as multicomponent oxides, sulphides, carbonates
etc. valence-controlled synthesis of stoichiometric nanosized particles is difficult
because at low temperatures the proper phase may not form due to limitations of
phase equilibria and at high temperatures the particle size can not be easily controlled
within the nano-regime. In such cases, a promising approach is to start with a bulk
source of the compound, either naturally extracted or synthesized by high temperature
processing and subject it to stoichiometric extraction and nanosynthesis. Given the
properties of biofluids described above, bioleaching and biotransformation clearly
offer a viable top–down route to near room temperature nanosynthesis of such
complex systems.
Glass is a complex functional material that is found in diversified applications ranging
from window panes, optical gadgets, watches, contact lenses and goggles, bioactive
glasses for tissue engineering, energy systems, chemical containers and microfluidic
channels (8-10). It is therefore of great interest to synthesize nanoparticles of glass for
potential use as filler or additive materials in composites, paints etc. or for biomedical
applications. Glasses are of various types with varying chemical compositions and
microstructural properties. It is of interest then to examine whether and to what degree
a top-down nanosynthesis approach can transfer the composition and constitution
from the bulk glass to the synthesized nanoparticles. In this work we have used
borosilicate glass for bio-processing and have shown that the nanoparticles thus
synthesized have a glassy state along with the desired inclusion of boron. Borosilicate
glass is a heat resistant glass with a very low thermal expansion coefficient (one third
of normal glass) and a low refractive index across the visible range. The
corresponding nanoparticles may also find interesting applications exploiting these
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unique properties. Finally, we have also examined the bio-processed glass surface for
any modifications.
Since the present work concerns fungal processing of glass, a few remarks may be
made about the available background knowledge related to bio-processing especially
in the context of bioleaching (1-3, 5, 6). Although bioleaching is accomplished by
several micro-organisms, its effectiveness varies for different organisms and ambient
conditions. Bacteria and fungi have attracted particular attention in this regard.
Several

mechanisms

such

as

acidolysis,

complexolysis,

redoxolysis

and

bioaccumulation are suggested to be involved in bioleaching. Compared to bacterial
leaching, fungal leaching has advantages of the ability to grow under higher pH,
thereby being more suitable in bioleaching of alkaline solids and rendering a
relatively faster leaching. Acidolysis is shown to be the principal mechanism in
bioleaching with Aspergillus niger (1, 11). The fungus has been reported to produce
organic acids, which include citric, oxalic and gluconic acids during bioleaching. In
bioleaching of sand, a two step process involving leaching of silica in the form of
silicic acid followed by hydrolysis of silicate complexes has been suggested (12). In
other studies, the mechanism of fungal bioleaching is suggested to be complex and
not simply a direct chemical attack on the minerals. Indeed, the micro-organism is
suggested to participate in the process actively (4). For example, as bioleaching
proceeds and the chemical constitution of the ambient evolve, live bio-organism can
dynamically change the battery of chemicals it can secrete. This has been suggested to
be the case for bioleaching of minerals using Aspergillus sp. and Penicillium sp. (4).
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Materials and Methods:
Materials:
Glass cover slip (commercially available borosilicate cover slips), malt extract, yeast
extract, glucose and peptone were obtained from HiMedia and used as-received.
Extracellular bioleaching of glass cover slip by Humicola lanuginosa:
For the extracellular bioleaching of glass cover slips a novel alkalotolerant and
thermophilic fungus, Humicola lanuginosa was isolated from self-heating compost
from Pune district of Maharashtra, India. It was maintained on MGYP (malt extract,
glucose, yeast extract, and peptone) agar slants. Stock cultures were maintained by
sub culturing at monthly intervals. After growing the fungus at pH 9 and 500C for 4
days, the slants were preserved at a temperature of 150C. From an actively growing
stock culture, subcultures were made on fresh slants and after 4 days of incubation at
pH 9 and 500C, the same were used as the starting material for fermentation
experiments. For the bioleaching of glass slides, the fungus was grown in 250 mL
Erlenmeyer flasks containing 50 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 0C for 96 h. After 96 h of fermentation, mycelia were separated
from the culture broth by centrifugation (5000 rpm) at 200C for 20 min and then the
mycelia 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
distilled water in 250 mL Erlenmeyer flasks at pH 9. Several glass slides
(commercially available borosilicate cover slips) were then added to the solution and
the same was put into a shaker at 50 0C (200 rpm) and maintained in the dark.
Characterization of bioleached nanoparticles:
The various fractions of the bioleached solution (used for the treatment of the glass
cover slips) were collected during the course of reaction, by separating the fungal
mycelia from the aqueous component by filtration. The diluted bioleached solution
was drop cast on a carbon coated copper grid and analyzed using Transmission
Electron Microscope JEOL model 1200 EX instrument operated at an accelerating
voltage of 120 kV at room temperature. HRTEM images were also obtained using FEI
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Technai G2 system. FTIR spectra of all samples were recorded on Perkin Elmer
spectrum one B in diffuse reflectance (DRS) mode. The AFM images were also
recorded using Veeco multimode SPM Model-Nanoscope-IV to reveal and estimate
the surface roughness changes due to fungal processing. X-ray diffraction data were
recorded on Panalytical ‘X’ Pert PRO system, while X-ray photoelectron spectra were
recorded on VG MicroTech ESCA 3000 instrument at a pressure <1 × 10−9 Torr.
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Results and Discussions:
First, we analyzed the extracted solution for its contents. The corresponding
transmission electron micrographs (Fig.1 and the insets) bring out the formation of
very tiny ( 5 ± 0.5 nm) and nearly monodispersed nanoparticles by the bioleaching
process. The histogram shown in the top inset clearly brings out the extremely narrow
nanoparticle size distribution. As stated earlier, in addition to organic acids, the
biofluids also have a set of proteins which play the role of capping agents in the
process. As the dissolved components get into the solution, they form reactive
molecular complexes (that eventually lead to the inorganic nanoparticles) that are also
dynamically capped by the proteins present. This arrests the growth of the complexes
and hence that of the corresponding nanoparticles thus formed. Preliminary gel
electrophoresis measurements indicate that the fungus secretion exhibits four distinct
protein related bands, distinct with respect to their electro-mobility; the latter being a
collective function of their molecular weights, mobility and other characteristics. One
or more of such proteins may be the enzymes that act as the leaching agents as well as
the capping agents for the extracted silicate nanoparticles (NPs). The presence of high
concentration of such functionalizable proteins should explain the tiny size of the
nanoparticles.

