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ABSTRACT 

 
The surge in nanotechnology research has been attributed to the interesting properties 

of the nanoparticles that make them more versatile than their bulk forms for 

applications in diverse fields such as electronics, optics, catalysis, sensing, 

diagnostics, therapeutics and biomolecular imaging. Synthesis of stable nanoparticles 

has thus always been a challenge to material scientists over the years. For the 

synthesis of nanoparticles, many physical and chemical methods have been developed 

but the physical process required for synthesis of nanoparticles could be expensive 

and cumbersome while the chemical processes can be potentially toxic. An alternative 

to these processes could be biological synthesis protocols. Biological methods for 

synthesis of inorganic nanoparticles promise to be environmentally benign and cost 

effective with potential use in large-scale synthesis. These methods can overcome the 

problems of high pressure, temperature, extreme pH conditions, the requirement of 

hazardous chemicals, solvents and the expensive organometallic precursors that are 

usually associated with the chemical synthesis methods. The biologically synthesized 

inorganic nanomaterial surfaces are inherently capped by proteins and other 

biomolecules which not only facilitate further linking to other ligands but also provide 

the much needed surface passivation alongwith prevention from agglomeration and 

stable suspension in the aqueous medium; which often is difficult to attain by the wet-

chemical approaches. 

In the present thesis, we have explored a fungi mediated biological approach toward 

the synthesis of inorganic nanomaterial and an attempt has been made to design 

biological methods for the synthesis of complex transition metal oxide and metal 

sulphide nanoparticles. There are basically two different biosynthetic approaches for 

the synthesis of chemically difficult to synthesize nanoparticles: the “bottom-up” and 

the “top-down” approach.  

In the first approach (bottom-up), we demonstrate that the fungal biomass is capable 

of synthesizing some difficult phase of transition metal oxide and metal sulphide 

nanoparticles at room temperature by reacting the metal ion salts such as acetate, 

nitrate and chromate with the fungus Fusarium oxysporum  and Trichothecium sp. We 

observed that the mesophilic fungus Fusarium oxysporum, on exposure to chemical 

precursors like bismuth nitrate is capable of synthesizing Bi2O3 nanoparticles having 

particle size 5-8 nm and similarly after reacting with manganese(II)acetate 



tetrahydrate, synthesis of Mn5O8 nanoparticles of an average particle size of around 

10-11 nm occurs. Magnetic measurements observed in the Mn5O8 particles show 

antiferromagnetic behavior. Furthermore, nanocrystalline chromium dioxide (CrO2) 

was synthesized by using the fungus Trichothecium sp. and potassium dichromate 

(K2Cr2O7) was used as precursor salt. These nanoparticles have particle size in the 

range of 21 to 25 nm and show ferromagnetic behavior. 

Further, we have extended the same approach to synthesize bismuth sulphide (Bi2S3) 

nanoparticles using fungus Fusarium oxysporum alongwith bismuth nitrate 

(Bi(NO3)3·5H2O) and Na2SO3 as a precursors. The Bi2S3 nanoparticles thus formed 

show semiconductor behavior. These Bi2S3 nanoparticles were used in SPECT-CT 

probe for small-animal imaging. These were injected into rats and biodistribition 

image and clearance time from the blood was calculated.  

In the second approach (top-down), we report the bio-milling of chemically 

synthesized BiOCl nanoplates using the alkalo-tolerant thermophilic fungus Humicola 

sp. In this, we show that the fungal biomass can be used to break-down the chemically 

synthesized larger particles (200-250 nm) into particles as small as 5-6 nm while 

maintaining their crystallinity and phase at the nanolevel. We have named this 

technique as “bio-milling”. We believe that this technique can be used to synthesize 

several oxides nanoparticles whose synthesis in the size less than 10 nm by 

conventional wet chemical methods is difficult.  
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General Introduction 

This chapter is an introduction to the thesis and gives a brief overview of the complexity involved 

in the understanding of nature and therefore, the importance of interdisciplinary research. It 

includes a brief introduction about nanotechnology and historical perspective of nanoscience. It 

also reveals the significant properties of nanoparticles, parameters that could alter nanoparticle 

properties, followed by the various synthesis methods and approaches to reach the nano level, and 

also its wide applications in different fields have been discussed. This chapter also gives emphasis 

on the biomineralization of inorganic materials, alongwith a brief overview of the biosynthesis of 

inorganic materials occurring naturally and rationale behind the biological method that we have 

used for the biosynthesis of inorganic nanomaterials. Finally, an outline of the chapter-wise work 

described in this thesis has been presented. 
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anotechnology is the ability to control, measure and manipulate matter on 

the atomic and  molecular scale so as to exploit its properties and  

functions.  In other words, nanotechnology is the creation of functional 

materials, devices and systems through control of matter on the nanometer length 

scale, exploiting novel phenomena and properties (physical, chemical and biological) 

present only at that length scale. The prefix "nano" comes from the Greek word nanos 

meaning “dwarf”, which is a billionth of a meter (10
-9

), which is equal to the length of 

ten hydrogen atoms or about one hundred thousandth of the width of a hair [1]. The 

nanoscale marks the nebulous boundary between the classical and quantum 

mechanical world. The term is given to those areas of science and engineering where 

phenomena taking place at the nanometre scale are utilized in the designing, 

characterization, production and application of materials, structures, devices and 

systems. It should be appreciated that nanotechnology is not in itself a single 

emerging scientific discipline but rather a meeting point of traditional sciences like 

chemistry, physics, biology and material sciences to bring together the required 

collective knowledge and expertise required for the development of these novel 

technologies [2]. Nanotechnology is expected to impact a large spectrum of existing 

technologies (examples include chemical, electronic, healthcare, polymer and defense 

industries) as well as initiate many new applications. The global market for nanotech 

products is expected to reach 1-2 trillion $ by the year 2015 and is currently growing 

at a very robust rate. While high-tech applications and emerging markets (particularly 

biotech and IT sectors) are still the focus of many nanotech start-ups, the percentage 

of companies producing and selling made-to-order nanomaterials is steadily 

increasing. 

Nature has been engaged in its own infinite and incredible miniaturization project 

since the dawn of life, billions of years ago. Nature has refined ingenious ways of 

creating the most efficient miniaturized functional materials. The field of nanoscience 

and nanotechnology has developed its own tools to observe nature and developed a 

motivation to create functional miniaturized structures and manipulation of materials 

at similar length scale, an art perfected by nature. In the process of miniaturization, 

several significant achievements have been accomplished and structures of micron 

and nanodimensions can now be routinely fabricated, even though control at 

complexity levels manifested by nature is still a distant goal. Figure 1.1 shows the 

N
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comparison between relative sizes of various naturally occurring objects and man-

made materials at different length scales. 

 

 

Figure 1.1: Picture representing the relative sizes of various naturally occurring 

objects/species and man-made materials. (Images courtesy: Josh Wolfe’s report on 

Nanotechnology, www.forbeswolfe.com and various sources at http://images.google.com) 

 

In order to reach this goal, researchers are trying to follow both “top-down” [3] and 

“bottom-up” [4] approaches. The top-down method begins with large homogenous 

objects and removes materials as needed, to create smaller-scale structures. Similar to 

the work of a sculptor in carving a face from a block of marble, this approach is 

epitomized by lithography techniques, the cornerstones of microelectronics 

fabrication. Laser induced chemical etching and ball-milling fall into this category. 

On the other hand, bottom-up approach involves putting together smaller components 

(such as individual atoms and molecules) to form a larger and more complex system 

by leveraging naturally occurring chemical, physical and biological processes.  
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Figure 1.2: Cartoon showing the fabrication of materials by the top-down and 

bottom-up approaches. The monolithic architecture shown in the cartoon is a lord 

Buddha statue at Ajanta caves, India. (Images courtesy: idea to making cartoon for 

making bottom-up and top-down approach taken from the book “Nanochemistry” by 

G. A. Ozin and Arsenaul. Images for MEMS obtained from Sandia National 

Laboratories (SUMMiT
TM

 Technologies, www.mems.sandia.gov). The images of 

electron beam lithography, and magnetosomes self-assembly in magnetotactic 

bacteria Magnetospirillum magnetotacticum have been taken from various sources at 

http://images.google.com). 

 

1.1 Historical Perspective 

Mother Nature, for billions of years has been utilizing nanotechnology cleverly. 

Nanoparticles have been around for a long time and exposure of mankind to the nano-

world is not new. In 1570, for the first time, nanoparticles were acknowledged with 

aurum potable (potable gold) and luna potable (potable silver) which were used as 

elixirs by the alchemists [5]. Research and applications of nanotechnology are not 

new at all. In earlier days, colloidal gold and silver had been used for staining glasses 

like “Purple of Cassius”, a colloid with heterocoagulation of gold nanoparticles and 

tin oxide [6-7]. Another famous and oldest example is that of the Lycurgus cup of 4
th

 

century AD which presently resides at the British Museum, London. The beauty of this 
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cup is that it looks red in transmitted light and green in reflected light, which is because 

the cup contains silver and gold nanoparticles [8]. There are various other applications of 

nanotechnology which were in use for many centuries, such as healing sols of gold and 

silver in traditional medicine [5]. Nanoparticles were also used in colouring the 

window panes of chapels and palaces [9- 10]. After a long course of  time, in 1857, 

Michael Faraday for the first time synthesized deep red coloured solution of gold 

nanoparticles by reduction of an aqueous solution of chloroaurate ions using 

phosphorus in CS2 [11]. Soon after that, in 1861, Thomas Graham coined the term 

“colloid” for suspended particles in liquid medium [12]. Significant contributions also 

came from research by R. A. Zsigmondy (1895-1925) in the field of colloidal 

chemistry, who for the first time used the “nanometer” scale clearly to measure the 

particle size [13]. The first seeds of nanotechnology were sown by the brilliant Nobel 

Laureate physicist Richard Feynman in his famous 1959 lecture entitled “There's 

plenty of room at the bottom” in which he first proposed that the properties of 

materials and devices at the nanometer range would present future opportunities and it 

is now considered to be the foundation for modern nanoscience research [14]. During 

recent developments in 1974, Norio Taniguchi coined the term “Nanotechnology” 

[15]. Further inventions like quantum dots [16], discovery of fullerene (C60) [17], 

carbon nanotubes [18], graphene [19] and advention of scanning probe microscopy 

[20] gave milestones to nanoscience research. In 1980’s, the basic idea of 

nanotechnology was explored in much more depth and reached greater public 

awareness due to the efforts of Dr. Eric Drexler who promoted the technological 

significance of nanoscale phenomena and devices through his speeches and his book 

entitled “Engines of Creation-The coming era of Nanotechnology and Nanosystems” 

and so the term acquired its current sense. Nanotechnology today is set to bring about 

a revolution in almost all fields of science. The progress has been made possible by 

the emergence of tools and technologies that have made visualization and 

manipulation of nanoparticles possible. 

1.2 Properties of nanomaterials 

Materials reduced to the nanoscale can suddenly show unique properties. These novel 

properties have thrown open avenues for new technologies and applications that were 

not achievable with bulk materials. There are numerous reasons why size reduction 
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can in principle, affect behaviour of materials. The important changes which occur 

when bulk objects are converted to nanosized particles are as follows: nanoparticles 

have a very large surface area to volume ratio, large surface energy, disturbed co-

ordination number, random molecular motion, reduced imperfection and quantum 

effects.   

Diameter

Surface area/Volume

Surface area/Volume 

ratio

Earth

Football

Fullerene

2.2 X 10-1 m 10-9 m12.742 X 106 m

4.70 X 10-7 m 2.72 X 10-1 m 6 X 109 m

5.78 X 1051 1.27 X 1015

 

Figure 1.3: Picture representing the relative sizes and surface area/volume ratio of 

the earth, a football and a fullerene molecule (Images courtesy: Various sources at 

http://images.google.com). 

 

The most apparent change resulting from the size reduction is the enormous increase 

in the surface-to-volume ratio of nanoparticles which increases the percentage of 

surface atoms and further surface energy will increase, which makes the surface of the 

nanoparticles highly active. A schematic representation is shown in Figure 1.3. So, as 

the size of the particle decreases, the surface effects become more prominent. For 

example, iron nanoparticles of sizes 3 nm, 10 nm and 30 nm will have 50 %, 10 % 

and 5 % of atoms on surface [21]. There are other factors that can strongly regulate 

nanoparticle properties including their shape [22], surface composition [23], dielectric 

environment of the particle [24] and their interparticle interactions [25]. In nano-

regime, particles show unusual behavior in comparison to their bulk state because 

they are comparable to the de Broglie wavelength of the charge carrier, and their high 
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surface area to volume ratio [26]. The following section briefly discusses the changes 

in the properties of the nanoparticles of nanometer size. 

1.2.1 Catalytic properties 

Catalysis is a surface phenomenon, and for a given material the available surface area 

directly governs its catalytic efficiency. The increment of catalytic activity with size can 

be rationalized on the basis of the increasing surface to volume ratio, or number of atoms at 

the surface increase tremendously with decreasing particle size, since the surface atoms are 

more active due to the presence of unsaturated co-ordinations or dangling bonds [27, 28]. For 

example, bulk state gold is considered to be a noble metal but the nanoparticles of gold 

are observed to be excellent catalysts for the oxidation of carbon monoxide [29]. Thus, 

the reduction in the size of the particles renders them as excellent catalysts [30]. 

Besides this, the shape of the nanostructures plays an important role in catalytic 

properties. Their shape regulates the surface reactivity because reacting species show 

different adsorption affinity towards different faces of the catalyst [31]. 

1.2.2 Lattice parameters 

Due to higher surface to volume ratio, considerable lattice contraction is observed in 

nanoparticles, which increases with the decrease of particle size [32]. The lattice 

contraction or lattice strain is generated due to the hydrostatic pressure on the surface 

induced by the intrinsic surface stress. We know very well that as particle size 

decreases, surface energy of nanoparticle increases, due to the large percentage of the 

atoms exposed to the surface. The increase in surface energy further induces the 

stress, which is responsible for elastic contraction of the lattice parameter. 

1.2.3 Melting point 

Nanoparticles have lower melting temperatures as compared with their bulk forms. As 

most of the atoms are situated on the surface of smaller particles and they have an 

access to free energy due to the large number of unsaturated bonds, the melting point 

also decreases with decreasing particle size. It is supposed that the surface atoms are 

more susceptible to thermal displacement and initiate the melting process due to their 

lower coordination. Since it decreases the co-ordination number of atoms and atoms 

on the surface can be easily rearranged than those atoms present inside the 

nanoparticles. Such a surface melting process is thought to be the major cause for the 

lowering of melting point [33]. 
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1.2.4 Optical Properties 

The reduction to nanomaterials dimensions has pronounced effects on their optical 

properties. Optical properties are most significant for noble metal nanoparticles (gold 

and silver) and semiconductors. These properties are dependent on composition, size, 

shape and surrounding medium of the nanoparticles [34]. In metal and semiconductor 

nanoparticles, size and shape dependent optical properties arise due to quantum 

confinement. As the particle size decreases, electronic structure is altered from 

continuous electronic bands to discrete or quantized electronic levels because of 

which discrete optical transitions between the electronic bands or increase in energy 

level spacing occurs [35]. Optical properties are more meaningful for the noble metal 

nanoparticles (gold, silver. etc.), as dispersion of the nanoparticles results into 

beautiful colours [36]. The optical properties of metal nanoparticles can be attributed 

to the phenomenon of surface plasmon resonance (SPR), which arises due to the 

coherent excitation of all the free electrons within the conduction band in response to 

the alternating electric field of incident electromagnetic radiation. In 1908 Mie et al.  

explained this phenomenon on the basis of Maxwell’s equations on scattering [37]. 

Inspite of that, noble metal nanoparticles possess plasmon resonances in the visible 

spectrum, which gives rise to such intense colours. 

1.2.5 Mechanical properties 

The mechanical properties of materials increase with a decrease in size. Mechanical 

strength of the material depends on several parameters such as impurities, 

dislocations, etc. Generally, imperfections such as dislocations, micro-twins, 

impurities, etc. lead to less mechanical strength. So nanomaterials like nanowires and 

nanorods exhibit more mechanical strength due to the smaller cross-section, due to 

which there is a lesser probability of any imperfection, as nanoscale dimension 

permits the elimination of such imperfections [38]. 

1.2.6 Magnetic properties 

Nanomaterials show novel magnetic properties [39]. They show distinctly different 

magnetic behavior as compared to that of bulk materials. The bulk ferromagnetic 

materials usually form multiple magnetic domains; but at nanoscale, the 

ferromagnetic particles form single domains; with large single magnetic moments. 

When the particle size reduces below a certain limit, ferromagnetic particles become 
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unstable, since increase in surface energy provides sufficient energy for domains to 

spontaneously switch polarization directions as a result of which ferromagnetic 

particles turns to paramagnetic ones. However, nanometer sized ferromagnetic turned 

to paramagnetic particles behave differently from the conventional paramagnetic and 

are referred to as super paramagnetic [40]. In case of superparamagnetism, 

magnetizations of the particles (or magnetic spin) are randomly distributed and they 

are aligned only under an applied magnetic field, and the alignment disappears once 

the external field is withdrawn. These particles do not show hysteresis in 

magnetization, since there is only one domain per particle. In short, we can say that 

ferromagnetism of bulk material disappears and gets transferred to 

superparamagnetism in nanoscale due to high surface energy. 

So, it is clear from the above discussion that nanoparticles have these unique and 

interesting properties which can lead to a large number of important applications in 

innumerable fields. Nanoscience and nanotechnologies incorporate exciting areas of 

research and development at the interface between biology, chemistry and physics. 

They are widely seen as having huge potential and are attracting substantial and 

increasing investments from governments and from industrial companies in many 

parts of the world. Today, nanotechnology has been used in not just developing new 

techniques and tools but has also played a crucial role in improving the existing 

technologies. In present day, the application of nanomaterials extends to wide ranging 

areas such as diagnostic tools [41], therapeutic agents [42], sensors [43], catalysts 

[44], solar cells [45], cosmetics [46], drug/gene delivery vehicles [47], surface 

enhanced Raman Spectroscopy [48], fuel cells [49], photonic band gap materials [50], 

single electron transistors [51], nonlinear-optical devices [52], plasmonics devices 

[53], coating materials [54], cell labeling and imaging [55], optoelectronics [56], 

information storage [57], chemical/optical computers [58], improved national security 

[59], refrigeration [60], self cleaning paints [61] and environmental clean up [62] to 

list a few. 

1.3 Synthesis of Nanomaterials 

The area of nanotechnology, which includes the synthesis of nanoscale matter, 

understanding/utilizing properties, and organization of nanoscale structures into 

predefined superstructures promises to play an increasingly important role in many 
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ultimate technologies. Since the nanoparticles possess remarkable attention-grabbing 

properties, to develop new procedures for the synthesis of nanoparticles is now an 

essential aspect of nanoscience. Nanoparticles can be synthesized in many ways. 

Important criteria for the synthesis of nanoparticles are control over size, shape, 

surface functionalities and various properties of nanoparticles. In recent times, 

formulation of inorganic nanoparticles have been demonstrated by various physical, 

chemical and biological means. Different methods that comprise these routes have 

been summarized in figure 1.4. Some of the physical routes leading to successful 

synthesis of nanoparticles were achieved through Spray pyrolysis [63], 

photoirradiation [64], radiolysis [65], ultrasonication [66], solvated metal atom 

dispersion (SMAD) [67], laser ablation [68], vapor deposition [69], thermal 

decomposition [70], electrochemical methods [71], chemical vaporization [72], 

physical vaporization [73], electrospinning [74], lithography [75], sputtering [76], etc. 