Fig.1. Transmission electron micrographs of the nanoparticles obtained by
bioleaching of glass and biotransformation

Ph.D Thesis

Asad Saghir Syed

University of Pune

Chapter 4: Silicate nanoparticles by bioleaching of glass

139

In order to confirm the constitution of the nanoparticles, X-ray diffraction, FTIR and
X-ray photoelectron spectroscopy (XPS) techniques were employed. The X-ray
diffraction data shown in Fig. 2 compare the patterns for the parent glass (a), the asextracted nanoparticles (b) and the nanoparticles sintered at 5000C (c). The
characteristics of the parent glass and those of as-extracted nanoparticles compare
favourably, although there are small differences in details, which can be attributed to
structural relaxations that can be expected in ultrafine nanoparticles (13). In
particular, the primary lattice reflection is more weighted towards smaller 2θ or larger
d-value. For the annealed NP sample a host of well-defined peak structures are seen to
develop. These can be appropriately marked by various peaks corresponding to silica,
silicate and boron oxide phases (JCPDS card PDF # 43-1300, 27-0784, 44-1085).
This shows that the as-extracted nanoparticles do represent an amorphous glassy
network phase comprising of various elements such as Si, Na, B and O resembling the
parent glass and the same get decomposed upon annealing at high temperature. It is
very interesting that most elements in the parent compound are extracted into the
synthesized nanoparticles by the bioleaching process. This shows that the presence of
multiple complex etchants in a biofluid have the collective ability to activate nearly
stoichiometric extraction and biotransformation.
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FTIR measurements were done to identify the specific bonding configurations in the
samples. The specific interest was to examine whether boron related bonds are present
in the NPs which could qualify it as a borosilicate rather than just silica (SiO2) NPs.
Thus, in Fig. 3(A) we compare the FTIR spectra in the cases of as-extracted (a) and
5000C annealed (b) NPs. We also present in the same figure the FTIR data for pure
silica (SiO2) NPs (c) synthesized in our laboratory by chemical methods, and
commercial B2O3 (d) for comparison. The various stretching and bending modes
identified in the published literature have also been indicated (14-17). These data
suggest presence of the signatures of ν Si–O–Si, δ B–O–Si, ν B–O–Si and ν B–O
bonds. This implies that the extracted nanoparticles are of borosilicate type. The
presence of boron in the extracted nanoparticles was further confirmed by XPS. The
corresponding data for the parent glass (a) and the drop cast film of extracted NPs (b)
on the zirconia substrate are shown in Fig. 3(B). The signatures at 190.68 eV and
191.32 eV in the two cases correspond to boron (B 1s), albeit shifted due to small
differences in the nature of bonding between the bulk and the nanoparticles (18, 19).
Upon annealing, the peaks are seen to evolve and shift as expected and indicated by
the four arrows. For instance, the signature indicated by “4” (which is better defined
than that in curve “a”) is close to but shifted with reference to the corresponding
sharper signature in curve “c” for pure silica particles. Similarly signature “1” is close
to that in B2O3 and “3” overlaps well with those in curves “c” and “d” for pure silica
and B2O3. This is consistent with the evolution suggested by XRD upon annealing
wherein phases of SiO2 and B2O3 are seen to form.
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Fig 3. (A) Comparsion of FTIR data for (a) as-extracted silicate nanoparticles, (b)
nanoparticles after annealing at 5000C, (c) silica (SiO2) nanoparticles (100 nm)
prepared by Stober’s method, and (d) commercial B2O3 powder; (B) X-ray
photoelectron spectroscopy data for boron (B 1s) for (a) parent glass and (b) drop cast
film of extracted nanoparticles on zirconia substrate.
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In Fig. 4 we present the state of other elements seen in the XPS spectra of the parent
glass, the extracted nanoparticles (drop cast film) and the bioleached glass surface. In
the parent glass (a) case, characteristic Si 2p and O 1s peaks are observed at binding
energy values of 103.2 eV and 532.64 eV, respectively, as expected. Interestingly, in
the case of the drop cast NPs film (b) and the fungal processed glass surface (c)
additional peaks appear on the lower binding energy side for both Si 2p and O 1s at
99.12 eV and 528.87 eV respectively. Moreover, shifts in the main peak positions
toward lower energy are also observed, the shifts being slightly higher for the
nanoparticles as expected due to relaxations. We also observed increase in the C 1s
contribution toward its low energy side. But since it appears in the same region as that
for adventitious carbon resulting from system hydrocarbon, it can simply be due to the
enhanced adsorption area due to roughness as well as due to the extra proteins.
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Fig. 4. X-ray photoelectron spectroscopy data for (a) parent glass, (b) the drop cast
film of as-extracted nanoparticles on zirconia substrate, and (c) bioleached glass
respectively; the triangles represent the experimental data and the solid lines represent
the fits to the data.
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Significant, compositionally dependent changes are known to occur in the O 1s
spectra of glass samples. Previous studies have established that the larger binding
energy peak ( 532 eV) in the spectrum is due to bridging oxygen (BO) which is
covalently bound to two silicon atoms (Si–O–Si) and the smaller binding energy peak
( 529 eV) is due to non-bridging oxygen (NBO) which is covalently bound to one
silicon and ionically bound to an alkali ion such as sodium (Si–O–Na) (20-23).
Indeed, the intensities of the photoelectrons from these oxygen types bonded in
different ways and the corresponding relative chemical shifts could be correlated with
alkali and alkaline earth oxide contents and with the related cation field strengths.
Moreover, the ionic binding character introduced into the glass networks by the alkali
and alkaline earth ions is a non-localized effect as not only the NBO atoms but the
BOs are influenced as well (25). With increasing alkali element fraction, the line
positions are shifted to lower binding energy side (26). The intensity ratio of NBO/BO
and their energy separation depends on the content of the silica network modifier
introducing NBO. The XPS and FTIR data thus together imply that chemical
modifications, especially the enhancements of NBO accompanies the bioleaching
process and is present in the NPs as well as the processed glass surface.
Fig. 5 (A) compares the atomic force micrographs (AFM) for the parent [A (a)] and
fungal processed (15 h) glass cover slips [A (b)]. The root mean square roughness was
seen to increase from 1.27 nm for bare glass to 2.52 nm for 15 h processed case. It has
been reported that root mean square (RMS) roughness of this order is generated on the
glass surface by high temperature annealing at temperatures above 5000C (24). It is
very interesting that the same is generated by fungal processing at 500C. We also
compared the FTIR spectra for the same two cases of interest [Fig. 5(B)]. When
normalized at long wavelength, the spectra shows significant changes in the 500–
1200 cm−1 region and small differences in the neighbourhood of 1800–2600 cm−1.
The spectral features in low frequency region are known to result from the Si–O–Si
network (stretching mode in the range 1000–1300 cm−1, Si–O–Si bending vibrations
around 800 cm−1 etc.) (20, 25, 26). Thus, the network is clearly influenced by fungal
processing and represents an important aspect of chemical modifications. We believe
that the mild and controlled surface modification of glass by fungal processing may
have applications in different fields.
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Fig.5. (A) Atomic Force micrographs (AFM) and (B) FTIR spectra, respectively, for
(a) the parent glass and (b) fungal processed (15 hr) glass cover slips.
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Conclusions:
In conclusion, we have demonstrated the use of fungus based bioleaching for the
synthesis of water dispersible, nearly monodispersed ultrafine ( 5 ± 0.5 nm) silicate
nanoparticles coated with a naturally secreted protein and have shown that the
processed glass surface also undergoes significant morpho-chemical modification.
Various characterizations are used to demonstrate that fairly stoichiometric extraction
and nanosynthesis are possible by bioleaching and biotransformation.
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Summary:
A nanosynthesis scheme is demonstrated which renders excellent control of
nanoparticle shape, size and dispersity in a solution based synthesis process. The
scheme termed as percolative microcavity synthesis, involves the use of a granular
medium with percolative microcavities which facilitate nearly similar grain size/shape
dependent reaction zones limiting intrinsic growth inhomogeneities and enabling
particle size/shape control. The viability of the process is demonstrated for the
synthesis of gold nanoparticles by a plant extract based biological method as well as a
chemical method.
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Introduction:
In view of the projected range of applications of nanomaterials, nanosynthesis has
acquired great prominence recently (1-7). Although several approaches lead to
nanoparticle (NP) formation, controlling their size, shape and dispersity concurrently
is a persistent challenge. Here we propose and demonstrate a simple concept to
achieve such control via percolative microcavity synthesis. The percolative network
ensures fluid connectivity facilitating bulk synthesis while confining the reaction zone
to a matrix of nearly identical tiny cells. Since the size and shape of the microcavities
depend on the size and shape of the grains, the nanosynthesis can be expected to be
controllably influenced in such cavities. Even in processes which already lead to
monodispersity, the suggested process can lead to size control. We apply this concept
to gold nanoparticle synthesis by a plant extract based method (8, 9) as well as a pure
chemical synthesis method (10).
Figure 1 shows a sketch which compares the conventional route of direct chemical
mixing with the suggested percolative multicavity synthesis (PMCS) process. In the
direct chemical mixing, there is no limit on the molecular/radical flux accessible to
any nucleated nanoparticle that could control its growth. Thus, unless the nucleation is
rather abrupt and homogeneous in space, it is hard to expect monodispersity. On the
other hand, the cellular division of the reaction zone as envisaged in a PMCS process
can distribute the flow fluxes as well as the nuclei getting formed by these fluxes
homogeneously without disconnecting them. This should ensure dispersity control. It
is also to be expected that the size of the synthesized nanoparticles should depend on
the dimensions of the cavity and the reactant concentrations. Another interesting
natural consequence of the PMCS process is the nanoparticle growth on the surfaces
of the granules, a case of heterogeneous nucleation of interest to several applications
involving catalysis, creation of adherent and bioactive surfaces, functional
composites, complex fluids, etc.
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Fig 1:

CHEMICALS

CHEMICALS

(A) DIRECT MIXING

(B) PERCOLATIVE MULTICAVITY SYNTHESIS

BEADS

Fig.1. Sketch comparing the suggested percolative multicavity synthesis (PMCS)
process with the conventional route of direct chemical mixing
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Materials and Methods:
Chemicals:
Chloroauric acid (HAuCl4) and citric acid were obtained from Sigma Aldrich.
Commercially available glass and ceramic beads.

Synthesis and characterization of gold nanoparticles by biological and chemical
method:
The experimental aspects of the process and the solutions used are described
elsewhere. Briefly, in the case of plant extract based synthesis, (8,9) 100 g of
thoroughly washed and finely cut lemon grass leaves (Cymbopogon flexuosus) were
boiled in 500 mL sterile distilled water for 5 min. After boiling, the solution was
decanted and 1 ml of this broth was added in 10 mL of 10−3M aqueous HAuCl4
solution either directly (conventional method) or in different test tubes packed with
glass or ceramic beads. Bioreduction of AuCl4 was monitored by recording the UVvisible absorption spectra as a function of time of reaction of this mixture. In the
chemical synthesis experiment (10), 10 mL of 10−3M aqueous HAuCl4 solution was
diluted to 90 mL and was subsequently mixed with 10 mL of 10−2M aqueous citric
acid solution either directly or in different test tubes packed with glass beads. It was
allowed to react for 12 hr. The TEM measurements were performed on a JEOL model
1200 EX instrument operated at an accelerating voltage of 80 kV.
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Results and Discussions:
In Fig. 2(A) we show the TEM micrograph corresponding to the case of direct
solution mixing, as followed normally. It is clear that this figure shows both size as
well as shape dispersity. The shapes range from nearly spherical to triangular to
multifaceted. In Figs. 2(B) 2(C), we show the TEM micrographs for the nanoparticles
synthesized by the percolative multicavity synthesis process implemented with glass
and ceramic beads, respectively. The diameter of the glass beads was ~500 µm while
that of ceramic beads was about ~3 mm. It is remarkable to note that the PMCS
process has changed the dispersity of the nanoparticles completely. The particles are
nearly monodispersed both in size and shape. Equally important, the size of the
nanoparticles is seen to change with the change in the size of the beads: ~7±2 nm for
the 500 µm glass bead case and 27±2 nm for the ~3 mm ceramic bead case [please
note the different scale bars on Figs. 2(B) 2(C)].