However, chemical routes are most commonly practiced, have an easy route and have 

received huge attraction for the synthesis of nanoparticles due to a better control over 

the size and shape of nanoparticles. Inorganic nanoparticles such as metals, metal 

oxides and semiconducting nanoparticles can be synthesized chemically by reduction 

or oxidation of metal ions, or by the precipitation of the necessary precursor ions in 

the solution phase.  

 

Figure 1.4: Schematic outline of the various approaches for the synthesis of 

nanoparticles 
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The control of size, shape, stability and the assembly of nanoparticles have been 

achieved by using different capping agents, solvents and templates. Various types of 

capping agents have been used ranging from ions [82] to polymeric molecules [83] 

and even biomolecules [84]. In chemical route as a solvent, either water or non-

aqueous organic solvents [85] have been used for the synthesis of nanoparticles. 

Besides this, a few reports are also available on the synthesis of nanoparticles in ionic 

liquids [86] and supercritical fluids [87]. The choice of solvent for the synthesis of 

nanoparticles depend on the signified application of the nanoparticles. The control of 

size, shape and stability of nanoparticles can be attained by different capping agents 

and templates. Likewise, different templates such as micelles [88], polymers [89], 

mesoporous materials [90], carbon nanotubes (CNTs) [91], biomolecules [92], 

microorganisms [93] and many more have been used to ease control over the 

synthesis of desired size, shape and assembly of nanoparticles.  

So, it is clear from the  above mentioned synthesis procedures that inspite of  the 

success in achieving excellent result in control over shape, size and crystallinity, these 

methods involve the use of hazardous reagents, volatile solvents and physico-chemical 

conditions along with the high cost factor involved in maintaining temperatures and 

pressures. There are efforts to reduce or eliminate hazards involved in this process to 

human health and the environment through the research on the alternative synthesis 

methods by learning from the nature. Therefore, it is necessary to develop 

environmental friendly green chemistry based methods for the synthesis of nanoparticles. 

Biological sources are a good choice as an environment friendly approach for the 

synthesis of nanoparticles under ambient conditions of temperature, pressure and pH. 

Biological synthesis of nanomaterial has been shown to have several advantages over 

chemical synthesis including high productivity and low cost and protein/biomolecules 

restrict the growth of particles over nanometer dimensions and thus act as 

capping/stabilizing agents. On the other hand, these biomimetic approaches   employ 

biological means like microorganisms (fungus, bacteria), biomolecules (DNA, 

proteins, enzymes, etc.), where the microbes participate via reduction, oxidation or 

hydrolysis of the transition metal ion precursors and also by acting as templates. The 

as-synthesized nanomaterial surfaces are inherently functionalized by proteins and 

other biomolecules which not only facilitates further linking to other ligands but also 

provides the much needed surface passivation, prevention from agglomeration and 
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stable suspension in the aqueous medium which often is a nightmare in the wet-

chemical approaches. In the next sections of this chapter, we will discuss the 

biosynthetic approach to synthesize nanomaterials with a brief introduction of bio-

nanotechnology, overview of biomineralization with an example of biomineralization 

in natural environment, biomimetic approaches for mimicking natural 

biomineralization and finally how we can emulate and follow the nature’s way of 

biomineralization in laboratory. 

1.4 Bio-nanotechnology 

Bio-nanotechnology, as the name suggests, is a marriage of nanotechnology and 

biotechnology.  In other words, we can say that nano-biotechnology is the unification 

of biotechnology and nanotechnology. Nano-biotechnology is the branch 

incorporating biology along with nanotechnology in order to cater the needs of living 

beings. This hybrid discipline can also mean making atomic-scale machines by 

imitating or incorporating biological systems at the molecular level, or building tiny 

tools to study or change natural structure properties atom-by-atom. The potential 

opportunities offered by this interface are truly outstanding and great expectations are 

held in the areas of prevention, diagnostic, drug discovery and treatment. Bio-

nanotechnology is concerned with molecular scale properties and applications of 

biological nanostructures and as such it sits at the interface between the chemical, 

biological and the physical sciences. Bio-nanotechnology seeks to modify and find 

technological uses of natural nanocomponents and often studies existing elements of 

nature in order to fabricate new devices. So, in short we can conclude [94] that 

nanotechnology provides the tools and technology platform for transformation and 

investigation of biological systems, and biology offers inspirational models and bio-

assembled components to nanotechnology. 

1.5 Lessons from nature for nanomaterial synthesis 

There is a long history of gaining inspiration from nature’s biological structures to 

design practical materials. Nature knows very well how to build extremely specialized 

materials, which are constructed, indeed engineered, to exert specific biological 

functions [95]. The morphological diversity and complexity of naturally occurring 

forms and patterns has been the motivation for mankind to simulate nature and to 

adapt the ideas from nature to attain functional values [96]. Scientists have long been 
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inspired by the beautiful structures and functional properties of the materials formed 

within living organisms. The wide variety of biological system encourages 

researchers to build up modified syntheses protocols derived from nature. Hence, their 

findings have been successfully organized into the area of biomimetics or bioinspired 

research, which provides alternative approaches towards synthesis of nanomaterials 

with technological applications [97]. In nature, there are ample of examples of 

multifunctional materials, devices and systems that researchers and engineers could 

investigate based upon their synthesis, function and their practical utility in everyday 

applications [98]. So, after learning from nature, in this thesis there is an effort to 

synthesize inorganic nanomaterials using fungi. 

1.6 An Overview on Biomineralization 

Biomineralization can be defined as the process by which living organisms produce 

minerals, often to harden or stiffen existing tissues. More simply we can say that 

biomineralization represents the formation of inorganic solids by living organisms.  

Evolution on earth has resulted in the appearance, diversification and proliferation of 

organisms capable of producing complex structures from hard inorganic materials via 

processes collectively known as biomineralization [99]. The process of 

biomineralization is very common in biological world and mediated mostly by plants 

and animals. Unicellular organisms such as bacteria and algae are also capable of 

synthesizing inorganic nanomaterials, both intracellularly and extracellularly. Till date 

around 60 biominerals have been identified, most of which comprise  silicates, iron 

oxides, calcium carbonates, calcium phosphates, or sulfides [100]. For example 

Magnetite (Fe3O4), which is naturally found in the magnetosomes of magnetotactic 

bacteria  or other iron - reducing bacteria, is a well accepted example of controlled 

biomineralization that nature is able to synthesize [101]. In magnetite (Fe3O4), 

nanocrystals are aligned with the Earth’s geomagnetic field and help the aquatic 

animals as a biomagnetic compass during migration [102]. CaCO3
 
is one of the most 

abundant biominerals formed by living organisms. CaCO3 based biomaterials such as 

nacre of mollusc shell and coccoliths have complex structures of nano to submicron 

length scales. Remarkably, the molluscs produce shells that contain a distinct 

crystalline form of calcium carbonate such as aragonite, or may contain segregated 

layers of calcite and aragonite [103]. In another famous example of calcium 
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carbonate, fishes grow structures known as otoliths or “ear stones” within the inner 

ear that assist in inertial sensing. These otoliths are composed of the aragonite 

polymorph of calcium carbonate [104]. In addition to the crystalline forms of calcium 

carbonate, an amorphous phase of this mineral is synthesized by sea urchins to 

produce spines (spicules) [105]. In case of marine sponges, silica spicules are 

produced that have been demonstrated to possess light-guiding characteristics and 

may reach lengths up to 3 m. Similarly, diatoms are a type of unicellular eukaryotic 

algae which develop frustules which are intricately detailed silica cell walls that are 

organized over multiple length scales [106]. Beside this, mammals and birds are good 

examples for biominerals formed via the precipitation of calcium-based materials. 

Alike silica, magnetite and calcium carbonates, biomineralization of MnO2
 

and 

gypsum has been shown to occur on the S-layer of photosynthetic bacteria [108] and 

the occurrence of zinc-iron sulphide within the body of hydrothermal vent worms 

Alvinella pompejana [108]. Figure 1.5 shows images of some of the above mentioned 

exquisite structures obtained by biologically controlled synthesis of nanomaterials in 

biomineralization process. 

Biomineralized synthesis materials have been studied in great detail and in each of the 

examples listed above, specialized biomolecules have been found, or are thought to 

play a major role in directing the formation of these often complex inorganic 

structures and we also found that minerals, macromolecules and water are the major 

components of these biomaterials. During this process, inorganic phases and inorganic 

materials grow within or on the organic matrix or vesicles inside the cell and the 

organisms maintain a nice control over the composition, grain size, habit and 

intracellular or surface location of the produced minerals. 

Biominerals play an important traditional role as critical structural components of 

organisms like teeth, the siliceous shell of diatoms and most of the important ion 

reservoirs for cellular function like Ca
2+ 

and bone. These biominerals have highly 

evolved functional roles and magnetotactic sensing, buoyancy and balance regulation 

are a few examples which we have already discussed in the above section. Another 

interesting aspect of biominerals is that they play an important protective role and 

help in detoxification in certain organisms. Thus organisms starting from protozoa to 

eukaryotes apply principles of biomineralization (cellular processing, supramolecular 

organization, and interfacial recognition) to form materials such as Abalone nacre to 
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efficiently remove potentially toxic species from their immediate environment. 

Hence, nature translates us as to how biological systems maintain nanoscale control 

over structural biominerals, and has unveiled the biomimetic routes to novel materials 

synthesis. 

 

A B

DC

 

Figure 1.5: Images of various inorganic nanomaterials obtained by biologically 

controlled synthesis. (A) Diatomic silica (B) Calcareous structures in coccolith (C) 

Intricately architectured mouse incisor tooth has enamel rods and (D) Magnetite 

nanocrystals from magnetotactic bacteria. (Image courtesy: Various sources at 

http://images.google.com and reference [109]). 

 

Large variety of minerals are synthesized in nature and they can be traced to various 

groups of organisms including plants, animals and microorganisms listed in table 1.1. 

Since we know very well that these composite materials consist of an inorganic 

component and an organic matrix which comprises of biomacromolecules like 

proteins, lipids or polysaccharides which mainly control the morphology of the 

inorganic compound, it was found that most of these macromolecules have similar 

functional groups. They are rich in carboxylate groups and in addition to it have 
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phosphate and sulfate groups. The presence of all these charged groups makes these 

macromolecules excellent candidates for interacting with the mineral ions in solution 

or with the surfaces of the solid phase. 

 

 



Chapter 1                                                                                      17 

 

Ph.D. Thesis                                    Imran Uddin                              University Of Pune 

Bioinspired research is based on identifying and emulating the principles of 

biomineralization in natural systems. After knowing the natural mechanism, scientists 

have to develop clean, green nanomaterials through biomimetic and biosynthetic 

approaches. One of the important aspect of biology is the ability of biomolecules to 

self assemble into supramolecular structures. Biological self-assembly occurs at the 

molecular scale and the shape and size of self assembled structures are controlled on the 

nanoscale. This intrinsic ability has stimulated the interest of scientists to develop a 

“bottom-up” approach to nanomaterial synthesis. Nature, like a good architect 

produces nanoparticles of various defined shapes and sizes using genetic control. We 

can exploit similar mechanisms to create nanoparticles using biological molecules or 

organisms.  Hence, biomineral systems offer ample opportunity for the development 

of biomimetic strategies for the synthesis and processing of nanomaterials. Biological 

methods for synthesis of nanoparticles employ use of living organisms, molecules of 

biological origin such as peptides and biological templates such as DNA. The interest 

in inorganic nanoparticles is growing tremendously as they provide superior material 

properties with functional versatility. 

1.7 Biological means for synthesizing nanomaterials 

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

inorganic materials which have contributed to the development of relatively new and 

largely unexplored area of research based on the biosynthesis of nanomaterials. The 

development of reliable, eco-friendly processes for the synthesis of nanoscale 

materials is an important aspect of nanotechnology. It is only recently that 

microorganisms have been explored as potential biofactories for the synthesis of 

nanoparticles. These methods employ biological means like microorganisms (fungus, 

bacteria), biomolecules (DNA, protein, enzymes etc.), to reduce metal ions to form 

nanoparticles. It is feasible to synthesize nanoparticles at room temperature, neutral or 

mild pH and close to ambient conditions without the requirement of hazardous 

chemicals, solvents and expensive organometallic precursors which is not possible by 

any physical or chemical methods. This approach has brought a turning point in 

method of synthesis of nanoparticles. Heavy metal ions are toxic to the biological 

systems; hence microorganisms like bacteria, yeast and fungi detoxify these metal 

ions by reducing them into metallic state, which are nontoxic to them.  The as-

synthesized nanomaterial surfaces are inherently functionalized by proteins and other 
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biomolecules which not only facilitates further linking to other ligands but also 

provides much needed surface passivation, prevention from agglomeration and stable 

suspension in the aqueous medium which often is a nightmare in the wet-chemical 

approaches. Fungi are very good candidates for the development of extracellular 

processes as they secrete a variety of enzymes and are easy to grow and simple to 

handle. 

Various nanomaterials from simple metals to more complex systems such as metal 

sulphides and metal oxides can be synthesized by the deliberate synthesis of 

nanomaterials using micro-organisms. The first of such report is probably by            

Klaus et al., where they isolated an organism Pseudomonas stutzeri AG259 from 

silver mine and exposed it to Ag+ ions. Formation of silver nanoparticles of well 

defined size and distinct morphology within the periplasmic space of the bacteria was 

seen [111]. Later on many such synthesis were reported, a few of which are listed 

here such as the intracellular synthesis of octahedral gold nanoparticles by Bacillus 

subtilis which has been reported by Beveridge et al. [112]. Konishi et al. reported an 

intracellular synthesis route of Au nanoparticles by Fe(III)-reducing bacteria 

Shewanella algae under anaerobic environment and in the presence of hydrogen gas 

[113]. Similarly Nair and Pradeep have demonstrated the formation of Ag, Au and 

Ag-Au alloy by exposing gold and silver ions to Lactobacillus strains isolated from 

buttermilk [114]. Yong et al. have demonstrated the synthesis of palladium 

nanoparticles ~20 nm in size using a bacterium Desulfovibrio desulfuricans [115]. 

Lengke and co-workers have also demonstrated extracellular and intracellular 

biosynthesis of platinum nanoparticles using cyanobacteria Plectonema boryanum 

[116]. Ahmad et al. have extensively studied the biosynthesis of nanoparticles of 

various compositions using bacteria and fungi as living nanofactories. In this attempt, 

fairly monodispersed gold nanoparticles were synthesized using the extremophilic 

actinomycete, Thermomonospora sp. [117], Verticillium sp. [118] and Fusarium 

oxysporum [119]. In another report, gold-silver alloy nanoparticles of varying 

compositions have also been synthesized using Fusarium oxysporum [120]. 

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

the synthesis of semiconductor nanoparticles such as CdS, ZnS, etc. Dameron and co-

workers intracellularly synthesized nanocrystalline CdS quantum dots using two 

different yeast species Candida glabrata and Schizosaccharomyces pombe [121]. 
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Sweeny et al. [122] have reported the intracellular synthesis of CdS nanoparticles by 

E. coli. Further, Labrenz et al. [123] have reported the synthesis of ZnS nanoparticles 

by sulphate reducing bacteria of the family Desulfobacteriaceae. Kowshik et al. [124] 

synthesized PbS nanocrystals by using Torulopsis sp. Furthermore, Ahmad et al. 

synthesized the CdS semiconductor nanoparticles by enzymatic reduction of sulphate 

ions to sulphide ions by using fungus Fusarium oxysporum [125]. Ahmad and co-

workers also demonstrated the in vitro synthesis of CdS nanoparticles using proteins 

from fungi, along with external co-factors [126]. Fungi produce large number of 

proteins/enzymes and the biosynthetic nanoparticles using specific enzyme secreted 

by fungi has many attractive associated features. Extracellular biosynthesis of 

nanoparticles will always be advantageous over the intracellular synthesis for large 

scale, since nanoparticles can be readily isolated and purified from the extracelluar 

reaction solution. This procedure has been employed for different metal oxide 

nanoparticles synthesis. Ahmad et al. have shown the extracellular synthesis of 

several binary oxides such as SiO2, TiO2, ZrO2, Bi2O3, Fe3O4 and ternary metal oxide 

like BaTiO3 nanoparticles by employing Fusarium oxysporum and the appropriate 

metal ion precursors [127]. Also, Kumar et al. [128] reported the extracellular 

synthesis of Cobalt oxide (Co3O4) nanoparticles from the marine bacterium 

Brevibacterium casei. In another example, Ahmad and co-workers extracellularly 

synthesized CaCO3 and SrCO3 crystals after reacting CaCl2 and SrCl2 respectively to 

fungus Rhodococcus sp. and Fusarium oxysporum [129]. In continuation to the 

biosynthetic approach, Ahmad et al. reported bioleaching of silica nanoparticles of 

diverse morphologies from naturally available materials such as white sand and zircon 

sand as well as from the agro-industrial by-product rice husk by using the fungus 

Fusarium oxysporum [130].  

In addition to the microbial approach to synthesize the nanomaterials, plant extracts 

have also been used for gold and silver nanoparticle synthesis. It is very well known 

that a number of species of plants are capable of accumulating large percentage of 

gold within them. One of them is Equisetum sp. (horsetail) [131, 132]. Besides metal 

accumulation in plant cells, plants are also known for the biomineralization of many 

inorganic materials. For example, calcium oxalate, calcium carbonates and silicon 

dioxides are found in cactaceae family plants [133]. This allows an opening to explore 

plants as a means for synthesizing metal nanoparticles analogously. So, Yacaman and 
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co-workers have shown that gold and silver nanoparticles are formed inside different 

parts of the Alfalfa plant by uptaking corresponding metal ion precursors from the 

growth media [134]. The intracellular synthesis of metal nanoparticles using plants is 

not important from the commercial application point of view because of high cost and 

labor extensive processes for the extraction and purification of metal and therefore, 

the extracellular synthesis of metal nanoparticles is in high demand due to an easy and 

cheap source for the same purpose. Keeping this objective in mind, Ahmad et al. 

concentrated on extracellular synthesis of various metal nanoparticles using different 

plant extracts and they have shown that various plant extracts like that of Geranium 

sp. [135], neem (Azadirachta indica) [136], lemon grass (Cymbopogan flexuosus) 

[137] and amla (Emblica officinalis) [138] can be used for the size and shape-directed 

biosynthesis of gold, silver and gold-silver bimetallic core-shell nanoparticles. As 

discussed earlier, biomineralization processes are regulated by proteins or other 

biological macromolecules. After considering this aspect, researchers explore proteins 

identified from biomineralizing organisms and attempts have been made to synthesize 

various nanostructures. Most of the work in this direction has been facilitated by the 

systematic use of biological structures that act as templates for the synthesis of 

nanomaterials with complex morphologies. These templates include bacterial cell 

surfaces [139], viruses [140], DNA [141], proteins [142], small peptides [143] and 

even pollen grains [144] have been used for the synthesis of nanostructures with 

variety of compositions, sizes and shapes.  

So, in conclusion we can say that several biomimetic synthesis approaches, where 

biomolecules or microbes participate either in the reduction, oxidation or hydrolysis 

of the precursors or act as templates, are gaining popularity as these novel synthesis 

methods do not require high temperature, pressure or extreme pH conditions. The 

extracellular synthesis of nanomaterials by using whole cell microorganisms like 

fungi is an exciting possibility and could lead to eco-friendly and economically viable 

methods towards the large-scale synthesis of nanomaterials of technological interests. 