Fig. 2. Comparison of the TEM micrographs for the cases of direct solution mixing
and percolative microcavity synthesis (PMCS) for lemon grass extract based
synthesis: (A) corresponds to the direct mixing case while (B) and (C) show the
results of nanosynthesis by the PMCS process implemented with glass (500 µm
diameter) and ceramic beads (3 mm diameter), respectively. Note the different scale
bars on (B) and (C).
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Now we turn to the case of chemical synthesis. In Fig. 3(A) we show the TEM
micrograph corresponding to the case of direct solution mixing. It is clear that this
figure shows both size as well as shape dispersity. In Figs. 3(B) 3(C) we show the
TEM micrographs for the nanoparticles synthesized by percolative multicavity
synthesis process implemented with glass beads of diameters 2 mm and 85 µm,
respectively. Once again, it is seen that the PMCS process has changed the dispersity
of the nanoparticles completely. The particles are nearly monodispersed and the size
of the nanoparticles is seen to be ~8±2 nm for the 85 µm glass bead case and
13.5±2 nm for the 2 mm bead case. The size differences between the plant based and
chemical synthesis cases are interesting and could be traced to the differences in the
nature of molecular chemistry and concentrations. We found that the beads displayed
(not shown in figure) violet-type color (same as the color of gold nanoparticle
solution) after the synthesis reactions, indicating their surface impregnation.

(A)
Fig.3. Comparison of the TEM

(A)

micrographs for the cases of
direct solution mixing and
percolative microcavity
synthesis (PMCS) for chemical
synthesis: (A) corresponds to

(B)

the direct mixing case while (B)
and (C) show the results of

(B)

(C)

nanosynthesis by the PMCS
process implemented with glass
beads with diameters of 2 mm
and 85 µm, respectively. Note
the different scale bars on (B)
and (C).
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Now it is useful to seek some insights into the possible reasons for the observed
effects related to particle sizes and shapes. It is well known that these are primarily
defined and controlled by the kinetic aspects of nucleation and growth, the latter
involving both the diffusion of radicals in fluid media and their adsorption on the
precursor particle surfaces along with the coarsening of tiny precursor particles. In
order to explore how this complex evolutionary interplay changes when one uses a
granular medium exemplified by the beads, we performed some analysis of the
kinetics of nanoparticle formation. Basically the experiments with and without beads
(3 mm case) were interrupted at different times and the state of nanoparticles was
analyzed by optical and TEM measurements. The corresponding results are
summarized in Fig. 4.
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Fig. 4. Optical absorption data on interrupted nanosynthesis. The insets show
transmission electron micrographs for the sample with no bead and 3 mm beads
synthesized sample after 4 hr, for chemical synthesis.
The optical data reveal remarkable differences between the growths under no bead
condition and with 3 mm beads. The primary difference is the existence of significant
optical absorption weight in the infrared region under no bead condition for both the
citrate and lemon grass synthesis cases and its near absence for the growth in the
beads matrix (11). The spectral weight in the infrared region signifies considerable
shape anisotropy of nanoparticles and its breadth reflects the size distribution
(1-3, 8-13). The TEM data shown in the inset for 4 hr case compare and confirm the
optically suggested difference for the no bead and with bead synthesis cases. The
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plasmon contribution of gold nanoparticles seen to be near 530-560 nm is seen in both
cases (no bead and with bead syntheses) as expected (1-3, 8-13). We will attempt a
detailed analysis of the finer aspects of evolutionary optical data in a separate paper. It
may suffice to note here in the context of the main point of this letter that the process
of coarsening and sintering of the precursor particles leading to larger faceted
particulates such as triangles which lead to infrared contribution is obstructed by the
bead induced microcavity synthesis. Interestingly, the nucleation and early growth
process is fairly brisk for both, with and without bead cases for citrate synthesis, but
the process of coarsening/sintering picks pace right from the beginning only for the no
bead case. Intriguingly, the nucleation process for the lemon grass synthesis is, in fact,
quicker for the bead case than the no bead case, but once it occurs for the no bead case
the coarsening/sintering process also picks pace and one gets infrared absorbance
contribution, which continues to be absent for the with bead synthesis.
In Fig. 5, we show the mean Au NP size as a function of the confining bead size
which shows a trend as reflected by a nominal exponential fit, though the number of
data points is clearly insufficient to make quantitative analyses. In fact, it is also not
clear whether a single function could fit the whole range once many more data points
are added through controlled experiments (same bead types, precise temperature
control, etc).

Au NP Diameter (nm)
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Fig.5. Dependence of Au NP size on the size of beads used for confinement. Nominal
fit to exponential dependence is also shown
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Burda et. al. (3) has discussed the key questions related to NP nucleation and growth
in some details in relation to particle sizes and shapes. In typical solution growths,
nucleation occurs under supersaturated condition and after formation of the critical
nuclei, they grow via molecular addition, reliving the supersaturated step. When the
concentration drops below the critical, nucleation stops but the particles continue to
grow by the addition process until the equilibrium condition is reached. At this stage,
the smaller particles grow more rapidly than the larger ones because the free energy
driving force is larger for smaller sizes than for the larger ones if the particles are
slightly larger than the critical size. This is a size focusing step. However, when the
reactants are further depleted due to particle growth, Ostwald ripening or defocusing
occur, where the larger particles continue to grow and the smaller ones get smaller and
finally dissolve. This shows that the issue of particle sizes and shapes is defined by a
complex interplay of many factors. The issue of confined synthesis has been addressed
by Monnier et. al. (14) in the context of organic nanocrystal synthesis in silicate solgel matrices and narrow size distributions has been realized. Theoretical insights into
nucleation in confined space have been provided by Andreazza et. al. (15) covering
the full range of confinement length scale. They have argued that the stochastic
process of nucleation needs higher threshold in confined regions and reflects some
peculiar features including a maximum size limit on irreversibly growing clusters that
are larger than the critical size in unconfined solutions and the same decreases with
decreasing cavity size. As discussed by Monnier et. al. (14) higher nucleation
threshold favors formation of single burst of nucleation, which when followed by slow
but uniform diffusion-controlled growth and forbidden coalescence leads to improved
dispersity. As pointed out by Andreazza et. al. (15) the size of nanocrystals formed in
confined geometry is a nontrivial function of the cavity dimension, though the
suggested trend is in the direction reflected by Fig 5.
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Conclusions:
In summary, we have demonstrated a simple but interesting way to influence and
control the size and dispersity of nanoparticles in a solution synthesis process by
applying it to gold nanoparticle synthesis. It is clear that the concept has broader
applicability to chemical, biological and physical syntheses. The suggested percolative
multicavity synthesis is essentially a microfluidic reaction scheme that cellularizes the
reaction zone.

Ph.D Thesis

Asad Saghir Syed

University of Pune

Chapter 5: Physical manipulation of nanoparticle for shape and size control

158

References:
1. Daniel, M.C.; Astruc, D. Chem. Rev. (Washington, D.C.) 2004, 104, 293.
2. Rosi, N. L.; Mirkin, C. A. Chem. Rev. (Washington, D.C.) 2005, 105, 1547.
3. Burda, C.; Chen, X.; Narayanan, R.; El-Sayed, M. A. Chem. Rev. (Washington,
D.C.) 2005, 105, 1025.
4. Niemeyer, C. M. Angew. Chem. 2001, 40, 4128.
5. Mohaddes-Ardabili, L.; Zheng, H.; Ogale, S. B.; Hannoyer, B.; Tian, W.; Wang,
J.; Lofland, S. E.; Shinde, S. R.; Zhao,T.; Zia,Y.; Salmanca-Riba, L.; Schlom,D.
G.; Wuttig, M.; Ramesh,R. Nat. Mater. 2004, 3, 533.
6. Zheng, H.; Wang, J.; Lofland, S. E.; Ma,Z.; Mohaddes-Ardabili, L.; Zhao,T.;
Salmanca-Riba, L.; Shinde, S. R.; Ogale, S. B.; Bai,F.; Vieland, D.; Zia,Y.;
Schlom,D. G.; Wuttig, M.; Roytburd, A.; Ramesh, R. Science. 2004, 303, 661.
7. Pankhurst, Q. A.; Connolly, J.; Jones, S. K.; Dobson, J. J. Phys. D. 2003, 36,
R167.
8. Shankar, S.S.; Rai, A.; Ankamwar, B.; Singh, A.; Ahmad, A.; Sastry, M. Nat.
Mater. 2004, 3, 482.
9. Shankar, S.S.; Rai, A.; Ahmad, A.; Sastry, M. Chem. Mater. 2005, 17, 566.
10. Shankar, S.S.; Bhargava, S.; Sastry, M. J. Nanosci. Nanotechnol. 2005, 5, 1721.
11. The absorption is much higher in the lemon grass case as compared to the
chemical synthesis case because the chloroauric acid concentration used in the
former case was an order of magnitude higher.
12. Link, S.; Mohamed, M. B.; El-Sayed, M. A. J. Phys. Chem. B. 1999, 103, 3073.
13. Shipway, A. N.; Lahav, M.; Gabai, R.; Willner, I. Langmuir. 2000, 16, 8789.
14. Monnier, V.; Sanz, N.; Botzung-Appert, E.; Bacia, M.; Ibanez, A. J. Mater. Chem.
2006, 16, 1401 and references therein.
15. Andreazza, P.; Lefaucheux, F.; Mutaftschiev, B. J. Cryst. Growth. 1988, 92, 415.