Here in this thesis, we report two different biosynthetic approaches (top-down and 

bottom-up) for extracellular synthesis of different nanomaterials by using different 

fungal sources. In the first approach (bottom-up) we demonstrate that fungal biomass 

is capable of synthesizing some difficult phase of transition metal oxides 

nanoparticles (Bi2O3, CrO2 and Mn5O8) and Bi2S3 nanoparticle at room temperature 
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by reacting the metal ion salts with the fungal biomass. In the second approach (top-

down) we show that the fungal biomass can be used to break-down the chemically 

synthesized larger particles (150-200 nm) into particles as small as 5-6 nm while 

maintaining the crystallinity and phase at the nano level. In both the approaches, the 

particles surfaces are passivated by a robust layer of proteins which provides stability 

in aqueous medium. A brief outline of the work presented in this thesis is given in the 

last section. 

1.8 Nano-biotechnology: current areas of biomedical applications 

Nano-biotechnology, an integration of physical sciences, molecular engineering, 

biology, chemistry and biotechnology holds considerable promise of advances in 

pharmaceutical and health care. It has originated to allow researchers to work at the 

cellular and molecular levels to produce major advances in life sciences and 

healthcare. Today, nanotechnology gives us the ability to work at molecular level, 

atom-by-atom to create materials and structures with new capabilities that will 

fundamentally change medicine, biotechnology and many other industries [145]. 

Nanoparticles provide a particularly useful platform, demonstrating unique properties 

with potentially wide-ranging therapeutic applications. The applications of 

nanotechnology, particularly in the biomedical arena, involve benefits for health care, 

public safety, environmental monitoring and forensics [146]. For example, nanoscale 

manipulations may enable tissue regeneration, in vivo medical monitoring by 

nanoscale robots, precise and convenient drug delivery, novel drug formulations, real-

time molecular pathology, affordable testing and diagnosis and monitoring of a wide 

variety of diseases [147]. Nanomaterials have unique physico-chemical properties, 

such as ultra small size, large surface area to mass ratio, and high reactivity, which are 

different from bulk materials of the same composition. These properties can be used 

to overcome some of the limitations found in traditional therapeutic and diagnostic 

agents. Reducing the scale of devices adds a clear advantage to biological applications 

as molecular size scales are reached. This is because the typical size dimensions of 

biomolecular components which are comparable with the dimensions of man-made 

nanoparticles. Using nanoparticles as biomolecular probes allows us to probe 

biological processes without interfering with them. Inorganic nanoparticles, such as 

carbon nanotubes, quantum dots and gold nanoshells, have been adopted for 
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biomedical use, due to their unique optical and physical properties. Compared to 

conventional materials, inorganic nanomaterials have several advantages such as 

simple preparative processes and precise control over their shape, composition and 

size. In addition, inorganic porous nanomaterials are fundamentally advantageous for 

developing multifunctional nanomaterials, due to their distinctive inner and outer 

surfaces [148]. The range of biomedical applications of nanoparticles is numerous; 

some of the important applications are;  

1.8.1 Therapeutics 

Advances in nanotechnology have a significant impact in the field of therapeutics 

delivery. The development of nanoparticles for the delivery of therapeutic agents has 

introduced new opportunities for the improvement of medical treatment. There are 

several advantages to using nanoparticles for therapeutics delivery. The use of 

materials on the nanoscale level provides unprecedented freedom to modify some of 

the most fundamental properties of therapeutic carriers, such as solubility, diffusivity, 

biodistribution, release characteristics and immunogenicity [149]. Precise 

nanoparticle engineering has yielded longer circulation half-lives, superior 

bioavailability and lower toxicity. Encapsulation of therapeutic agents for targeting to 

specific site and for long term stability in the blood stream is a common application of 

bio-nanotechnology [150]. Functionalization of nanoparticles will allow localization 

of drugs to specific organs or cells, increasing efficacy and decreasing effects on 

healthy cells. Nanoparticle encapsulation for existing drug compounds may be the 

earliest dramatic impact of bio-nanotechnology in the medical industry [151]. In the 

last two decades, a number of nanoparticle-based therapeutic agents have been 

developed for the treatment of cancer, diabetes, pain, asthma, allergy, infections, etc. 

[152]. The most commonly investigated silicon-based materials for drug delivery are 

porous silicon and silica. Architectures include calcified nanopores, platinum-

containing nanopores, porous nanoparticles, and nano-needles. Surface-functionalized 

carbon nanotubes (CNTs) can be internalized within mammalian cells, and when 

linked to peptides may be used as vaccine delivery structures. Fullerenes have also 

shown drug targeting capability. Tissue-selective targeting and intracellular targeting 

of mitochondria have been shown with use of fullerene structures. Typical metals 

include gold, platinum, palladium and metal-oxides like iron oxide and gadolinium oxide. 

When linked to or embedded within polymeric drug carriers, metal nanoparticles can be 
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used as thermal release triggers when irradiated with infrared light or excited by an 

alternating magnetic field [153]. Among the metallic nanoparticles, Au nanoparticles 

have immense potential for cancer diagnosis and therapy on account of their surface 

plasmon resonance (SPR) enhanced light scattering and absorption. Conjugation of 

Au nanoparticles to ligands specifically targeted to biomarkers on cancer cells allows 

molecular-specific imaging and detection of cancer. Additionally, Au nanoparticles 

efficiently convert the strongly absorbed light into localized heat, which can be 

exploited for the selective laser photothermal therapy of cancer [154]. 

1.8.2 Diagnostic 

Nanoparticles, especially of inorganic materials such as silica, gold and silver, have 

been used for diagnostics applications. Gold nanoparticles tagged with short segments 

of DNA can be used for detection of genetic sequence in a sample. Magnetic 

nanoparticles bound to a suitable antibody are used to label specific molecules, 

structures or microorganisms. Superparamagnetic nanoparticles are useful for 

magnetic resonance imaging, cell-tracking cells and for calcium sensing. 

Diagnostically, paramagnetic iron oxide nanoparticles are used as contrast agents in 

magnetic resonance imaging. These have a greater magnetic susceptibility than 

conventional contrast agents. Targeting of these nanoparticles enables identification 

of specific organs and tissues [155]. Multicolour optical coding for biological assays 

has been achieved by embedding different-sized quantum dots into polymeric 

microbeads. Quantum dots are inorganic fluorophores that offer significant 

advantages over conventionally used fluorescent markers. They have high sensitivity, 

broad excitation spectra, stable fluorescence with simple excitation, and no need for 

lasers. The most important potential applications of quantum dots are for cancer 

diagnosis. Luminescent and stable quantum dots bioconjugates enable visualization of 

cancer cells in living animals [156]. Nanopore technology for analysis of nucleic 

acids converts strings of nucleotides directly into electronic signatures. 

‘Nanotechnology-on-a-chip’ is one more dimension of ‘lab-on-a-chip’ technology 

[157]. 

1.8.3 Bio-imaging 

Advances in imaging have occurred in conjunction with the development of 

nanoparticles, which are used to enhance existing imaging techniques by serving as 
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contrast agents or as markers in various optical techniques. A number of molecular 

imaging techniques, such as optical imaging (OI), magnetic resonance imaging 

(MRI), ultrasound imaging (USI), positron emission tomography (PET), computed 

tomographic imaging (CT) and others have been reported for imaging of in vitro and 

in vivo biological specimens [158]. 

Nanoparticles with strong optical and magnetic interactions may be functionalized for 

binding to specific cells, tissues, tumours, or sub-cellular components [159]. 

Nanoparticles are loaded with contrast agents like perfluorocarbon emulsion for 

ultrasound, gadolinium in the case of magnetic resonance imaging (MRI), or 

radionuclides for computed tomography (CT) imaging and are then coated in ligands 

molecules specifically designed to target and bind to the tissue to be imaged [160]. 

For cancer imaging, proteins related to angiogenesis, or rapid growth of vasculature 

can be used as targets for the ligands and direct the contrast agents to accumulate 

preferentially at tumour sites [161]. Quantum dots described above offer unique 

imaging possibilities as a result of their high brightness, ease of functionalization and 

excellent tuneability. By selecting quantum dot fluorescence wavelengths in the near 

infrared, it is possible to work at wavelengths where tissues are relatively transparent 

and making deeper imaging and tumour analysis by fluorescence spectroscopy 

possible [162]. Inorganic nanoparticles like gold and silver can also be used as 

imaging agents due to their strong interaction with electromagnetic fields. Bio-

nanotechnological developments in this area are leading to more effective imaging 

agents that can more accurately target tumour sites and this alongwith increased 

brightness can lead to earlier detection of tumour. 

1.8.4 Cancer therapy 

Nanoparticulate technology is of particular use in developing a new generation of 

more effective cancer therapies capable of overcoming the many biological, 

biophysical and biomedical barriers that the body stages against a standard 

intervention. Nanoparticles show much promise in cancer therapy by selectively 

gaining access to tumour due to their small size and modifiability [163]. In cancer 

treatment and detection, the nanoparticles serve many targeted functions in 

chemotherapy, radiotherapy, immunotherapy, immunodetection, thermotherapy, 

imaging, photodynamic therapy and anti-angiogenesis [164]. Nanotechnological 
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advances are at the bottom of the next paradigm shift in cancer research, diagnostics 

and therapy by improving direct visualization of malignant cells, targeting at 

molecular level and safely delivering large amounts of chemotherapeutic agents to 

desired cells. Nanoparticles and their use in drug delivery is a far more effective 

antitumor method than conventional chemotherapy, which is typically limited by the 

toxicity of drugs to normal tissues, short circulation half-life in plasma, limited 

aqueous solubility, and non-selectivity restricting therapeutic efficacy [165]. 

Gold nanoparticles and quantum dots attach themselves onto the epidermal growth 

factors receptor (EGFR) present on the cell surface of cancer cells which is helpful in 

detecting the cancer cells. Iron oxide nanoparticles encased in a biocompatible 

material can make the detection of cancer cells easier, even if the cancer cells are 

small; these nanoparticles stick to the tumor cells turning them into little magnets 

which are then attracted to the tip of a biopsy needle.  Due to their strong scattering, 

gold nanorods have excellent potential as optical contrast agents for molecular 

imaging. Furthermore, the strongly absorbed IR radiation can be converted into heat 

efficiently, making it a promising potential photothermal therapeutic agent. In 

photothermal therapy, optical radiation is absorbed and transformed into heat. The 

heat causes the proteins and DNA to denature, irreversibly damaging the cells and, 

consequently, causing their death [166]. 

1.9 Outline of the thesis 

The work presented in this thesis describes novel biological protocols for the 

synthesis of complex transition metal oxide and metal sulphide nanoparticles using 

bottom-up and top-down approaches. This is an attempt to extend the biological 

synthesis protocols towards a possibility of scale-up. An important outcome of these 

approaches is that metal oxides (Bi2O3, CrO2, Mn5O8 and BiOCl) and metal sulphide 

(Bi2S3) nanoparticles can be synthesized using these routes. Many exciting results 

were obtained during the course of experiments, which are described in detail. The 

thesis is composed of five chapters and the chapter wise description of these studies is 

described as follows: 

Chapter 1 describes the brief and general introduction about nanotechnology and 

historical perspective of nanoscience. It also reveals the significant properties of 

nanoparticles, parameters that could alter nanoparticle properties, followed with the 
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various synthesis methods and approach to reach the nano level and also the wide 

applications in different fields have been discussed. Finally, in this chapter, we 

discussed a brief overview of biomineralization and biosynthesis of nanomaterials. 

Chapter 2 describes the bottom-up biosynthetic approach to synthesize metal oxides 

nanoparticles. This chapter is further divided into three parts where synthesis of metal 

oxide nanoparticles Bi2O3, Mn5O8, and CrO2 using fungus Fusarium oxysporum and 

Trichothecium sp. is described. 

Part 2A describes the structural and microbial synthesis of sub-10 nm Bi2O3 

nanocrystals using fungus Fusarium oxysporum. The Bi2O3 so formed is characterized 

by TEM, XRD, FTIR, XPS and TGA. As-synthesized as well as calcined particles 

showed excellent crystallinity. Structural investigation was done using selected area 

electron diffraction (SAED) and powder XRD shows that particles primarily 

crystallize in the α-phase with monoclinical structure. 

Part 2B describes the extracellular synthesis of protein functionalized CrO2 

nanoparticles  using the fungus Trichothecium sp. and potassium dichromate               

(K2Cr2O7 ) is used as precursor salt in ambient conditions. This finding was confirmed 

by various techniques such as XRD, XPS, FTIR, HR-TEM etc. The TEM analysis of 

CrO2 nanoparticles indicated that the overall particles are irregular in shape with quasi 

spherical morphology and with an average particle size of 21-25 nm in diameter. HR-

TEM images and XPS confirm the presence of Cr2O3 layer over the CrO2 

nanoparticle. XRD and SAED analysis showed that particles are well crystalline 

having tetragonal symmetry. TGA studies showed that at temperatures higher than 

340°C, CrO2 starts decomposing into Cr2O3. Magnetic studies show that CrO2 is a 

ferromagnetic material. The presence of Cr2O3 layer over the CrO2 nanoparticles is 

explained by magnetic measurements in M-H curve, which suggest that CrO2 

nanoparticles synthesized by Trichothecium sp. show ferromagnetic and 

antiferromagnetic exchange bias between core CrO2 and Cr2O3 layer. 

 

Part 2C describes extracellular synthesis of Mn5O8 nanoparticles in the size range of 

5-8 nm at room-temperature using fungus Fusarium oxysporum. The Mn5O8 so 

formed is characterized by TEM, XRD, FTIR, XPS, and TGA. The compound Mn5O8 

exists in mixed valencies of Mn2+ and Mn4+, which was confirmed by XPS data. 
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Mn5O8 has a monoclinical structure and magnetic studies show that Mn5O8 has 

antiferromagnetic nature. These Mn5O8 nanoparticles are capped with protein which 

stabilizes the nanoparticles against aggregation. 

Chapter 3 describes the fungus mediated synthesis of Bi2S3 nanoparticles by reacting 

the fungus Fusarium oxysporum with bismuth (III) nitrate pentahydrate 

(Bi(NO3)3·5H2O) and Na2SO3 as precursor at room temperature. The protein capped 

Bi2S3 nanoparticles maintain a long-term stability and shows a band gap of 3.04 eV. 

TEM images showed that the particles are quasi spherical in shape with an average 

particle size of 15 nm. Selected area electron diffraction (SAED) and powder XRD 

shows that particles are perfectly crystalline with an orthorhombic structure. Further 

characterization of Bi2S3 nanoparticles was done using techniques such as UV, PL, 

XPS, FTIR and TGA. These Bi2S3 nanoparticles were used for SPECT-CT probe for 

small animal imaging. This was injected into rats and the biodistribition image and 

clearance time from blood was calculated. 

Chapter 4 describes the synthesis of BiOCl nanoparticles by top-down (bio-milling) 

approach using the biological system i.e. in Humicola sp. This green technique has a 

potential for commercial application into large scale synthesis of nanomaterials with a 

simple route and is named as “biomilling”. Bio-milling is a “Green Top-Down 

Approach” used to synthesize complex oxide nanoparticles with particle sizes less 

than 10 nm with the proper crystalline phase by synergically utilizing both chemical 

and biological synthesis techniques. We  present this novel technique developed at 

N.C.L, Pune (India) by which fungal biomass can be used to break-down the 

chemically synthesized larger particles (200-250 nm) into particles as small as 5-6 nm 

while maintaining the crystallinity and phase at the nanolevel. We believe that this 

technique can be used to synthesize several complex oxide nanoparticles whose 

synthesis in the size less than 10 nm by conventional wet-chemical methods is very 

difficult.  

Chapter 5 summarizes the work presented in this thesis and emphasizes on the 

possible further research in this area. 
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Chapter 2 

Bottom-up biosynthetic approach to 
synthesize Metal Oxides nanoparticles 

 

 

 

This chapter describes the introductory remark of bottom-up approach to synthesize metal oxides 

nanoparticles and how the bottom-up biosynthetic approach is much better in comparison with top-

down and other wet-chemical techniques which often employ toxic chemicals, physico-chemical 

conditions, high temperature and pressure. This chapter is divided into three parts where the 

synthesis of metal oxide nanoparticles: Bi2O3, Mn5O8 and CrO2, using fungus Fusarium oxysporum 

and Trichothecium sp. is described. 
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Bottom-up approach involves putting together smaller components (such as individual 

atoms and molecules) to form a larger and more complex system by leveraging 

naturally occurring chemical, physical and biological processes. Bottom-up approach 

refers to building-up of the material atom-by-atom, molecule-by-molecule or cluster-

by-cluster. It is the atom-by-atom assembly and begins by designing and synthesizing 

custom made molecules that have the ability to self organize themselves into higher 

order mesoscale and macroscale structures. Below certain size range, synthesis of 

nanoparticles by the top-down approach becomes costly and laborious. Top-down 

approach can also produce surface defects, internal stresses and contamination due to 

harsh conditions at the time of synthesis of nanoparticles, which may affect surface 

and physical properties of the nanomaterials. Therefore, top-down approach reaches 

its practical and theoretical limits, where as  bottom-up approach promises a better 

chance to obtain nanostructures with less defects, more homogenous chemical 

composition, and better short and long range ordering. This is because the bottom-up 

approach is driven mainly by the reduction of Gibbs free energy, so that the 

nanostructures and nanomaterials produced are in a state closer to thermodynamic 

equilibrium. 

Broadly speaking, bottom-up approach should be able to produce devices in parallel 

and much cheaper rates than top-down methods. Generally, the bottom-up approach 

offers greater control over the structural properties rather than the top-down approach. 

Moreover, large scale synthesis of nanomaterials remains a challenge because when a 

structure falls into the nanometer scale, it narrows down the choice for a top-down 

approach as all the tools we possess are too big to deal with such tiny objects.  

Bottom-up strategies by which the nanomaterial is built up from its constituent 

elements generally involve two phases namely nucleation phase and growth phase. In 

nucleation phase, metal ions contained in the precursors are reduced by a suitable 

reducing agent in the presence of a capping ligand to produce tiny seed particles. 

When the solution becomes supersaturated, these seed particles precipitate 

spontaneously. Nucleation phase is followed by the growth phase where the 

precipitated seeds capture dissolved atoms or molecules and grow in size. Usually the 

restriction of the condensation or the growth at a particular point leads to the 

formation of particles of desired size and shape. 

Metal oxide nanoparticles are of great interest due to their improved optical and 

electronic properties with applications such as piezoelectric, electro-optic and 
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dielectric materials and are less toxic or more biocompatible than metal nanoparticles. 

Metaloxides such as titania (TiO2), zirconia (ZrO2), silica (SiO2), iron oxide (Fe3O4), 

alumina (Al2O3), zinc oxide (ZnO), etc. play an important role in many key 

technologies and globally constitute an exceptionally large volume industry. In going 

to attain nanoscale dimensions, the properties of these nanooxides change 

dramatically and have important potential applications. Nanooxides in large quantities 

are currently produced by chemical methods. Although chemical synthesis procedures 

result in a good control over shape, size and crystallinity, they often employ toxic 

chemicals, volatile solvents and intense physico-chemical conditions. Another major 

disadvantage with chemical methods is that they are energy intensive and thus 

increase the production costs. Therefore, researchers are currently more interested 

toward the development of environmentally benign procedures for nanoparticle 

synthesis that do not use toxic chemicals. As a result, researchers have been focusing 

their attention toward the biological processes for nanomaterial synthesis as they 

operate at environmentally benign conditions. Many biological organisms synthesize 

highly functional inorganic materials of complex composition and structure like bones 

and teeth for example. Classical examples of microorganisms that synthesize 

nanooxides are diatoms (amorphous silica) and magnetotactic bacteria (magnetic iron 

oxide nanoparticles). The synthesis of these oxide nanoparticles is achieved at room 

temperature and under benign solvent conditions. Recognizing that production of 

nanomaterials by biological methods would address the shortcomings of the chemical 

method and lead to potentially large cost reduction. Ahmad et al. have developed 

methods for the synthesis of gold and silver nanoparticles, metal sulphides and 

nanooxides such as titania, zirconia, silica, iron oxide, etc. in an aqueous solution. The 

quality of the nanooxides produced by this process is comparable to the commercially 

available products. It uses microbes or other biological materials to synthesize 

nanoparticles. The biomimetic approaches of the controlled synthesis of 

nanomaterials based on the use of microbes are fast gaining popularity where the 

microbes participate via reduction, oxidation or hydrolysis of the transition metal ion 

precursors and also by acting as templates. The as-synthesized nanomaterial surfaces 

are inherently functionalized by proteins and other biomolecules which not only 

facilitate further linking to other ligands but also provide the much needed surface 

passivation, prevention from agglomeration and stable suspension in the aqueous 

medium which often is difficult to attain by the wet-chemical approaches. 
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The development of reliable, eco-friendly processes for the synthesis of nanoscale 

materials is an important aspect of nanotechnology. The mechanism for synthesis of 

nanoparticles by biological systems has better control over shape, size and kinetics 

together with characterization and applications. It is feasible to synthesize 

nanoparticles at room temperature, neutral or mild pH and close to ambient 

conditions, which is not possible by any physical or chemical methods. This approach 

has brought a turning point in method of synthesis of nanoparticles. Heavy metal ions 

as we know are toxic to biological systems. Hence microorganisms like bacteria, yeast 

and fungi detoxify these metal ions by reducing them into metallic state, which are 

nontoxic to them. These metal atoms then come together and grow to the nanometer 

sizes leading to the formation of nanoparticles, which are stabilized by biological 

system. In chemical synthesis, one needs a capping agent such that nanoparticles 

should not sinter with each other. On the contrary, in biological synthesis one does not 

need a capping agent because proteins secreted by the fungus are used here as capping 

agent. 

In bottom-up approach, we demonstrate that fungal biomass is capable of synthesizing 

some difficult phase of transition metal oxide nanoparticles at ambient condition. 

Here we used the room temperature bottom-up biosynthetic approach for the synthesis 

of Bi2O3, Mn5O8 and CrO2 nanoparticles by extra-cellularly challenging the 

mesophilic fungus Fusarium oxysporum and alkalotolerant mesophilic fungus 

Trichothecium sp. respectively. In this approach, the surface of the particles is capped 

by protein which provides stability in aqueous medium. This chapter is divided into 

three parts.  

2A.    Structure and microbial synthesis of sub-10 nm Bi2O3 nanocrystals. 

2B.    Fungus mediated synthesis of protein capped CrO2 nanoparticles. 

2C.    Fungus based synthesis of Mn5O8 nanoparticles. 

 

 



Chapter 2A  

    

 

Structure and Microbial Synthesis of Sub-10 
nm Bi2O3 Nanocrystals 

 

This chapter describes a biological route for the synthesis of bismuth oxide nanoparticles 

mediated by fungus Fusarium oxysporum. The fungus, on exposure to the aqueous solutions 

of bismuth nitrate as a precursor, results in extracellular biosynthesis of bismuth oxide 

nanoparticles in the size range of 5-8 nm under ambient conditions. The particle surfaces are 

passivated by a robust layer of proteins which provides stability in aqueous medium. 

Structural investigation done using selected area electron diffraction (SAED) and powder 

XRD shows that particles primarily crystallize in the α-phase with a monoclinic structure. 

The particle size analysis was perfomed using TEM. Further material characterization was 

done using techniques such as XPS, FTIR and TGA. 

 

The work described in this chapter has been published as: Structure and Microbial 

Synthesis of Sub-10 nm Bi2O3 Nanocrystals” Imran Uddin, Suguna Adyanthaya, Asad 

Syed, K. Selvaraj, Absar Ahmad*, Pankaj Poddar*, J. Nanosci. Nanotechnol., 2008. 

8, 3909 – 3913. 
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2.1.1 Introduction 

Bismuth oxide (Bi2O3) has a relevant importance in modern solid state technology. In 

its nanoparticulate form, it is an interesting optoelectronic material, with a large band-

gap, high value of refractive-index, dielectric-permittivity, as well as remarkable 

photoconductivity and photoluminescence [1, 2] which makes it a favorite material 

where tunability of both optical and electronic properties are required. In small size, 

Bi2O3 shows an increase in the band gap like other semiconductor materials and 

shows a clear blue shift in the absorbance [3]. Bi2O3 nanoparticles also have potential 

application as an additive into the optical glass/polymer formulations to increase their 

refractive index and specific gravity. Bismuth oxide as a component finds use in wide 

applications in gas sensors [4], optical coatings [5], photovoltaic cells, optical 

communication devices, optoelectronics, oxide electrolytes and fuel cell [6, 7]. 

Bismuth oxide nanoparticles exhibit enhanced thermoelectric properties at room 

temperature. So it is particularly interesting as potential thermoelectric and “green” 

lubricant materials. Bismuth oxide is incorporated into specialty polymers and 

materials for bone implants, dental prosthetic devices, catheters, sutures and surgical 

instruments to make them detectable by X-rays without the toxicity or carcinogenicity 

associated with other heavy metals. Bismuth oxide has been used extensively for 

years in the medical appliance industry to impart X-ray opacity. Other applications for 

bismuth oxide include ceramic additives for varistors that are used for electrical surge 

protectors, additives to reduce processing temperatures for high-temperature ceramics 

that are used in gas and in fluid detectors to improve automotive fuel efficiency and 

reduce smog, additives into optical glass formulations to increase refractive index and 

specific gravity, and as an additive in a variety of medical creams and ointments. All 

these special properties explain the interest and great efforts devoted to the synthesis 

and characterization of bismuth oxide nanoparticles.  

The crystalline structure of this material is quite rich with different polymorphs [8, 9].  

Bismuth oxide has five main polymorphic forms that are known as: α-Bi2O3 

(monoclinic), β-Bi2O3 (tetragonal), γ-Bi2O3 (bace-centered-cubic), δ-Bi2O3 (face-

centered cubic) and ω-Bi2O3 (triclinic). Each polymorph possesses distinct crystalline 

structure and physical (electrical, optical, etc.) properties [10]. Among these phases, 

the low-temperature α-phase and high-temperature δ-phase are stable, and the others 

are high temperature metastable phases [11]. The stability of these polymorphic forms 
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of Bi2O3 is known to depend upon various conditions such as temperature, thermal 

treatment, chemical doping, etc [12, 13]. The room temperature phase is monoclinic 

which transforms to a cubic phase at high temperature (known as δ-Bi2O3). This phase 

of Bi2O3 is also reported to have extremely high ionic conductivity which makes it a 

potential candidate for the fuel cell electrolytes as well as for sensor applications [14, 

15]. Thus, minor doping of Bi2O3 with various oxides results in the formation of a 

body-centered-cubic solid solution (b.c.c), referred to as γ-Bi2O3 [16]. 

In an effort to get monodispersed nanoparticles of Bi2O3, several synthesis methods 

have been attempted. Typically Bi2O3 is prepared via the oxidation of bismuth metal 

at 800
o
C, via thermal decomposition of carbonates or hydroxides produced by the 

addition of alkali metal hydroxides to bismuth salt solution [17]. These powders on 

calcinations yields fine particles of Bi2O3. Flame spray pyrolysis [18] is also used to 

produce nano-sized Bi2O3 particles. Recently, few methods on “gel to crystalline” 

conversion route and citrate-gel techniques have been used to make Bi2O3 which 

resulted in particles as small as 50 nm in size [19, 20]. A microemulsion based 

technique was also used that reported particles with further smaller size (5 to 10 nm); 

however, this method reported poor crystallinity of the particles. Several of these 

conventional wet-chemical methods are known to often use high temperatures, high 

pressure and multi-step techniques. Often, the as-synthesized particles are 

agglomerated due to their delicate surface coatings which do not often provide enough 

surface passivation and stability over a period of time. Ahmad et al. have recently 

developed a novel technique based on fungi which is capable of synthesizing a variety 

of materials (often size less than 10 nm) such as metals, alloys, binary oxides as well 

as ternary oxides [21]. This eco-friendly, room temperature method is capable of 

selectively performing reduction and oxidation reactions at different pH values which 

gives it additional advantages often enjoyed by chemical methods alone. 

In this chapter, we present the fungus based room temperature synthesis of sub-10 nm 

Bi2O3 nanoparticles, where protein is acting both as a capping as well as a reducing 

agent. The structure and crystallinity of these particles was characterized by powder 

XRD, selected area electron diffraction (SAED) and high resolution transmission 

electron microscopy (HR-TEM). XRD analysis showed that particles are well 

crystalline with a mixture of monoclinic and tetragonal phases. Further material 

characterization was done using techniques such as XPS, FTIR and TGA. Mesophilic 
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fungus Fusarium oxysporum was used for this purpose which is discussed in the 

sections below. 

2.1.2 Experimental Details 

Bismuth (III) nitrate pentahydrate [Bi(NO3)3.5H2O] of guaranteed reagent (GR) grade 

was obtained from Merck Chemicals. Malt extract powder, yeast extract powder, 

glucose, and peptone were obtained from Himedia and used as-received. The 

mesophilic fungus Fusarium oxysporum was cultured and fungal mycelia was 

inoculated in 500 ml Erlenmeyer flask containing 100 ml of MGYP broth composed 

of malt extract (0.3%), glucose (1%), yeast extract (0.3%) and peptone (0.5%) at 

28oC, under shaking conditions (200 rpm) for 72 hours. After incubation, we washed 

the fungal mycelia thoroughly under sterile conditions and harvested. 20 gram of 

fungal mycelia which was then resuspended in 100 ml aqueous solution of 10
-3

M 

Bismuth(III) nitrate 5-hydrate (Bi(NO3)3·5H2O) in 500 ml Erlenmeyer flasks and kept 

on shaker at 28
o
C and 200 rpm. The reaction was carried out for a period of 96 hours 

and fungal biomass was separated by filter paper to collect biomass in sterile 

conditions.  

The biogenic products of the reactions were collected under sterile conditions at 

various time intervals during the reaction by separating the fungal mycelia from the 

aqueous extract through filtration. The filtrate was then used to check the formation of 

nanoparticles. To remove the unbound protein and unreacted precursor, we 

centrifuged the filtrate three times at 15,000 rpm for 30 minutes and each time the 

precipitate was resuspended in the de-ionized water. Further characterization of the 

purified products as well as of the calcined products (400°C for three hours) were 

carried out by Transmission electron microscopy (TEM), Selected area electron 

diffraction (SAED) analysis, X-ray diffraction (XRD) analysis,  Fourier transform 

infrared (FTIR) spectroscopy, Thermogravimetric analysis (TGA), Electron 

dispersive X-rays (EDAX) analysis and X-ray photoemission spectroscopy (XPS). 

2.1.3 Morphological features of Fusarium oxysporum 

Mesophilic fungus Fusarium oxysporum was used for synthesis of Bi2O3 

nanoparticles. Figure 2.1.1 shows that the fungus Fusarium oxysporum grown on 

potato dextrose agar (PDA) produced slow growing colonies. Colonies on PDA 

showed the following characters: snow white, circular, hyphae profusely branched 
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and septate. The fungus produced three types of spores called   macroconidia, 

microconidia and chlamydospores. Macroconidia, fusoid with prominent foot cell, 

three septate, fewer in number than microconidia. Microconidia are produced from 

short lateral phialide. Microconidia are oval to cylindrical, straight to curved, variable 

in shape and size, produced abundantly and single celled. Chlamydospores formed 

after 10-15 days produce from lateral hyphae.  

A B

 

Figure: 2.1.1: Morphological features of Fusarium oxysporum. The Fusarium 

oxysporum  was grown on PDA for microscopic observation (A) Macroconidia, 

microconidia and chlamydospores produced on agar medium (B) 
 

2.1.4 Results and Discussions  

2.1.4.1 TEM and SAED analysis  

In Figure 2.1.2 (A, B) we have shown representative transmission electron 

micrograph images of as-synthesized nanoparticles, which shows an overall quasi-

spherical morphology. The inset figure 2.1.2A shows the particle size distribution 

curve; it was calculated that average particle size is between 5-8 nm. In the figure 

2.1.2 (C), we have shown the selected area electron diffraction (SAED) pattern, which 

shows a nice spot pattern confirming the single crystallinity of the as-synthesized 

protein coated nanoparticles. We indexed the SAED spot {311}, {020}, {252}, 

{023}, {113}, and {653} for monoclinic crystal lattice (a=5.849Å, b=8.169 Å, 

c=7.512 Å, α=γ, β=112.98o) with space group P21/c(14). We know that proteins cap 

the as-synthesized nanoparticles and calcination at 400
o
C for three hours burns 

capped proteins/biomolecules. 
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Thus, to further investigate the effect of calcination on the particle morphology as 

well as crystallinity, we calcined these particles at 400
o
C for 3 hours in air, which 

resulted into degradation of protein layer. In Figure 2.1.2 D and E , we have shown 

the TEM images of  the calcined particles, which shows significant increase in the 

average particle size up to 12 nm (Inset figure 2.1.2 D).  

 

A B C

D E F

 

Figure 2.1.2: TEM images of as-synthesized (A and B) Bi2O3 nanoparticles obtained 

after 72 hours of reaction between Fusarium oxysporum and Bi(NO3)3 •5H2O. SAED 

pattern (C) shows the crystalline nature of particles. Calcination of as synthesized 

nanoparticles leads to an increase in particle (D and E) size. The inset figures A, D 

shows particle size distribution of as-synthsized and calcined nanoparticles 

respectively.  Image F shows SAED pattern obtained from calcined nanoparticles. 

 

The SAED pattern for the calcined samples presented in the figure 2.1.2 (F) again 

reveals a well-defined spot pattern, which shows the increased crystallinity, indexed 

again based on monoclinic phase of Bi2O3. These spot pattern were referred for 

{ 3 14}, { 1 11}, {112}, { 1 42}, { 2 11} and {311} crystal planes, which matches well 

with the reported values [22]. 

2.1.4.2 HR-TEM analysis 

To further investigate, crystallinity at the single particle level, we performed HR-

TEM. In Figure 2.1.3, we have shown the HR-TEM images of Bi2O3 nanoparticles 

after 72 hours of reaction for as-synthesized (figure 2.1.3A) and calcined (figure 

2.1.3B) particles. Both the figures show clearly resolved lattice fringes of Bi2O3 
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nanoparticles which indicate very good crystallinity with very few defects. In fact, our 

HR-TEM images are in-consistent with the SAED patterns shown above where 

primarily dot patterns are observed. The extent of single-crystallinity and defect free 

structure observed here in biologically synthesized particles is quite remarkable. The 

lattice planes show a spacing  of ~3.04 Å for the as-prepared sample (fig. 2.1.3A) and 

~ 2.23 Å for the sample calcined at 400oC (Fig. (2.1.3B)) having the lattice planes 

{012} and {222} respectively.  

 

(222)

B

(012)

A

 

Figure 2.1.3: HR-TEM micrograph of Bi2O3 nanoparticles synthesized using 

Fusarium oxysporum before (A) and after calcination at 400
o
C for 3 hours (B). 

 

2.1.4.3 X-ray diffraction analysis 

To confirm the crystalline phase of as-synthesized material in detail, we prepared 

samples for powder X-ray diffraction. In the bulk form, bismuth oxide is known to 

show five main structural modifications, which possess distinct crystalline structures 

and physical (electrical, optical, etc.) properties [8, 9]. Two stable polymorphic forms 

include the first one which is stable at relatively lower temperature monoclinic α-

Bi2O3 and the other one which is stable at high temperature cubic δ-Bi2O3. Other 

polymorphs are high temperature metastable phases known as tetragonal β-Bi2O3 and 

b.c.c. γ-Bi2O3. The α-form, stable at room temperature, is usually described as being 

monoclinic, although this structure may be better described as orthorhombic. The 

bismuth ions have a pseudo-octahedral coordination with one vacant site, and the 

vacancies are ordered so as to create a layered structure. Above 717oC, the δ-form has 

the cubic fluorite structure with randomly distributed oxide vacancies. 
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Figure 2.1.4: Powder XRD-pattern of as-synthesized Bi2O3 nanoparticles. Peaks 

assigned by * and ● represent monoclinic and tetragonal phases respectively. 

 

In Figure 2.1.4, we have presented the room temperature XRD pattern obtained from 

as-synthesized particles which shows predominantly monoclinic α-Bi2O3 phase [22]. 

However, two of the peaks from the XRD pattern, out of which {100} one is most 

intense, indicates the presence of tetragonal phase as well. The co-existence of both 

monoclinic and tetragonal phase at the room temperature is quite remarkable in bio-

synthesized Bi2O3 as we have already mentioned earlier that the presence of the 

metastable tetragonal phase is more dominant at high temperatures. In contrast to this, 

Bi2O3 synthesized by most of the wet-chemical techniques shows presence of 

monoclinic phase only at the room temperature. The mechanism involved in the 

synthesis based on microorganisms is quite complex in comparison to the traditional 

wet-chemical techniques and is still not understood in detail. However, it is not 

uncommon for fungus to synthesize the phases which are more energy intensive and 

otherwise possible to be synthesized only at extreme conditions by using the chemical 

techniques. 
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2.1.4.4 FTIR analysis 

In Figure 2.1.5, we have shown Fourier transform infrared (FTIR) spectra for the 

precursor Bi (NO3)3.5H2O, uncalcined and calcined Bi2O3 nanoparticles synthesized 

after 72 hours of reaction between Fusarium oxysporum and bismuth nitrate. The 

figure 2.1.5 (A) on the left shows the presence of a prominent absorption in the range 

from 400 to 800 cm−1 for the uncalcined and calcined nanoparticles due to each type 

of Bi-O stretching modes [23–24].  

 

Figure 2.1.5: (A) FTIR spectra of precursor used: Bi (NO3)3.5H2O, uncalcined and 

calcined Bi2O3 nanoparticles synthesized by the reaction between Bi(NO3)3.5H2O and 

fungus Fusarium oxysporum respectively. (B) Presence of amide bands suggests that 

proteins are associated with the nanoparticles. 

 

It can be noticed that after calcination, the absorption peaks are more prominent and 

separated. In the Figure 2.1.5 (B), the disappearance of bands around 1650 and 1540 

cm−1 for the calcined nanoparticles (present in the uncalcined sample as a broad 

absorption band) is due to the loss of amide I and II bands which arise due to the 

carbonyl stretch and -N-H stretch vibrations respectively in the amide linkages of the 

proteins [25]. This shows the degradation of protein from the surface of bismuth oxide 

nanoparticles after calcination. 

2.1.4.5 X-ray photoemission spectroscopy (XPS) analysis 

The chemical analysis of Bi2O3 nanoparticles was carried out by X-ray photoemission 

spectroscopy (XPS) from the as-synthesized Bi2O3 nanoparticles after 72 hours of 

reaction between the fungus Fusarium oxysporum and bismuth (III) nitrate 



Chapter 2A                                                                                    56 

Ph.D. Thesis                                      Imran Uddin                            University Of Pune 

pentahydrate [Bi(NO3)3.5H2O]. The sample was prepared on silicon wafer. The core 

level spectra were background corrected using the Shirley algorithm and the 

chemically distinct species were resolved using a nonlinear least squares curve fitting 

procedure. 

 

 

Figure 2.1.6: XPS spectra of biosynthesized Bi2O3 nanoparticles synthesized by 

reaction between Fusarium oxysporum and Bi(NO3)3.5H2O for 72 hours. The core 

level spectra was recorded from C1s (A), O1s (B), N1s (C) and Bi4f (D). The raw 

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

shown as solid lines. 