Ph.D Thesis

Asad Saghir Syed

University of Pune

Chapter 6
General discussion and conclusions

Chapter 6: General discussion and conclusions

159

General discussion:
Nanomaterials possess different novel properties as compared to their bulk
counterparts. Nanomaterial synthesis represents a remarkable achievement in
nanotechnology research. Nanosynthesis processes, in particular, bottom up approach,
offers much more flexibility in terms of creating nanomaterials with desired features
(controlled shape and size) by tuning the reaction conditions such as pH, temperature,
reaction time, etc. Moreover, strategies to synthesize nanomaterials with desired
features with reproducibility are vital for fundamental research and technological
applications. Increase in the awareness toward biological process (green chemistry)
has led to the development of an eco-friendly process for the synthesis of
nanomaterials. Biological systems are environment friendly, effective, flexible and
cheaper as compared to other (chemical and physical) methods. Microbial synthesis
therefore emerged as an important branch in nanomaterial synthesizing technology.
Microbes have their rich diversity and potential for the synthesis of nanomaterials and
they could be regarded as potential nanofactories. Microbes are highly organized units
in terms of morphology and metabolic pathways and are capable of synthesizing well
defined size and structures with reproducibility. Furthermore, the biosynthesized
nanomaterials exhibit water dispersible and biocompatible properties, which are
crucial for many applications.
The present research work is focused on the biosynthesis of metals (such as gold,
silver and platinum) and quantum dot (CdTe) nanoparticles. An attempt has been
made to demonstrate bioleaching for the synthesis of silicate nanoparticles from glass
cover slips. Size and shape controlled synthesis was also carried out by physical
manipulation studies.
Introduction gives a brief idea about nanotechnology including various aspects.
Different methods (chemical, physical and biological) and synthesis routes of
nanomaterials are discussed with great interest in bio-based approaches. It also
presents an account of different properties and applications of nanoparticles.
Biosynthesis of gold and silver nanoparticles from Humicola lanuginosa was
demonstrated. The fungus was isolated and purified in the laboratory. The fungus was
maintained on MGYP agar slants and grows at temperature 50 0C and pH 9. The
fungus was identified by morphological studies and molecular tools in the laboratory
and was identified as Humicola lanuginosa (Thermomyces lanuginosus). The fungus
was used for the first time for biosynthesis of metal nanoparticles. When the fungus
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was exposed to chemical precursors such as HAuCl4 and AgNO3, it reduced the ions
and formed gold and silver nanoparticles respectively in the solution. The change in
the color of the respective solution indicates the formation of gold and silver
nanoparticles. UV spectrum shows specific surface plasmon resonance for the gold
and silver nanoparticles. TEM analyses were performed to analyze the size and shape
of nanoparticles. The morphology of gold nanoparticles was found to be
monodispersed while it was polydispersed in case of silver nanoparticles. XRD
analyses showed crystalline nature of the nanoparticles. The produced nanoparticles
are thus stabilized by the secreted protein in the reaction mixture. It was also
supported by FTIR analyses. The biocompatibility and cytotoxicity of gold and silver
nanoparticles was assessed by cell viability assay. These gold nanoparticles were
further radiolabelled with Technetium-99m and injected into rat in order to see the
biodistribution of gold nanoparticles. It was revealed that gold nanoparticles reached
the liver, heart and kidneys and passed out through urine (within 45 minutes).
Cardiotoxicity and renal toxicity occur due to doxorubicin. To avoid these
complications, doxorubicin was conjugated with protein capped gold nanoparticles
with the help of EDC coupling protocol and the conjugate was purified by HPLC.
Targeted therapy has a significant impact in the treatment of some types of cancer and
is currently a very active area of research in order to provide a cheaper and effective
drug delivery system which can reduce the current therapeutic intake of some of the
costly drugs used in cancer therapy. Nanoparticles can be used in targeted drug
delivery at the site of disease to improve the uptake of poorly soluble drugs, the
targeting of drugs to a specific site and drug bio-availability. Nanomaterials such as
polymeric nanoparticles, liposomes, dendrimers and inorganic nanoparticles as
reported by several groups hold tremendous potential as carriers for drugs to target
cancer cells. Among these, gold and magnetite nanoparticles synthesized by chemical
routes are being used for targeted drug delivery. The lack of sufficient stability in
water under strong electrolyte conditions and pH changes has impeded the application
of these nanoparticles. There are so far no reports of conjugation of biologically
synthesized,

protein-capped,

water-dispersible,

inorganic

nanoparticles

to

chemotherapeutic drugs for targeted drug delivery. In this context, we have
synthesized a range of inorganic nanomaterials of different chemical compositions
using fungi. These biologically synthesized nanoparticles can be used for drug
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delivery and targeted drug delivery. Following the biosynthesis, conjugation of these
nanoparticles with anti-cancer drug was also achieved. Cytotoxicity of these
nanoparticles has been checked on NIH3T3 mouse embryonic fibroblast cell line and
MDA-MB-231 human breast carcinoma cell line.
The fungus Fusarium oxysporum was exploited for the synthesis of various
nanomaterials such as gold, silver, gold-silver alloy, CdS, CdSe, silica, titania,
zirconia, magnetite, CaCO3, barium titanate, etc. An attempt has been made for the
production of platinum nanoparticles using the fungus Fusarium oxysporum. The
fungus reduces the ions in the solution which are stabilized by the secreted proteins.
The morphology of the nanoparticles was found to be spherical bearing in the
dimensions of ~15 ± 5 nm.
Quantum dots were synthesized by chemical and physical routes but their increasing
demand in bio-based approach due to their eco-friendly nature has witnessed the
highly stable, water dispersible nanoparticle synthesis. In an extension to our previous
work on the biosynthesis of quantum dot nanoparticles (CdS, CdSe) using the fungus
Fusarium oxysporum, the fungus was reacted with a mixture of CdCl2 and TeCl4
resulting in the formation of stable and highly fluorescent CdTe nanoparticles. These
particles are crystalline in nature which was supported by XRD data. FTIR analysis
showed that these particles are capped by protein layer, which makes them water
dispersible.
Laboratory methods for the synthesis of silica nanoparticles used chemical precursors
(bottom up approach), which then extended to bioleaching approach (top-down
approach) using naturally available materials (white sand, zircon sand) and agroindustrial by-products (rice husk). To follow up bioleaching work, the fungus was
employed for the bioleaching of glass cover slips. The fungus leached out water
dispersible and nearly monodispersed silicate nanoparticles with ~5 ± 0.5 nm size
dimensions. These nanoparticles were capped with secreted proteins in the solution.
Bioleaching by the fungus showed that glass surface also undergoes morpho-chemical
modifications.
Synthesis of nanomaterials of different chemical compositions, sizes and shapes is an
important developed area in nanotechnology. Although several synthesis methods are
available for the nanomaterials, synthesis with desired features are still a constant
challenge in nanotechnology. Percolative microcavity synthesis scheme was
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developed for the size and shape controlled synthesis. Physical manipulation was
performed for the solution based approach. The percolative cavity method ensures
connectivity and formed a confined reaction zone for synthesis. Gold nanoparticles
synthesized by biological and chemical methods are used to compare the percolative
microcavity synthesis scheme. It represents a simple solution based process and is
further exploited for synthesis of nanomaterials of different chemical compositions.

Future Prospects:
Microbial systems are found to associate with metals through metal-microbe
interactions. Most of the microorganisms reduce the inorganic metals in solution. As
compared to the other chemical and physical methods, biological methods attract
greater attention and are regarded as the natural nano-factories. Although biosynthesis
processes are emerging as a new and interesting field in nanotechnology, some crucial
issues of concern have to be addressed. The major concern is that of the pathways
leading to metal reduction and formation of nanomaterials. The identification of
secreted biomolecules (enzymes) which reduce the metal ions and cap the
nanomaterials as well as their nature and function has to be completely characterized.
Surface chemistry also plays a pivotal role in different applications and therefore
complete understanding about surface chemistry is also an equally important factor.
Currently, the accessible ranges of chemical compositions of nanomaterials are
confined to metals, sulfides, carbonates and oxides. Extension of these processes to
enable reliable synthesis of multifunctional nanoparticles, physically and chemically
hard to synthesize nanoparticles, etc. could make this process a commercially viable
approach.
Some sort of questions related to the metal ion reduction reaction process in
metabolism and the equally important possible role of the formed nanoparticles in
cellular activity or these nanoparticles are formed as the by-products of the reduction
process. Among the microbes, fungi are not normally exposed to the high
concentrations of metal ions such as Cd 2+, AuCl4– and Ag+. This stress induces
cellular functions such as secretion of biomolecules (enzymes) when reacted, having
the ability to reduce the metal ion and formation of respective nanoparticles which
may help in the understanding of the process. Nanomaterials are being used for a
variety of applications, especially in the field of medicine for drug delivery
applications. It is very important to take care about the toxicity issues related to the
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nanoparticles. Toxicological studies are needed for the nanomaterials (both in vitro
and in vivo) for further applications. It is immature at present stage to talk about the
various aspects of biosynthesized nanomaterials and more efforts are required to
understand these issues. It is believed that the future research is of great interest and
importance, because nanoparticles can be synthesized with the desirable features
according to their applications that make an impact on different fields such as
chemistry, physics, biology and medicine.
The nanoparticles which we have synthesized using fungi are capped with natural
proteins making them water-dispersible and may bind to integrins or VEGFs (vascular
endothelial growth factors). Therefore, targeting integrins and VEGFs is a novel antiangiogenesis strategy for treating a wide range of solid tumors. Since these
nanoparticles are capped by natural proteins, they may bind to various receptors such
as LHRH, EGFR and EpCAM without targeting agent. Hence, these nanoparticles can
be used directly as drugs in the future. They may fulfill the emerging need for cheaper
drugs with no side effects.
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