 

The core level binding energies (BEs) were aligned with respect to the C 1s binding 

energy (BE) of 285 eV. In Figure 2.1.6, we have presented background corrected     

X-Ray photoemission spectroscopy (XPS) of the biogenic bismuth oxide 

nanoparticles. In figure 2.1.6A, two deconvoluted peaks correspond to the chemically 

distinct C 1s core levels originating from the hydrocarbon chains, α- carbon and -

COOH groups present in the proteins bound to the surface of Bi2O3 nanoparticles with 

binding energies 285 and 288 eV respectively [26-27]. The peak in figure 2.1.6B 

corresponds to the chemically distinct O 1s core level with binding energy 532 eV. 
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This could be assigned to mixed contributions from surface hydroxide [28] and C=O 

group present in capping proteins. In figure 2.1.6C, the peak corresponds to the 400 

eV binding energy of N 1s. This could be assigned as amino group present in the 

capping proteins [29]. Thus, from XPS data of O 1s and N 1s, it can be concluded that 

proteins are definitely associated with Bi2O3 nanoparticles. The figure 2.1.6D shows 

Bi 4f spectrum which could be resolved into two peaks (4f5/2 and 4f7/2) due to spin-

orbit coupling with binding energies 159 eV and 165 eV respectively [30-32]. 

2.1.4.6 Energy dispersive analysis of X-rays (EDAX) measurements 

The formation of 

bismuth oxide 

nanoparticles is also 

supported from Energy 

Dispersive Analysis of 

X-rays (EDAX).  Figure 

2.1.7 shows the    EDAX 

spectrum of Bi2O3 

nanoparticles. This 

technique helps in 

determining the chemical 

composition of the 

sample. A typical 

spectrum is presented in 

figure 2.1.7 where the 

signal of bismuth atoms 

can be identified along with the signals of carbon, nitrogen and oxygen, which are 

originated from the proteins present in the sample. These signals are likely to be due 

to the proteins bound/intercalated within the Bi2O3 oxide nanostructure secreted by 

the fungus. The large peak is of Si signal, which is due to substrate. 

2.1.4.7 TGA analysis  

In Figure 2.1.8, we have shown thermogravimetric analysis (TGA) of the as-

synthesized Bi2O3 nanoparticles. As pointed out earlier, the as-synthesized 

nanoparticles are capped by the biomolecules that stabilized them against aggregation. 

Figure 2.1.7: EDAX spectrum recorded from the Bi2O3

nanoparticles formed in the filtrate after 72 hours reaction  

of  (Bi(NO3)3 ·5H2O) with Fusarium oxysporum.                     
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The presence of this coating, even after intense centrifugation, is proven by the 

observation of almost 48 % weight-loss during heating the particles up to 700°C, 

which is attributed to 

the loss of moisture 

and biomolecules 

bound on the 

nanoparticle surface 

[33]. A further increase 

in the temperature 

shows loss of weight 

that can be accounted 

for the decomposition 

of Bi2O3 nanoparticles. 

The powder XRD at 

temperatures above 

700
o
C will reveal 

further structural 

information at high 

temperatures.  

 

2.1.5 Conclusions 

From the above analysis and results, at this stage, we hereby confirm and prove the 

formation of bismuth oxide (Bi2O3) nanoparticles by using the mesophilic fungus 

Fusarium oxysporum. We have successfully achieved particles whose size ranges 

from   5-8 nm at room temperature, which is extremely difficult to obtain by other 

synthesis routes. It is also clear that the proteins secreted by the microorganism play a 

crucial role in defining the morphology and stability of the nanoparticles formed. In 

conclusion, we have synthesized for the first time the monoclinic phase of Bi2O3 with 

a robust layer of proteins. The Bi2O3 so formed is characterized by TEM, HR-TEM, 

XRD, EDAX, FTIR, XPS and TGA. As-synthesized as well as calcined nanoparticles 

showed excellent crystallinity. TGA data indicates presence of a structural transition 

at higher temperatures. We are currently exploring a vast variety of fungi to 

understand their influence on the crystalline phase and morphology of Bi2O3 

Figure 2.1.8: TGA of as-synthesized sample of Bi2O3

nanoparticles, showing the % weight loss with respect to a 

steady increase in temperature.  
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nanoparticles. Thus, we conclude that microorganisms such as fungi have proven 

themselves as possible eco-friendly inorganic nanofactories.  It is this wonderful 

capacity of these organisms which can be exposed for the synthesis of excellent 

nanomaterials in a very straightforward and hygienic manner. 
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Chapter 2B  

    

    

    

 

Fungus mediated synthesis of protein 

capped CrO2 nanoparticles. 

 

This chapter describes the synthesis of protein capped CrO2 nanoparticles by using the fungus 

Trichothecium sp. in ambient conditions. Among the transition metal oxides, the synthesis and 

study of the physical properties of chromium (IV) oxide has remained a point of strong interest due 

to its rich electronic properties as well as its applications as storage media in magnetic tapes and as 

an ideal material for spin-polarized electron injectors in magnetic tunnel junction devices. CrO2 is a 

thermodynamically metastable oxide which is a ferromagnetic metal at room temperature with 

almost 100% spin polarization at Fermi energy. Due to its metastability, the chemical synthesis of 

colloidal nanoparticles of CrO2 is not well reported. 
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2.2.1 Introduction 

Transition metal oxides have been of interest due to their rich electronic and catalytic 

properties and form the large family of materials which find utilities in areas of 

catalysis, superconductors, magnetoresistance, etc. These properties over the years 

have been successfully taped in various forms such as epitaxial thin films, 

polycrystalline films, bulk single crystals and nanoparticles [1]. Among transition 

metal ions of the 3d series, chromium has a particular and finite position because of 

its variability in oxidation state, co-ordination numbers and molecular structure [2]. 

Among various chromium oxides, the chromium (IV) oxide has been researched over 

the years in various forms after it was found that it is a ferromagnetic metal at room 

temperature with half-metallicity [3]. Chromium has multiple oxidation states; the 

most common oxidation states are +2, +3 and +6; out of which +3 is most stable and 

other oxidation states are rare like +1, +4 and +5. Chromium forms different oxides 

like Cr(III)2O3, Cr(V)2O5, Cr(VI)O3, etc. and only CrO2 shows ferromagnetic 

behavior.  It is known that among the predicted half-metallic ferromagnets, CrO2 is 

one of the simplest half metallic ferromagnet transition binary metal oxide, which 

means that it is metallic for one spin direction and at the same time insulating for the 

opposite spin direction. CrO2 has chromium ions in the Cr4+ (3d2) state with a 

magnetic moment 2µB per formula unit. In this, two 3d electrons occupy spin-split t2g 

sub-band, out of which one is localized and the other is in a half-filled band and both 

are strongly coupled with on-site exchange interactions or in other words, we can say 

that in CrO2, majority of the (spin-up) electrons are delocalized which have fermi 

surface and show metallic behavior, while the minority (spin-down) electrons are 

localized and show insulating properties [4-10]. In 1971, Goodenough [11] proposed 

the qualitative model of CrO2 and further in 1986, Schwarz [12] gave its band 

structure. The concept of ‘‘half-metallic ferromagnet’’ was introduced in 1983 by de 

Groot et al., and means that for a particular electron-spin orientation, the material acts 

as a metal [13, 14]. It routinely exhibits the highest polarization at fermi level but 

among the lowest tunnel magnetoresistance [15]. CrO2 is conducting at room 

temperature with Curie temperature (TC) of 395 K [16] and has been widely utilized 

due to its application as a powder magnetic recording medium like magnetic tapes 

[17]. Due to its unique band structure and half metallic ferromagnetic feature, 

chromium dioxide (CrO2) showed magnetotransport property and is a favorite 



Chapter 2B                                                                                    65 

Ph.D. Thesis                                     Imran Uddin                              University of Pune 

material for magnetoelectronic devices which require high spin polarization like 

magnetic tunnel junctions (MTJ) and spin valves [18]. Chromium dioxide (CrO2) as a 

component finds use in wide applications in optoelectronic devices, magnetic sensors, 

spintronics, etc. [19]. 

Detailed structure of CrO2 is well studied, which has tetragonal rutile structure with 

space group P42/mnm. The Cr atoms form a body-centered tetragonal lattice and are 

surrounded by distorted oxygen octahedral. In band structure,  Cr 3d orbitals in CrO2 

are further split into a t2g triplet and an eg doublet orbital, and t2g orbital form non 

bonding dxy orbital and dyz, dzx doublet which forms antibonding interaction with 

oxygen p orbital   [5-8, 20]. 

Surface of CrO2 generally has a native oxygen rich layer of thermodynamically stable 

Cr2O3 which is generally 1-3 nm thick. Cr2O3 is antiferromagnetic with a Neel 

temperature of 307 K. The characterization of native oxide Cr2O3 surface layer on 

CrO2 films by Cheng et al. revealed that CrO2 might polarize the Cr2O3 layer. The 

native Cr2O3 surface layer acts as a tunnel barrier and is useful for applications with 

desirable magneto-transport properties. At temperature higher than 288
o
C, CrO2 starts 

oxidizing into the Cr2O3 phase [21]. There are different methods reported for 

synthesizing CrO2 nanocrystals, like hydrothermal decomposition [22] which is a very 

well known and common method but requires very high temperature and pressure. 

Chamberland et al. observed crystal growth of CrO2 but it again requires very high 

pressure [23]. Alternatively, Chemical vapour deposition (CVD) technique was also 

used to produce the CrO2 film [24]. Several of these conventional wet-chemical 

methods are known to often use harsh experimental conditions like high temperatures, 

pressure and multi-step techniques and therefore are considered to be energy 

intensive. Therefore it is necessary to develop alternative economical processes which 

can synthesize CrO2 nanoparticles at ambient conditions. In contrast to chemical 

synthesis methods, biological synthesis of chromium dioxide (CrO2) is characterized 

by ambient experimental conditions of temperature, pH and pressure. Previously, 

interaction of chromium ions with different microorganism and reduction of its toxic 

form into less toxic form was well studied. There are some microorganisms like 

Desulfomicrobium norvegicum [25], Pseudomonas fluorescens LB300 [26], 

Enterobacter cloacae HO1 [27], Chlorella miniata [28], Bacillus sp [29], etc. which 

can reduce the toxic chromate (Cr
VI

) form into less toxic form. Besides this, chromate 

resistance gene was also observed in Pseudomonas aeruginosa and Alcaligenes 
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eutrophus [30]. Here in this chapter, fungus mediated extracellular biosynthesis of 

chromium (IV) oxide nanoparticles using Trichothecium sp. at ambient conditions is 

discussed where extracelluar protein is acting both as a capping as well as a reducing 

agent.  The structure of these particles was characterized by powder XRD, selected 

area electron diffraction (SAED) and high resolution transmission electron 

microscopy (HR-TEM). Magnetic measurements performed on the CrO2 

nanoparticles synthesized by this method described here show ferromagnetic 

behavior. The particle size analysis was done using TEM. Further material 

characterization was done using techniques such as UV-visible spectroscopy, XPS, 

FTIR, EDAX and TGA. 

2.2.2 Experimental Details 

Potassium dichromate (K2Cr2O7) was obtained from S. D. fine chemical. Malt extract 

powder, yeast extract powder, glucose and peptone were obtained from Himedia and 

used as-received.  

The fungus Trichothecium sp. was maintained on potato dextrose agar slants at 25
o
C. 

Stock cultures were maintained by sub-culturing at monthly intervals. The fungus was 

grown at pH 7.0 and 25
o
C for 96 hours; the slants were preserved at 15

o
C. From an 

actively growing stock culture, sub-cultures were made on fresh slants and after 96 

hours of incubation at pH 7.0 and 25oC, were used as the staring material for synthesis 

of nanomaterials. For the extracellular synthesis of CrO2 nanoparticles, the fungus 

was grown in 500 ml Erlenmeyer flasks each containing MGYP medium (100 ml) , 

composed of malt extract (0.3%), glucose (1.0%), yeast extract (0.3%) and peptone 

(0.5%) at 25-27
o
C under shaking at 200 rpm for 96 hours. After 96 hours of 

fermentation, mycelia were separated from the culture broth by centrifugation (5000 

rpm) at 10oC for 20 minutes and then the mycelia were washed thrice with sterile 

distilled water under sterile conditions. The harvested mycelial mass (20  gram of wet 

mycelia) was then resuspended in 100 ml of aqueous solution of 1mM (potassium 

dichromate) K2Cr2O7 salt solution in 500 ml Erlenmeyer flasks and the same was put 

into a shaker at 25-27
o
C (200 rpm). The reaction was carried out for a period of 96 

hours and fungal biomass was separated by filter paper to collect biomass and filtrate 

in sterile conditions. The filtrate was then used to check for  the formation of 

nanoparticles by Transmission electron microscopy (TEM), Selected area electron 

diffraction (SAED) analysis, X-ray diffraction (XRD) analysis,  Fourier transform 
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infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), Electron dispersive 

X-rays (EDAX) analysis and X-ray photoemission spectroscopy (XPS). 

To remove the unbound protein and unreacted precursor, we centrifuged the filtrate 

three times at 15,000 rpm for 30 minutes and each time the precipitate was 

resuspended in de-ionized water. These particles were used in the characterization as 

discussed below. For magnetization vs. magnetic field measurements, we used a 

Magnetic Property Measurement System (MPMS) from Quantum Design Inc., USA 

equipped with the superconducting quantum interference device (SQUID) 

magnetometer and superconducting magnet. For this purpose, we took the sample in 

Teflon tape and packed it inside the gelatin capsules. 

2.2.3 Morphological features of Trichothecium sp.   

The fungus Trichothecium sp. was isolated from plant and grown on PDA medium 

produced slow growing colonies. Colonies on PDA pale rose in front, circular, 

compact, hyphae branched, septate and hyaline. Conidiophores long, slender, simple, 

septate bearing conidia apically, singly or held together in groups. Conidia hyaline 

and two celled. 

A B

 

Figure: 2.2.1: Morphological features of Trichothecium sp. (A) mycelium (B) conidia.  

2.2.4 Results and Discussions  

2.2.4.1 TEM and SAED analysis  

TEM analysis was performed in order to determine the size and shape of 

biosynthesized nanoparticles. In Figure 2.2.2 (A, C) we have shown the representative 

TEM image of protein capped as-synthesized CrO2 nanoparticles obtained after 

reacting the fungal biomass Trichothecium sp. with precursor K2Cr2O7, which shows 

that the CrO2 nanoparticles formed are irregular in shape with an overall quasi-
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spherical morphology. The particle size histogram of the CrO2 particles (Fig 2.2.2D) 

shows that the particles range in size from 21 to 25 nm. 

 

Figure 2.2.2 (A and C) Transmission electron micrograph of CrO2 nanoparticles 

synthesized using Trichothecium sp. biomass at different magnification (B) SAED 

pattern recorded from extracellular CrO2 nanoparticles shown in TEM micrograph 

and (D) particle size distribution of CrO2 nanoparticles determined from TEM 

micrograph. The solid line is a Gausssian fit to the histogram. 
 

These nanoparticles appear to be well separated from each other since they are 

stabilized by the proteins present on the surface. To better investigate the crystallinity 

of CrO2 nanoparticles, we have shown the SAED pattern obtained from CrO2 

nanoparticles shown in TEM. The Scherrer ring pattern characteristic of CrO2 is 

clearly observed, showing that the structures seen in TEM are nanocrystalline in 

nature. The extent of crystallinity observed here in biologically synthesized particles 

(which occurs in ambient conditions) is quite remarkable. In figure 2.2.2B we have 

shown the SAED pattern, which shows a spot pattern confirming crystallinity of the 

as-synthesized protein coated nanoparticles. We indexed the SAED spots {110}, 

{211}, {220} and {202} for tetragonal phase [32]. 
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2.2.4.2 HR-TEM analysis 

To better investigate crystallinity at the single particle level, we used the high 

resolution transmission electron microscopy (HR-TEM).  

 

Figure 2.2.3: HR-TEM images of CrO2 nanoparticles synthesized using 

Trichothecium sp.  showing inter planar distance and presence of Cr2O3 layer over 

the CrO2 nanoparticles. 

In figures 2.2.3A and 2.2.3B, we have shown the HR-TEM images of as-synthesized 

CrO2 nanoparticles after 96 hours of the reaction. As we know very well from the 

reported literature, CrO2 is difficult to stabilize in oxygen rich environment while on 

the other hand Cr2O3 is a thermodynamically more stable phase. So there is chance to 

form thin layer (1-3 nm) of Cr2O3 over the surface of CrO2 nanoparticles [31, 32]. In 

HR-TEM analysis, we observed Cr2O3 layer over the CrO2 nanoparticle. Figure 

2.2.3A and 2.2.3B show  Cr2O3 layer which  exhibits  spacing of ~2.47Å and ~2.66Å  

for  the lattice planes {110}  and  {104} respectively and CrO2 phase having d-

spacing ~2.43 Å ( figure 2.2.3A) for the lattice plane {101} and  ~2.21 Å ( figure 

2.2.3B)  for the lattice plane {200} present in the core. Here we are not getting very 

good contrast because the nanoparticles are capped with protein. Presence of Cr2O3 

layer over the surface of CrO2 was further confirmed by XRD, XPS analysis and 

magnetic measurements.  

2.2.4.3 X-ray diffraction analysis 

In order to confirm the crystalline phase of as-synthesized material in detail, we 

prepared sample for powder X-ray diffraction. In Figure 2.2.4, we have presented the 
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room temperature XRD pattern obtained from as-synthesized CrO2 nanoparticles    

(Fig 2.2.4A), showing intense peaks corresponding to plane {110}, {200}, {211} and 

{220}. 

 

Figure 2.2.4: Powder XRD-pattern of drop-cast films of chromium Oxide (CrO2) 

nanoparticles on glass after reaction with the fungus Trichothecium sp.  for 96 hours 

(A), reference CrO2 from PCPDF # 431-1040 (B) reference K2Cr2O7 from PCPDF # 

27-380 (C). 

The peak position and 2θ values agree with those reported for CrO2 nanoparticles 

tetragonal phase having cell parameters a=b=4.419, c=2.915, α=β=γ=90
o
 with space 

group P42mnm(136) which are close to the  reported literature [32]. The broadening 

of these diffraction peaks indicate that the particles are having small size. However, 

one of the peak presenting the {024} lattice plane from the XRD pattern indicates the 

presence of Cr2O3 phase which could be because of the  CrO2 nanoparticles tending to 

develop a layer of more stable Cr2O3 layer above them [21, 31]. 

2.2.4.4 X-ray photoemission spectroscopy (XPS) analysis 

The presence of CrO2 nanoparticles was also confirmed by analyzing the sample by 

XPS as shown in figure 2.2.5. The results showed the presence of C, N, O and Cr as 

the prominent elements. The chemical analysis of CrO2 nanoparticles was carried out 
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by X-ray photoemission spectroscopy (XPS) from the as-synthesized CrO2 

nanoparticles after 96 hours of the reaction between fungus Trichothecium sp. and 

potassium dichromate (K2Cr2O7). The sample was prepared on silicon wafer. The 

background of the core level spectra was corrected using the Shirley algorithm and 

the chemically distinct species were resolved using a nonlinear least squares curve 

fitting procedure. The C 1s, N 1s, O 1s and Cr 2p core level spectra were recorded 

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

aligned with respect to the C 1s binding energy (BE) of 285 eV. In Figure 2.2.5, we 

have presented the background corrected X-Ray Photoemission Spectroscopy (XPS) 

of the biogenic CrO2 nanoparticles. Figure 2.2.5A shows the C 1s core level spectrum 

that could be decomposed into three chemically distinct components centered at 

282.40 eV, 285.0 eV and 287.70 eV respectively. The deconvoluted low binding 

energy peak at 282.40 eV is attributed to the presence of aromatic carbon present in 

amino acids from proteins bound to the surface of CrO2 nanoparticles. The C 1s 

component centered at 285.0 eV is due to the electron emission from adventitious 

carbon or due to the core levels originating from the hydrocarbon chains present in the 

sample. The high binding energy peak at 287.70 eV can be attributed collectively to -

COOH groups and α-carbon bound to -COOH and -NH2 groups of the proteins bound 

to the nanoparticles surface [33]. Further, the figure 2.2.5B shows the N 1s core level 

spectra that could be fitted into three chemically distinct components with binding 

energies 397.48 eV, 400.09 eV and 402.86 eV. The lower binding energy component 

at 397.48 eV could be attributed to nitrogen in iminic (C=N) groups while binding 

energy component at 400.09 eV corresponds to the –NH amide linkage or amidic 

(peptidic) nitrogen. The higher binding energy component at 402.86 eV can be 

attributed to the presence of protonated amines. This higher binding energy 

component can also be attributed to the N atoms present in amide bonds present in the 

capping protein [34]. Figure 2.2.5C shows Cr 2p spectrum which could be resolved 

into two peaks i.e. Cr 2p3/2 and Cr 2p1/2 due to the spin orbital splitting with binding 

energies 576.30 eV and 586.14.5 eV respectively, corresponding to CrO2 which 

matches with its reported literature value [35]. Through XPS analysis, we can clearly 

identify the presence of Cr(IV) species in the as-synthesized samples. Since CrO2 is 

difficult to stabilize in air/water where oxygen is present in abundance, there is always 

a possibility of formation of few atomic layers of Cr2O3 at the surface which is also 

thermodynamically more stable at room temperature [21, 31]. 
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Figure 2.2.5: XPS spectra of biosynthesized CrO2 nanoparticles synthesized by 

reaction between Trichothecium sp. and potasium dichromate ( K2Cr2O7 ) for 96 

hours. The core level spectra were recorded from C 1s (A), N 1s (B), Cr 2p (C) and O 

Is (D). The raw data is shown in the form of symbols while the chemically resolved 

components are shown as solid lines and are discussed in the text. 

Unfortunately, it is very difficult to distinguish Cr2O3 from CrO2 on the basis of XPS 

only because both of them give peaks at approximately the same binding energy [36]. 

Further, to check the presence of Cr2O3 in the as-synthesized CrO2 nanoparticles, core 

level oxygen spectra of O1s was also analyzed which much more clearly explains the 

presence of both CrO2 and Cr2O3 oxide phases. The peak in figure 2.2.5D corresponds 

to the chemically distinct O 1s core level. The O 1s spectrum could be resolved into 

three chemically distinct components with binding energies 527.88 eV, 529.51 eV and 

531.13 eV. The O 1s component present at binding energy 529.51 eV can be assigned 

to the lattice oxygen of the as-synthesized CrO2 nanoparticles. In addition to this, 

spectrum shows the peak at 531.13 eV which corresponds to the accepted binding 

energy of lattice oxygen for Cr2O3 oxide [37]. Since the presence of both type of 

oxygen species suggests the presence of both CrO2 and Cr2O3 oxide phases; this could 



Chapter 2B                                                                                    73 

Ph.D. Thesis                                     Imran Uddin                              University of Pune 

be possible because the surface of CrO2 has a thermodynamically stable Cr2O3 layer. 

The lower binding energy component at 529.51 eV could be assigned to the signals 

coming from surface proteins. 

2.2.4.5 FTIR analysis 

Furthermore, to investigate the presence of stretching/vibration bands present in the 

biosynthesized chromium dioxide (CrO2) nanoparticles capped with protein, Fourier 

transform infrared (FTIR) spectra measurements were recorded. For this purpose, 

samples were taken in KBr pellets and measurements were taken in diffuse 

reflectance mode. In figures 2.2.6A & 2.2.6B, we have compared Fourier transform 

infrared (FTIR) spectra in two different regions for the precursor potassium 

dichromate (K2Cr2O7) used and the as-synthesized CrO2 nanoparticles. Occurrence of 

resonance around 900-1000 cm-1 region in figure 2.2.6A (curve 2) indicates the 

presence of O-Cr-O stretching vibration in the sample. It should be noted here that 

this is absent in the precursor K2Cr2O7 (curve 2). Also, there are two types of 

stretchings observed here; one band at lower frequency region of around 915 cm
-1

 is 

attributed to excitation of the symmetric O-Cr-O stretching mode of vibration, while 

the other band at higher frequency region in the range of 940-1000 cm
-1

 arises due to 

the antisymmetric O-Cr-O stretching mode of vibration [38]. 
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Figure 2.2.6: (A) FTIR spectra recorded from powder of K2Cr2O7 (curve 1); and CrO2 

nanoparticles synthesized using Trichothecium sp. (curve 2). (B) Expanded view of 

the FTIR spectra shown in the region of protein amide bands. 
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FTIR study of the extracellularly synthesized CrO2 nanoparticles suggests the role of 

some extracellular fungal enzymes/proteins which are responsible for the synthesis of 

CrO2 nanoparticles. In order to confirm this, FTIR analysis of biologically 

synthesized CrO2 nanoparticles was performed in the amide region speculation. In 

figure  2.2.6B; two absorption bands around 1655 cm
-1

 and 1540 cm
-1

 are present in 

as-synthesized CrO2 sample which are due to the amide I and II bands which arise due 

to the carbonyl stretch and –N-H stretch vibrations respectively in the amide linkages 

of the proteins [39]. Presence of amide signatures in as-prepared CrO2 (curve 2, 

Figure 2.2.6B) and their clear absence in the precursor K2Cr2O7 (curve 1, figure 

2.2.6B) confirms the presence of proteins in CrO2. 

2.2.4.6 UV-visible spectroscopic analysis 

In figure 2.2.7, we have tried to capture the formation of CrO2 nanoparticles by 

comparing the UV-visible spectra of the precursor used for the biosynthesis i.e. 

potassium dichromate (K2Cr2O7) (curve 1) and biosynthesized CrO2 nanoparticles 

after 96 hours 

(curve 2) of 

reaction.  We 

observed that the 

precursor, after 

reacting with the 

fungal mass for 96 

hours, shows two 

significant 

absorption curves. 

The first one “b” 

appearing at around 

270 nm and the 

other one “a” around 

370 nm. The first 

absorption peak at 

around 270 nm can be attributed to the aromatic amino acids of the proteins present at 

the surface of the particles as well as in the solution. It is well known that the 

absorption band at around 270 nm arises due to electronic excitations in tryptophan 

Figure 2.2.7: UV-visible spectra (1) precursor Potassium 

dichromate (K2Cr2O7) (2) as-synthesized CrO2 nanoparticles

after 96 hours reaction with Trichothecium sp. 
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and tyrosine residues in the proteins [40]. These biomolecules are secreted by the 

fungal cells collectively due to the osmotic shock after their suspension in the 

deionized water as well their exposure to the chromium salt. We believe that some of 

these biomolecules are finally responsible for converting the Cr
+6

 ions into stable 

CrO2 [41]. Figure 2.2.7 (curve 2) shows the UV-visible spectroscopic profile of the 

protein capped CrO2 nanoparticles. UV-visible spectroscopic analysis reveals the 

appearance of absorption bands at ~ 370 nm which is absent in case of precursor 

K2Cr2O7 as shown in the figure 2.2.7 (curve 1). 

2.2.4.7 TGA analysis 

TGA was performed on as-synthesized CrO2 nanoparticles to calculate the amount of  

bio-organic molecules present over the nanoparticles and decomposition of CrO2 into 

Cr2O3 at a particular temperature range. Thermogravimetric analysis (TGA) of              

as-synthesized CrO2 

nanoparticles is 

shown in figure 2.2.8. 

As pointed out earlier, 

the surface of 

nanoparticles is bound 

with 

protein/biomolecules 

which act as capping 

agents and stabilize 

them against 

aggregation which 

restrict their growth to 

nanometer regime. 

The presence of this 

coating even after 

intense centrifugation is proven by the observation of almost 52% weight-loss during 

heating the particles up to 670°C, which is attributed to the loss of moisture and 

biomolecules bound on the nanoparticle surface and decomposition of CrO2 into 

Cr2O3. Weight loss shown in figure 2.2.8 is a multi-step process. First loss starts at 

beginning due to complete loss of moisture which further continues up to 340°C and 

Figure 2.2.8: TGA of as-synthesized sample of CrO2

nanoparticles, showing % weight loss with respect to a steady 

increase in temperature 
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is attributed to the partial removal of biomolecules and protein from the surface of 

CrO2 nanoparticles. Second major weight loss starts at around 340°C where a steep 

fall occurs and continues up to 440°C corresponding to the  tetragonal phase 

conversion of CrO2 to corundum phase Cr2O3; decrease of mass may be  due to the 

release of oxygen during this conversion. A further increase in the temperature shows 

loss of weight that can be accounted for the complete decomposition of CrO2 to Cr2O3 

[42]. 

2.2.4.8 Energy dispersive analysis of X-rays (EDAX) measurements 

The elemental analysis 

of nanoparticles can be 

very informative for 

the study of the 

structural or elemental 

composition. The 

EDAX spectrum 

recorded from the CrO2 

nanoparticles 

synthesized using the 

fungus Trichothecium 

sp. is shown in Figure 

2.2.9, which shows the 

presence of strong 

signals from chromium 

atoms together with 

weaker signals from C, O, and N atoms that arise from the proteins bound to the CrO2 

nanoparticles. 

2.2.4.9 Magnetic measurements 

Magnetic measurements were carried out on dried, as-synthesized CrO2 nanoparticles. 

Magnetization as a function of the field at room temperature was recorded by applied 

magnetic field) field. Temperature dependent magnetization of CrO2 nanoparticles is 

studied by ZFC (Zero-field-cooled) and FC (field-cooled) modes for as-synthesized 

nanoparticles. 

Figure 2.2.9: EDAX spectrum recorded from the CrO2

nanoparticles formed in the filtrate after 96 hours of reaction. 
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In figure 2.2.10A, we have shown 

the M-H (Magnetization-Applied 

magnetic field) behavior of as-

synthesized powdered CrO2 

nanoparticles, which shows that 

CrO2 is a ferromagnetic material 

with a small hysteretic value which 

saturates at 2K Oe magnetic field. 

Since Cr2O3 is thermodynamically 

more stable at room temperature 

than CrO2, in the presence of an 

oxygen rich environment here is 

always a possibility for the 

formation of a few atomic layers of 

Cr2O3 at the surface of CrO2 [21, 

31]. This layer was observed in HR-

TEM and XPS measurements. To 

further prove the presence of Cr2O3 

layer over CrO2, in figure 2.2.10B, 

we have shown a magnified view of 

the M-H curve and have observed 

that the hysteresis loop is shifted 

towards the ‘–H’ direction. This 

behaviour is called as an exchange 

bias [43]. Exchange bias arises due 

to the coupling between the AFM 

and FM spins at the interface and 

exerts an additional torque on the 

FM spins, which the external field 

has to overcome. Exchange bias 

will only be observed when there is 

a coupling of ferromagnetic and 

antiferromagnetic layers. Now, we 

Figure 2.2.10: (A)Field dependent magnetization 

plots of CrO2 nanoparticles synthesized using 

Trichthecium sp., (B), Enlarged view of field 

dependent magnetization plots of CrO2 

nanoparticles showing the exchange bias (C)

ZFC-FC curves at 100 Oe for as-synthesized 

CrO2 nanomaterials. 
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know that CrO2 is ferromagnetic and in the presence of oxygen, chromium ions on the 

surface of CrO2 form a Cr2O3 layer which is antiferromagnetic in nature. Therefore, 

coupling of the core CrO2 which is ferromagnetic and the shell Cr2O3 which is 

antiferromagnetic results in an exchange bias in the CrO2 nanoparticles. This layer 

works as a tunnel barrier and plays an important role in intergranular tunneling effect 

which makes it a perfect material for the magnetic tunneling devices [44]. We also 

performed the M-T (Magnetization-Temperature) measurements at an applied 

magnetic field of 100 Oe in a temperature range of 3 to 300 K. At first, the desired 

field was applied at 300 K and the sample was cooled down to 3 K (in field) and data 

was collected again while heating from 3 to 300 K (in field); these curves will be 

presented as field-cooled (FC) here. Next, we removed the magnetic field at 300 K 

and cooled the sample down to 3 K at the maximum cooling rate. After cooling the 

sample in zero field, the desired field was applied at 3 K and data was collected while 

heating up to 300 K. This data set will be presented as zero-field-cooled (ZFC) here. 

In figure 2.2.10C, we check the magnetization vs. temperature behaviour of CrO2 

nanoparticles and have shown the zero-field-cooled and field-cooled (ZFC-FC) 

measurements, performed at an applied external field of 100 Oe. We observed that as 

the temperature decreases, the magnetic moment value is going to increase. This is 

because as the thermal energy decreases, it favors the alignment of spin towards the 

direction of magnetic field. It is clearly observed in the M-T behaviour, that below 

300K, FC and ZFC curve is going to bifurcate which is a typical signature of reduced 

particle size; probably due to enhanced interactions between the small nanoparticles.  

2.2.5 Conclusions 

In conclusion, nanocrystalline chromium dioxide (CrO2) nanoparticles were 

synthesized by bottom-up approach in ambient conditions using fungus 

Trichothecium sp. and potassium dichromate (K2Cr2O7) as precursor salt. It is thus 

concluded that the fungus-Trichothecium sp. secretes extracellular proteins during the 

reaction. These extracellular proteins in the solution might be responsible for the 

reduction of the metal ions present in the solution. The TEM analysis of CrO2 

nanoparticles indicates that the overall particles are irregular in shape with quasi-

spherical morphology with an average particle size of 22-23 nm in diameter. Being 

metastable, it is very difficult to stabilize pure CrO2 in water. HR-TEM images and 

XPS confirm the presence of Cr2O3 layer over the CrO2 nanoparticles. XRD and 
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SAED analysis shows that the particles are well crystalline having tetragonal 

symmetry. These nanoparticles are passivated by a layer of protein as indicated by 

FTIR analysis, UV-visible spectroscopy and thermo-gravimetric studies (TGA) which 

stabilize the CrO2 nanoparticles against aggregation. Here extracellular protein acts as 

both a capping as well as a reducing agent. TGA studies showed that at temperatures 

higher than 340°C, CrO2 starts decomposing into Cr2O3. Furthermore, magnetic 

behaviour studies show that CrO2 is a ferromagnetic material. The presence of Cr2O3 

layer over the CrO2 nanoparticles as explained by the magnetic measurement in M-H 

curve suggests that the CrO2 nanoparticles synthesized by Trichothecium sp. show 

ferromagnetic and anti-ferromagnetic exchange bias between core CrO2 and Cr2O3 

layer. 
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Fungus based synthesis of Mn5O8 

nanoparticles. 

 

 

This chapter describes the synthesis of Manganese oxide (Mn5O8) nanoparticles using fungus 

Fusarium oxysporum. The compound Mn5O8 exists in mixed valencies of Mn2+ and Mn4+ and has 

a monoclinic structure. Mn5O8 nanoparticles have also drawn attention due to their 

antiferromagnetic nature. Here we report extracellular synthesis of Mn5O8 nanoparticles in the 

size range of 10-11 nm at room temperature by challenging the fungus Fusarium oxysporum with 

manganese acetate as precursor. These nanoparticles are now characterized by different techniques 

like UV-visible spectroscopy, FTIR and microscopy techniques. The phase is confirmed by 

techniques like XRD and XPS. Thus these Mn5O8 nanoparticles can be applicable in various fields.  
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2.3.1 Introduction 

The development of nanoparticles is aggressively considered not only for their 

fundamental scientific interests but also for many technological applications. 

Transition metal oxides have been studied due to their richness of interesting 

electrical, magnetic and optical properties which is mainly due to multivalent nature 

of transition metal ions, narrow d-band, etc. Magnetism in these oxides is especially 

interesting in comparison to simple metals because the electronic states in these 

oxides are more atom-like. The electrons in these oxides can be described by the same 

quantum numbers that apply to isolated atoms [1]. The ordering of different sub-

lattices due to the super exchange interaction is reflected in paramagnetic to 

antiferromagnetic type of transitions. 

Manganese, the second most abundant transition element and the tenth most abundant 

element in the earth’s crust, exists in a number of oxidation states, among which the 

Mn(II), Mn(III) and Mn(IV) are of greatest environmental importance [2]. Manganese 

oxides have a relevant importance in modern solid state technology, owing to their 

peculiar properties. They are widely used in optoelectronic devices [3], as an 

attractive material for their good electrolytic properties and exhibit high oxide ion 

conductivity and are widely used in various applications such as micro-electronics [4], 

sensor technology [5], catalysts [6], ion-exchange [7], super capacitors [8], magnetic 

recording media [9] etc. Among various transition metal oxides, Mn-oxides have been 

of special interest due to their rich structural and compositional variants such as MnO, 

Mn2O3, Mn3O4, Mn5O8 and MnO2. Moreover, multiple oxidation states (Mn
2+

, Mn
3+

, 

Mn
4+ 

etc.) makes this family of compounds quite attractive [10]. Mn as a bulk metal is 

a paramagnet at room temperature and undergoes antiferromagnetic ordering below 

100 K while MnO crystallizes in cubic structure and shows antiferromagnetic 

behavior in bulk form with TN = 125 K. Mn3O4 is known to have a tetragonally 

distorted spinel structure below 1443 K with ionic structure Mn
2+

 [Mn2
3+

] O4. Among 

all the Mn-oxide phases, Mn3O4 is the only phase that orders ferromagnetically below 

42K in bulk form [11]
.
  On the other hand, MnO2 is known to be antiferromagnetic 

below 84 K. 

W. Feitknecht reported Mn5O8 for the first time [12] and it was further confirmed by 

R. Giabanori et. al. [13]. Mn5O8 has mixed valencies of Mn
2+ 

and Mn
4+

. Mn5O8 has a 

monoclinic crystal structure with space group mCC h /23

2 −  and oxygen in bc plane 
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[15]. In this, between two alternative oxygen planes, two dimensional octahedral 

sheets of [Mn3
4+

O8]
4-

 consisting of Mn
4+

 ions are present. The Mn
2+

 are present above 

and below the Mn
4+

 valencies and hold negatively charged Mn3O8
4-

 layers and form 

the undulating Mn
2+

 layer between Mn3O8
4-

 layers. The six oxygen ions co-ordinate 

with Mn
2+

 and form a trigonal prism [14, 15]. Mn5O8 nanoparticles have also drawn 

attention due to their antiferromagnetic behaviour. We know that in Mn5O8 two types 

of Mn valencies Mn2+ and Mn4+ are present, and both have different types of magnetic 

moments. In Mn5O8 complex there are two sub-lattices for Mn
2+

 ion and two sub-

lattices for Mn
4+

 ions present, so these magnetic moments cancel each other for 

antiferromagnetic behavior. Mixed valence nature of Mn5O8 nanoparticles make it a 

promising material for catalytic applications and due to its potential ionic 

conductivity, Mn5O8 nanoparticles can be used for batteries or fuel cells. 

An alternative synthesis approach based on using the microbes is proposed. It has 

been successfully used to synthesize several materials which are quite difficult to 

achieve using traditional wet-chemical methods at (or around) room temperature. It is 

interesting to know that these microbes have the potential to perform certain reactions 

in ambient conditions and are able to stabilize these phases in a high crystalline form 

which normally requires high pressure and/or temperature [16]. 

In this study, we were curious to investigate the possible phase of manganese oxide 

nanoparticles after reacting the mesophilic fungus Fusarium oxysporum with 

manganese (II) acetate tetrahydrate [(CH3CO2)2Mn.4H2O]. However, in this chapter 

we have demonstrated the synthesis of nanoparticles of Mn5O8. The choice of the 

mesophilic fungus Fusarium oxysporum for this purpose was not random, but directed 

towards the fact that these fungi produce a vast array of extracellular hydrolases and 

various reductases, to degrade their host plants in their natural habitats. Moreover, this 

fungus is easy to culture and maintain at ambient temperatures. Also, it can hydrolyze 

oxide precursors to form respective oxide nanoparticles extracellularly in an aqueous 

environment at room temperature and since these eukaryotic fungi when exposed to 

extremes of environmental conditions are forced  to resort to specific defense 

mechanism to nullify  such a  stress, including  the toxicity of foreign metal ions or 

metals; this fungus is exposed to such a stress during its life cycle in order to combat 

such a stress by  producing certain extracellular enzymes which reduce the toxicity of 

metal ions or eliminate it by changing the oxidation state of the metal ions. Moreover, 

this fungus is a eukaryotic organism which adds up to its value [17]. 
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2.3.2 Experimental Details 

Manganese (II) acetate tetrahydrate [(CH3CO2)2Mn.4H2O] (99+% purity, Catalogue 

Number 22,100-7) was purchased from Aldrich. Malt extract powder, yeast extract 

powder, glucose and peptone were obtained from Himedia, India. All the chemicals 

were used as-received.  

The fungus Fusarium oxysporum was maintained on potato dextrose agar slants at 

25oC. Stock cultures were maintained by sub-culturing at monthly intervals. The 

fungus was grown at pH 7.0 and 25oC for 120 hours; the slants were preserved at 

15
o
C. From an actively growing stock culture, sub-cultures were made on fresh slants 

and after 120 hours of incubation at pH 7.0 and 25
o
C, were used as the starting 

material for synthesis of nanomaterials. For the extracellular synthesis of Mn5O8 

nanoparticles, the fungus was grown in 500 ml Erlenmeyer flasks each containing 

MGYP medium (100 ml) , composed of malt extract (0.3%), glucose (1.0%), yeast 

extract (0.3%) and peptone (0.5%) at 25-27
o
C under shaking at 200 rpm for 96 hours. 

After 96 hours of fermentation, mycelia were separated from the culture broth by 

centrifugation (5000 rpm) at 10
o
C for 20 minutes and then the mycelia were washed 

thrice with sterile distilled water under sterile conditions. The harvested mycelial 

mass (20  gram of wet mycelia) was then resuspended in 100 ml of aqueous solution 

of 1mM Manganese (II) acetate tetrahydrate [CH3CO2)2Mn.4H2O] salt solution in 500 

ml Erlenmeyer flasks and the same was put into a shaker at 25-27
o
C (200 rpm). The 

reaction was carried out for a period of 96 hours and fungal biomass was separated by 

filter paper to collect biomass and filtrate in sterile conditions. 

The filtrate was then used to check the formation of nanoparticles by Transmission 

electron microscopy (TEM), Selected area electron diffraction (SAED) analysis, X-

ray diffraction (XRD) analysis,  Fourier transform infrared (FTIR) spectroscopy, 

Thermogravimetric analysis (TGA), Electron dispersive X-rays (EDAX) analysis and     

X-ray photoelectron spectroscopy (XPS). 

To remove the unbound protein and unreacted precursor, we centrifuged the filtrate 

three times at 15,000 rpm for 30 minutes and each time the precipitate was 

resuspended in deionized water. These particles were used in the characterization as 

discussed below. To further remove the remaining surface layer of proteins, we 

calcined the as-synthesized particles at 400
o
C for three hours. For magnetization vs. 

magnetic field measurements, we used a magnetic property measurement system 
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(MPMS) from Quantum Design Inc., USA equipped with the superconducting 

quantum interference device (SQUID) magnetometer and superconducting magnet. 

For this purpose, we took the sample in teflon tape and packed it inside the gelatin 

capsules. The fungus Fusarium oxysporum was used for nanoparticle synthesis. 

Fungal strain analysis is already explained in chapter 2A. 

2.3.3 Results and Discussions 

2.3.3.1 TEM analysis  

To further probe the morphology of these oxide nanoparticles, we performed a 

detailed electron microscopy study on the centrifuged particles. In Figure 2.3.1(A, B) 

we have shown the representative TEM images of protein functionalized as-

synthesized Mn5O8 nanoparticles obtained after reacting the fungal biomass with 

precursor  (CH3CO2)2Mn.4H2O, which shows that the Mn5O8 nanoparticles formed 

are irregular in shape with an overall quasi-spherical morphology. 

 

 

Figure 2.3.1: Transmission electron micrograph of Mn5O8 nanoparticles synthesized 

using Fusarium oxysporum biomass before (A, B) and after calcination at 400ºC for 3 

hours (D, E). Particle size distribution of Mn5O8 nanoparticles determined from 

TEM micrographs before (C) and after calcinations (F). The solid line is a Gausssian 

fit to the histogram.  

 

The particle size histogram of the as-synthesized Mn5O8 nanoparticles shows that the 

average particle size is around 10-11 nm (figure 2.3.1C). These nanoparticles appear 
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to be well separated from each other since they are stabilized by the proteins present 

on the surface. One of the important observation found in bottom-up biosynthetic 

approach for synthesizing metal oxide nanoparticles is that the particle size obtained 

here is always relatively smaller in comparison to other wet-chemical techniques. This 

can be explained on the  basis that extracellular protein responsible for synthesis as 

well as capping of metal oxide nanoparticles bind to the surface of these nanoparticles 

during their growth and hence restrict any further growth of  nanoparticles. Presence 

of protein is further explained by FTIR, UV-visible spectroscopy and TGA analysis. 

To further investigate the effect of the calcination on the particle morphology as well 

as crystallinity, we calcined these particles at 400
o
C for 3 hours in air, which resulted 

into degradation of protein layer. In Figure 2.3.1(D, E), we have shown the TEM 

images of calcined nanoparticles which shows a slight increase in the average particle 

size. Particle size distribution curve of calcined nanoparticles (figure 2.3.1F) shows an 

increase in particle size up to 13 nm. This change in the size of as-synthesized 

nanoparticles could be attributed to partial loss of surface capped proteins. 

2.3.3.2 HR-TEM and SAED analysis 

To better investigate, crystallinity at the single particle level, we used the high 

resolution transmission electron microscopy. In figures 2.3.2 A & 2.3.2 B, we have 

respectively shown the HR-TEM and SAED image of as-synthesized Mn5O8 

nanoparticles after approximately 96 hours of reaction. The figures 2.3.2C & 2.3.2D 

show the HR-TEM images of the calcined samples (at 400
o
C for 3 hours). The extent 

of single-crystallinity observed here in biologically synthesized particles (which 

happen in ambient conditions) is quite remarkable. The level of crystallinity increases 

remarkably after calcinations as observed from the figure 2.3.2 C & 2.3.2D. The 

lattice planes exhibit a spacing of ~2.32Å for the as-synthesized sample (figure 

2.3.2A) and ~2.12Å and ~2.41Å for the sample calcined at 400
o
C (figure 3C, D) 

having the lattice planes { 2 21}, { 3 12} and{021} respectively. In figure 2.3.2B, we 

have shown the SAED pattern, which shows a diffuse ring pattern confirming 

crystallinity of the as-synthesized protein coated nanoparticles. The diffraction spots 

could be indexed on the basis of Mn5O8 crystal structure where the value of ‘d spacing 

’obtained is well matched with standard literature values [18]. 
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Figure 2.3.2: HR-TEM images of Mn5O8 nanoparticles synthesized using Fusarium 

oxysporum before (A) and after calcination at 400ºC for 3 hours (C, D ) showing inter 

planar distance and SAED pattern for as-synthesized nanoparticles recorded from 

extracellular Mn5O8 nanoparticles shown in TEM micrograph  ( B). 

 

2.3.3.3 X-ray diffraction analysis 

To further verify the crystallinity of Mn5O8 nanoparticles formed by reaction of   

precursor [(CH3CO2)2Mn.4H2O] with the fungus Fusarium oxysporum, we analyzed 

the X-ray diffraction patterns of as-synthesized Mn5O8 nanoparticles. Figure 2.3.3B 

shows the XRD patterns recorded from drop cast films of Mn5O8 nanoparticles. As-

prepared Mn5O8 nanoparticles show well-defined Bragg’s reflections indicating that 

the particles are crystalline in nature. In Figure 2.3.3, we compared the room 

temperature XRD patterns obtained from as-synthesized particles (fig 2.3.3B) and 

standard XRD profile (figure 2.3.34A) obtained from JCPDS data base of Mn5O8 

nanoparticles, which show monoclinic Mn5O8 phase and with cell parameters 

a=10.39Å, b=5.730Å, c=4.866Å, α=γ, β=109.62
o
 with the space group C2/m(12) and 

true formula of Mn5O8 nanoparticle being “Mn2
2+

Mn3
4+

O8” [18 - 20]. There was 

absence of any other phase of manganese oxide. The ‘2θ’ values obtained in XRD 

pattern of  particles match well with the standard ‘2θ’ values [21.63 Å { 2 01}, 24.09 
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Å { 1 11}, 28.71 Å {111}, 31.53 Å { 3 10}, 36.31 Å { 2 20}, 38.28 Å { 2 21}, 40.47 Å 

{ 1 12}, 46.38 Å {112}, 48.90 Å { 4 20}, 51.43 Å { 1 31}, 54.02 Å {131} and 55.73 Å 

{ 3 30}]  of the monoclinic  phase of Mn5O8  nanoparticles. The standard and observed 

experimental 2θ values are in good agreement.  However many of the lines are 

broadened because of the small crystalline size [21]. In the course of this study, we for 

the first time have synthesized Mn5O8 nanoparticles in ambient conditions. 

 

 

 

Figure 2.3.3: Powder XRD-pattern of drop-cast films of manganese oxide (Mn5O8) 

nanoparticles on glass after reaction with the fungus Fusarium oxysporum for 96 

hours (B) and reference Mn5O8 from PCPDF # 39-1218 (A). 

2.3.3.4 FTIR analysis  

In figure 2.3.4A & 2.3.4B, we have compared Fourier transform infrared (FTIR) 

spectra in two different regions for the precursor manganese (II) acetate tetrahydrate 

[(CH3CO2)2Mn. 4H2O], uncalcined (as-synthesized) and calcined Mn5O8 

nanoparticles taken in KBr pellets. It can be noticed that the after calcination, the 

absorption peaks are more prominent. In figure 2.3.4A, both uncalcined (curve 2) and 

calcined (curve 3) nanoparticles showed the presence of a prominent absorption 
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around 528 and 619 cm-1 due to Mn-O stretching in the Mn5O8 nanoparticles [22, 23], 

and in figure 2.3.4A (curve 1) there are a number of bands that are characteristic of 

the acetate anion, which appear at around 613 cm
-1

 [π (COO
- 
)] and 667 (δ [OCO)] cm

-

1
 stretching in the 

manganese 

acetate used as 

the precursor salt 

[24]. In figure 

2.3.4B, two 

absorption bands 

around 1655 and 

1540 cm-1 are 

present in 

uncalcined 

Mn5O8 sample, 

these are due to 

the amide I and 

II bands which 

arise due to  the 

carbonyl  stretch 

and – N-H stretch 

vibrations respectively in the amide linkages of the proteins. Calcination of Mn5O8 

particles at 400ºC for three hours results in the denaturation of proteins as is evident 

from the disappearance of bands around 1655 and 1540 cm-1 for the calcined Mn5O8 

sample [25]. This shows the removal of protein from the surface of manganese oxide 

(Mn5O8) nanoparticles after calcinations, this again gives evidence that nanoparticles 

are capped with protein and restricts its growth during its synthesis. This is why 

nanoparticles synthesized by biosynthetic methods are much smaller in size. 

2.3.3.5 UV-visible spectroscopic analysis 

In figure 2.3.5, we have tried to capture the formation of Mn5O8 nanoparticles by 

comparing between the UV-visible spectra of the precursor used for the biosynthesis- 

manganese (II) acetate tetrahydrate [(CH3CO2)2Mn4H2O] (curve 1), biosynthesized 

Mn5O8 nanoparticles after 72 hours (curve 2) and 96 hours (curve 2) of reaction. 

Figure 2.3.4: (A) FTIR spectra recorded from powder of 

(CH3CO2)2Mn.4H2O) (curve 1); Mn5O8 nanoparticles synthesized 

using Fusarium oxysporum before (curve 2) and after calcination at 

400
0
C for 3 hours (curve 3). (B) Expanded view of the FTIR spectra 

shown in the region of the protein amide bands. 
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We observed that the precursor does not show any significant absorption in the entire 

range of measurement. However, after reacting with the fungal mass for 72 and 96 

hours, we find a 

significant absorption 

in curves 2 and 3 

with two broad 

shoulders appearing, 

first one below 300 

nm and the other one 

in a range from 

315nm to 350nm. 

The first absorption 

peak below 300 nm 

(more precisely- at 

around 270 nm) can 

be attributed to the 

aromatic amino acids 

of the proteins present 

at the surface of the 

particles as well as in 

the solution. It is well known that the absorption band around 270 nm arises due to 

electronic excitations in tryptophan and tyrosine residues in the proteins [26]. These 

biomolecules are secreted by the fungal cells collectively due to the osmotic shock 

after their suspension in the deionized water as well its exposure to the Mn-salt. We 

believe that some of these biomolecules are finally responsible for converting the 

Mn
2+

 ions into stable Mn5O8. Again in contrast to the absorption spectra of the 

precursor alone (curve 1), the broad shoulder above 300 nm might be due to the 

allowed O
2-
→Mn

2+ 
charge transfer transitions in Mn5O8 nanoparticles with no 

considerable change in the absorption intensity after  72 hours of the reaction [27-29]. 

This observation provides first hand evidence of the oxidization of the Mn2+ ions in 

the solution phase after incubating with fungus. 

 

 

Figure 2.3.5 : UV-visible spectra (1) Precursor Manganese 

(II) acetate tetrahydrate [(CH3CO2)2Mn.4H2O] (2) as-

synthesized Mn5O8 nanoparticle after 72 hours (3) 96 hours of 

reaction. 
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2.3.3.6 TGA analysis 

Thermogravimetric analysis (TGA) was performed on as-synthesized Mn5O8 

nanoparticles to calculate the amount of bio-organic molecules present over the 

nanoparticles. In 

Figure 2.3.6, we have 

shown the 

thermogravimetric 

analysis (TGA) of as-

synthesized Mn5O8 

nanoparticles. As 

pointed out earlier, 

the as-synthesized 

nanoparticles are 

capped with 

biomolecules that 

stabilize them against 

aggregation. The 

presence of this 

coating, even after 

intense centrifugation, is proven by the observation of almost 64% weight-loss during 

heating the particles up to 700°C, which is attributed to the loss of moisture present in 

the sample and decomposition of protein/ biomolecules bound on the surfaces of 

nanoparticles. A further increase in the temperature shows loss of weight that can be 

accounted for the decomposition of Mn5O8 nanoparticles [30]. 

2.3.3.7 Energy dispersive analysis of X-rays (EDAX) measurements 

The elemental analysis of nanoparticles can be very informative for the study of the 

structural or elemental composition. The EDAX spectrum recorded from the Mn5O8 

nanoparticles synthesized using the fungus Fusarium oxysporum is shown in Figure 

2.3.7, which shows the presence of strong signals from manganese atoms together 

with weaker signals from C, O, N, and S atoms that arise from proteins bound to the 

Mn5O8 nanoparticles. This is again proof that capping of biomolecules/protein on the 

surface of nanoparticles gives stability to the oxide nanoparticles. The peak 

Figure 2.3.6: TGA of as-synthesized sample of Mn5O8

nanoparticles, showing % weight loss with respect to a steady 

increase in temperature. 
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corresponding to silicon 

arises from the subtrate on 

which the sample is 

prepared for the EDAX 

analysis [31]. 

 

 

 

 

 

 

 

2.3.3.8 X-ray photoemission spectroscopy (XPS) analysis 

The presence of Mn5O8 nanoparticles was also confirmed by analyzing the sample by 

XPS as shown in figure 2.3.8. The results showed the presence of C, N, O and Mn as 

the prominent elements.The chemical analysis of Mn5O8 nanoparticles was carried out 

by   X-ray photoelectron spectroscopy (XPS) from the as-synthesized Mn5O8 

nanoparticles after 96 hours of the reaction between fungus Fusarium oxysporum and 

manganese (II) acetate tetrahydrate [(CH3CO2)2Mn4H2O]. The sample was prepared 

on silicon wafer. The core level spectra were background-corrected using the Shirley 

algorithm and the chemically distinct species were resolved using a nonlinear least 

squares curve fitting procedure. The C 1s,   N 1s, O 1s and Mn 2p core level spectra 

were recorded with an overall resolution of ~1 eV.  The core level binding energies 

(BEs) were aligned with respect to the C 1s binding energy (BE) of 285 eV. In Figure 

2.3.8, we have presented the background-corrected X-Ray Photoemission 

Spectroscopy (XPS) of the biogenic Mn5O8 nanoparticles. As we know very well, 

XPS is a highly surface sensitive technique and the protein present on the surface of 

nanoparticles can easily be identified using XPS. So to further proof that the Mn5O8 

nanoparticles are capped with protein; C1s, N1s, and O1s XPS analysis was done 

from biogenic Mn5O8 nanoparticle sample.  Figure 2.3.8A shows the C 1s core level 

spectrum that could be decomposed into three chemically distinct components 

centered at 283.12 eV, 284.91.0 eV and 285.81 eV respectively. 

Figure 2.3.7: EDAX spectrum recorded from the Mn5O8

nanoparticles formed in the filtrate after 96 hours of 

reaction. 
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Figure 2.3.8 : XPS spectra of biosynthesized Mn5O8 nanoparticles synthesized by 

reaction between Fusarium oxysporum and manganese (II) acetate tetrahydrate 

[(CH3CO2)2Mn4H2] for 96 hours. The core level spectra is recorded from C 1s (A), O 

1s (B), N 1s (C) and Mn 2p (D). The raw data is shown in the form of symbols, while 

the chemically resolved components are shown as solid lines and are discussed in the 

text. 

 

The deconvoluted low binding energy peak at 283.12 eV is attributed to the presence 

of aromatic carbon present in amino acids from proteins bound to the surface of 

Mn5O8 nanoparticles [32]. The high binding energy peak at 285.81 eV is attributed to 

electron emission from carbons in carbonyl groups (aldehydic or ketonic carbon) 

present in proteins bound to the nanoparticles surface [33-34]. The C 1s component 

centered at 284.91 eV is due to electron emission from adventitious carbon present in 

the sample. The peak in figure 2.3.8B corresponds to the chemically distinct O 1s core 

level. The O 1s spectrum (Figure 2.3.8B) could be resolved into two chemically 

distinct components with binding energies 530.08 eV and 531.38 eV. The O 1s 

component present at lower binding energy at 530.08 eV can be assigned to the lattice 

oxygen of the as-prepared Mn5O8 nanoparticles. Beside this, the peak in figure 2.3.8B 
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corresponds to the chemically distinct O 1s core level with binding energy of about 

531.38 eV. This may be attributed to the mixed contributions from surface hydroxide 

(OH groups) and C=O group present in capping proteins present on the surface of as-

synthesized Mn5O8 nanoparticles [35-37]. Furthermore, figure 2.3.8C shows the N 1s 

core level spectra that could be fitted into two chemically distinct components 

centering at 398.48 eV and 400.18 eV. The lower binding energy component could be 

assigned free N2 while higher binding energy component can be attributed  nicely 

with values reported for –NH amide linkage  in the capping proteins [38-39]. So, from 

the above observation in XPS data we can easily conclude that nanoparticles are 

capped with protein, and the growth of oxide nanoparticle is restricted at nanometer 

scale due to surface bound protein which acts as a capping agent and further stabilizes 

the oxide nanoparticle in nanometer regime. Presence of mixed valence state in 

manganese oxide are well studied [40]. As we know that  Mn5O8 have two possible 

types of Mn valencies Mn
2+

 and Mn
4+

 respectively and XPS analysis of Mn5O8 

nanoparticles further proves the presence of  both oxidation state of Mn (Mn
2+

 and 

Mn
4+

) in Mn5O8. Figure 2.3.8D shows the Mn 2p spectrum of as-synthesized Mn5O8 

nanoparticles decompose into Mn2+ and Mn4+ components. Further Mn2+ component 

could be resolved into two peaks with binding energies of 640.5 and 649.3 eV, which 

attribute to Mn 2p3/2 and Mn 2p1/2 respective peaks  in divalent manganese ion which 

is further explained by  previous studies that Mn
2+

 have comparable lower binding 

energy values than Mn
3+ 

and Mn
4+

 ions. Similarly in figure 2.3.8D, Mn
4+

 component 

could be resolved into two peaks with binding energies of 642.5 and 654.2 eV which 

correspond  for Mn 2p3/2 and Mn 2p1/2 respective peaks in tetravalent manganese ion, 

which matches well with previous literature [41-43]. XPS analysis of Mn5O8 

nanoparticle clearly identifies the presence of two mixed valencies (Mn
2+

 and Mn
4+

) 

of manganese ion and forms the chemical formula like “ Mn2
2+

Mn3O8
4+ 

” [44].  

2.3.3.9 Magnetic measurements  

Magnetic measurements were carried out on dried, as-synthesized Mn5O8 

nanoparticles. Temperature dependent magnetization of Mn5O8 nanoparticles is 

studied by ZFC (Zero-field-cooled) and FC (field-cooled) modes for as-synthesized 

nanoparticles. Magnetization as a function of the field at temperature 300K and 5K 

was recorded by applied magnetic field. As we know very well, in antiferromagnetic 

material in different sub-lattices, electronic spin moments are exactly equal and 



Chapter 2C                                                                                   98 

Ph.D. Thesis                                        Imran Uddin                           University of Pune 

opposite which make net 

magnetic moment to zero. In 

Mn5O8, manganese ions 

have two mixed valencies 

(Mn
2+

 and Mn
4+

), which 

have interlayer exchange 

coupling with different 

magnetic moments. These 

two Mn ions interact 

antiferromagnetically and 

hence their magnetic 

moments cancel each other 

[45]. In figure 2.3.9A, we 

check the magnetization vs. 

temperature behavior of 

Mn5O8 and have shown the 

zero-field-cooled and field-

cooled (ZFC-FC) 

measurements performed at 

an applied external field of 

100 Oe. We observed that 

below 300K, sample show 

clear separation in ZFC and 

FC curves. This 

characterstic behavior is 

because of reduction in 

particle size and probably 

due to the enhanced 

interaction between the 

small nanoparticles. As the 

temperature goes down 

further at around 126K there 

is a sudden change in the 

Figure 2.3.9: ZFC-FC curves at 100 Oe for as-

synthesized Mn5O8 nanomaterials (A). Field 

dependent magnetization plots of Mn5O8 nanoparticles 

synthesized using Fusarium oxysporum at 300 K (B) 

and 5K (C). 
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slope of ZFC curve (inset figure 2.3.9A). This change in the ZFC curve corresponds 

to the Neel temperature transition in Mn5O8 nanoparticles, as compared to earlier 

reported around 136K [14, 45-47]. It might be because of the reduced particle size 

which again reduces the antiferromagnetic coupling, resulting in lowering of the Neel 

temperature [48, 49]. Since the Mn5O8 nanoparticles were synthesized by biological 

approach and were capped by protein layer which was observed in FTIR, XPS and 

TGA analysis, we did not get sharp Neel temperature transition in ZFC curve in 

magnetization vs. temperature measurement. Furthermore, at temperatures below 

20K, magnetic moment in both FC and ZFC curve increases, which could be because 

of spin thermal vibration reduction. Figure 2.3.9B and C shows the magnetization 

curves (M-H curves) obtained from as-synthesized powdered Mn5O8 nanoparticle at 

300 K and 5 K respectively. Since Mn5O8 nanoparticles having antiferromagnetic 

property below its Neil temperature (~126 TN in this case) above this temperature, the 

system is paramagnetic in nature. But in figure 2.3.9B, M-H curve at 300K shows 

very little hysteresis with coercivity value of about   40 Oe. This small opening of 

loop or small coercivity value is because of nanosize effect or due to the very small 

size of the particles which increase surface anisotropy and the amount of 

uncompensated/canted surface spins due to the increased surface-to-volume ratio in 

Mn5O8 nanoparticles. Further, in M-H curve at 300K, we observed that at applied 

magnetic (H) field around 4k Oe all surface frustrated spins become saturated. With 

further increase, the applied magnetic field moment value goes down. This decrease 

in moment value is explained by diamagnetic contribution coming from protein 

present on the surface of nanoparticles. Figure 2.3.9C showed M-H curve at 5K 

(below the Neil temperature), in which again small hysteresis loop was again 

observed with coercivity value about 70 Oe. This increase in coercivity (HC) in 

comparison to coercivity obtained at 300K in M-H curve is due to reduction in 

thermal energy. 

2.3.4 Conclusions 

In conclusion from the above analysis and results, we hereby confirm and prove the 

formation of Mn5O8 nanoparticles of average particle size around 10-11 nm by the 

fungus Fusarium oxysporum. The Mn5O8 so formed is characterized by TEM, XRD, 

FTIR, XPS, and TGA. As-synthesized as well as calcined particles showed excellent 

crystallinity. FTIR, TGA and XPS analysis explained the presence of proteins on the 
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surface of nanoparticles. It is confirmed by XPS data that Mn5O8 have two mixed 

manganese ion valencies (Mn
2+

 and Mn
4+

) and antiferromagnetic transitions were 

further proved by magnetic measurements. 
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Chapter 3 

 

Bottom-up biosynthetic approach to 
synthesize sulphide nanoparticles. 

 
 

In this chapter we describe the synthesis of highly fluorescent, water dispersible Bi2S3 

nanoparticles by reacting the fungus Fusarium oxysporum with bismuth nitrate pentahydrate 

[Bi(NO3)3�5H2O] alongwith Na2SO3 as precursors at room temperature. Transmission electron 

micrograph (TEM) showed that the biosynthesized Bi2S3 nanoparticles are quasi-spherical in shape 

with an average particle size of 15 nm.  Selected area electron diffraction (SAED) and powder 

XRD show that particles are perfectly crystalline with an orthorhombic structure. The protein 

capped Bi2S3 nanoparticles maintain long term stability and show a band gap of 3.04 eV. Further 

characterization of Bi2S3 nanoparticles was done using techniques such as UV, PL, XPS, FTIR 

and TGA. These Bi2S3 nanoparticles were used in SPECT-CT probe for small animal imaging. This 

was injected into rats and biodistribution image and clearance time from blood was calculated. 
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3.1 Introduction 

The advent of reliable production of nanometer scale semiconductor particles has 

opened a frontier in material science. Semiconductor with nanometer sized crystals 

have unique photochemical and photophysical properties which are not found in 

either individual molecules or bulk solids [1, 2]. Semiconductor nanocrystals are 

unique for studying because their size dependent optical properties are convenient 

probes for the processes occurring in the nanometer regime. The quantum size effect 

is most pronounced for semiconductor nanoparticles where the band gap increases 

with decreasing size resulting in the interband transition shifting to higher 

frequencies. These quantum confined nanoparticles are brighter, more stable against 

photobleaching than organic dyes and can be excited for multicolour emission with a 

single light source. These semiconductor nanoparticles can be conjugated with 

biomolecules such as peptides, antibodies, small molecule ligands and therapeutic 

drugs for use in bioimaging [4]. Therefore, developing reliable protocols for the 

synthesis of nanometer scale semiconductor particles is a problem of great 

importance. Among various nanomaterials, metal sulphides are significant due to their 

optical, electronic and magnetic properties and have attracted extensive attention for 

promising applications in many fields [5-8]. These physical and chemical properties 

of metal sulphides are relative to their morphology, size, phase, etc. which in turn 

depends on their method of synthesis.  Although great progress has been achieved on 

the synthesis considering the excitement of understanding new sciences, numerous 

protocols have been designed for the synthesis of metal sulphide nanocrystallites over 

a range of composition, sizes and shapes [9, 10]. Steigerwald et al. demonstrated the 

synthesis of sulphide nanoparticles by reacting an alkaline solution of the metal salt 

with H2S in the presence of a stabilizing agent [11]. Several groups reported the 

synthesis of sulphide nanoparticles by thermolysis of single source precursors [12-

14]. However, most of the methods employ high temperature and involve the use of 

expensive and toxic organic agents and a series of complicated procedures, non-polar 

organic solvents or caustic chemicals, suffer from agglomeration and are non-uniform 

in size distribution.   

Among the numerous metallic sulphides, bismuth sulphide (Bi2S3) is one of the most 

important V-VI semiconductor with direct band gap of 1.3 eV [15]. It belongs to the 

family of main group metal chalcogenides VIV
BA 32  (A= As, Sb and Bi, B= S, Se and 
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Te) class of semiconductors and has attracted great attention for its numerous 

significant applications including photovoltaic materials, photodiode arrays, sensor 

and thermoelectric cooling devices based on the Peltier effect [16, 17]. It shows 

excellent electrochemical hydrogen storage property [18, 19]. Recently, Bi2S3 

nanoparticles have found new applications as imaging agents in X-ray computed 

tomography in biomedical sciences. There are many methods that have been exploited 

to synthesize nanostructured Bi2S3 with different morphologies such as ultrasonic 

method [20], microwave-assisted route [21], photochemical synthesis method [22] 

and thermal decomposition [23] .There are also many solution based synthetic 

procedures available like solvothermal/hydro themal processes [24, 25] and template 

growth [26]. However, most of the techniques mentioned above need rigorous 

conditions such as relatively higher temperature and pressure, reactions in organic 

solvents and the preparation procedures are complex. Therefore, it remains a 

challenge to develop an alternative for the development of eco-friendly processes for 

the synthesis of Bi2S3 nanocrystals at ambient conditions. Recognizing that 

production of nanomaterials by biological methods would address the shortcomings of 

the chemical method and lead to potentially large cost reduction; biomaterials and 

biological structures of higher complexity can act as active units for the synthesis of 

nanoparticles. Several biomimetic synthesis approaches, wherein biomolecules or 

microbes participate either in the reduction, oxidation or hydrolysis of the precursors 

or act as templates, are gaining popularity as these novel synthesis methods do not 

require high temperature, pressure or extreme pH conditions. These reactions are 

often environment friendly and efficiency of these natural synthesis processes is often 

very high. Biological synthesis of metal sulphide nanoparticles is gaining importance 

since it occurs in aqueous medium under ambient experimental conditions. 

Biosynthetic approach comprises the use of microorganisms, small biomolecules, 

biological templates and small peptides for the synthesis of various metal sulphide 

nanoparticles. These biomolecules have been used for capping the sulphide 

nanoparticles. Ahmad et al. have developed methods for the synthesis of gold and 

silver nanoparticles [27], metal sulphides and nano-oxides [28] in aqueous solutions. 

Besides this, there are some reports where prokaryotes as well as eukaryotes produce 

semiconductor nanoparticles within the cell wall of the microorganisms. The 

intracellular synthesis of CdS semiconductor nanoparticles using the bacteria 

Klebsiella aerogenes [29] alongwith two different yeast species Schizosaccharomyces 
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pombe and Candida glabrata was reported [30]. On the other hand, Kowshik et al. 

used another yeast species, Turolopsis sp. [31] for the synthesis of intracellular PbS 

nanoparticles. In previous report from the National Chemical Laboratory (NCL, Pune, 

India), Ahmad et al. reported the extracellular synthesis of CdS nanoparticles using 

fungus Fusarium oxysporum [32]. There are some reports where biological 

approaches to synthesize semiconductor nanocrystals have been extended to intact 

biological particles; like viral scaffolds have been used as template for the nucleation 

and assembly of CdS and PbS crystalline nanowires [33]. Biomolecule-assisted 

synthesis of various nanomaterials have been a new and promising method. Yi Xie et 

al. reported biomolecule-assisted synthesis of single crystalline Bi2S3 nanostructures. 

In this report, an amino acid cysteine acts as a sulphur source as well as a capping 

agent in the synthesis of Bi2S3 nanocrystals [34]. In another report, Komarneni et al. 

used a large polypeptide (GSH) to synthesize the highly ordered snowflake structure 

of bismuth sulphide nanorods under microwave irradiation. Glutathione molecule was 

used as an assembling molecule as well as the sulphur source [35]. 

Already, a lot off work has been done to understand the biosynthetic approach to 

synthesize the metal sulphide nanoparticles. A potential implication of biological 

synthesis that we have envisaged is making use of the hydrolytic enzymes secreted by 

the fungi for the synthesis of sulphide nanoparticles. Here, we report the orthorhombic 

Bi2S3 quantum dots preparation by reacting the mesophilic fungus Fusarium 

oxysporum with bismuth nitrate pentahydrate [Bi(NO3)3·5H2O] and sodium sulphite 

(Na2SO3) as precursors salt. Transmission electron micrograph (TEM) showed that 

the as-synthesized Bi2S3 nanoparticles are quasi-spherical in shape with an average 

particle size of 15 nm.  Selected area electron diffraction (SAED) and powder XRD 

show that particles are perfectly crystalline with an orthorhombic structure. The 

particle surfaces are passivated by a robust layer of protein which provides stability in 

aqueous medium. The particle size analysis was perfomed using TEM. The protein 

capped Bi2S3 quantum dots maintain a long-term stability and shows a blue shift with 

a band gap of 3.04 eV. Further material characterization was done using techniques 

such as UV, PL, XPS, FTIR and TGA. Fungal strain analysis is already explained in 

chapter 2A 
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3.2 Experimental Details 

Bismuth (III) nitrate pentahydrate [Bi(NO3)3.5H2O] and sodium sulphite (Na2SO3) 

guaranteed reagent (GR) grade were purchased from Aldrich. Malt extract powder, 

yeast extract powder, glucose, and peptone were obtained from Himedia, India. All 

the chemicals were used as-received. The fungus Fusarium oxysporum was 

maintained on potato dextrose agar slants at 25
o
C. Stock cultures were maintained by 

sub-culturing at monthly intervals. The fungus was grown at pH 7.0 and 25oC for 120 

hours; the slants were preserved at 15oC. From an actively growing stock culture, sub-

cultures were made on fresh slants and after five days of incubation at pH 7.0 and 

25
o
C, were used as the starting material for synthesis of nanomaterials. For the 

extracellular synthesis of Bi2S3 nanoparticles, the fungus was grown in 500 ml 

Erlenmeyer flasks each containing MGYP medium (100 ml) , composed of malt 

extract (0.3%), glucose (1.0%), yeast extract (0.3%) and peptone (0.5%) at 25-27oC 

under shaking at 200 rpm for 96 hours. After 96 hours of fermentation, mycelia were 

separated from the culture broth by centrifugation (5000 rpm) at 10
o
C for 20 minutes 

and then the mycelia were washed thrice with sterile distilled water under sterile 

conditions. The harvested mycelial mass (20  gram of wet mycelia) was then 

resuspended in 100 ml of aqueous solution of 1mM Bi(NO3)3.5H2O and 5mM Na2SO3 

salt solution in 500 ml Erlenmeyer flasks and the same was put into a shaker at 25-

27
o
C (200 rpm). The reaction was carried out for a period of 96 hours and fungal 

biomass was separated by filter paper to collect biomass and filtrate in sterile 

conditions. The biotransformation was routinely monitored at different time intervals. 

To remove the unbound protein and unreacted precursor, we centrifuged the filtrate 

three times at 15,000 rpm for 30 minutes and each time the precipitate was 

resuspended in the de-ionized water. Further characterization of extracellular 

nanoparticles was carried out by Transmission electron microscopy (TEM), Selected 

area electron diffraction (SAED) analysis, X-ray diffraction (XRD) analysis,  Fourier 

transform infrared (FTIR) spectroscopy, Thermogravimetric analysis (TGA), Electron 

dispersive X-rays (EDAX) analysis and X-ray photoemission  spectroscopy (XPS). 

3.2.1 CT Contrast study 

Confirmation of Bi2S3 nanoparticles to act as CT contrast agents was done by 

performing phantom studies at various concentrations in saline namely 50 mg/ml, 
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100mg/ml, 200mg/ml and 500mg/ml at CT tube current of 2.5mA and tube voltage of 

140 KVp. 

3.2.2 Radiolabelling of Bismuth sulphide Bi2S3 nanoparticles with Tc-99m: 

99mTc-Bi2S3 nanoparticles were prepared by dissolving 10 mg of Bi2S3 nanoparticles 

in 1ml of distilled water followed by the addition of 100 µg of SnCl2.2H2O and the pH 

was adjusted to 6.5. The content was filtered through a 0.22 µm membrane filter into 

a sterile vial. Approximately 2 mci Tc-99m was added to the content, mixed and 

incubated for 10-15min. The percent radiolabel was determined by using instant thin 

layer chromatography (ITLC) method. 

3.2.3 Radiochemical purity (RCP): 

The radiochemical purity of Tc-99m with Bi2S3 nanoparticles was estimated by 

instant thin layer chromatography (ITLC) using silica gel coated fiber sheets. ITLC 

was performed using 100% acetone and 0.9% saline as the mobile phase. A measured 

amount of 2-3 µl of the radiolabeled complex was applied at a point 1 cm from one 

end of an ITLC-SG strip and allowed to run for approximately 10 cm. Amount of 

reduced/hydrolyzed Tc-99m was determined using pyridine: acetic acid: water 

(3:5:1.5 v/v) as mobile phase and ITLC as the stationary phase and the radioactivity 

distribution over the strip was determined with a radioactivity well counter (ECIL). 

Radiochemical purity (RCP) was calculated as the fraction of radioactivity that 

remained at the origin and was designated as % RCP. 

3.2.4 Biodistribution of radiolabelled nanoparticles: 

Male Sprauge Dawley rat weighing (180-220 gram) was selected for evaluating the 

localization of the labelled complex. 99mTc-Bi2S3 nanoparticles 14.8 MBq were 

administered through the penile vein of rat. The biodistribution studies of labelled 

Bi2S3 nanoparticles were evaluated after 45 min post injection. 

3.3 Results and Discussions 

3.3.1 UV-visible spectroscopic analysis 

In figure 3.1(A), we have tried to capture the formation of Bi2S3 nanoparticles by 

comparing the UV-visible spectra of the precursors used for the biosynthesis i.e 

Bi(NO3)3.5H2O and Na2SO3 (curve 1), with biosynthesized Bi2S3 nanoparticles after 

72 hours (curve 2) and 96 hours (curve 3) of reaction. We observed that the precursor 
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does not show any significant absorption in the entire range of measurement. 

However, after the reaction with the fungal mass for 72 and 96 hours, we find a 

significant absorption in curves 2 & 3 with two broad shoulders appearing, first at ca 

270 nm and the other one in a range of 310 to 350 nm. 

 

 
Figure 3.1: (A) UV-vis spectra of (1) Precursor salt and (2) as-synthesized 

extracellular Bi2S3 nanoparticles after  72 and (3) after 96 hours of reaction. (B) Band 

gap energy curve of Bi2S3 nanoparticles obtained by UV-vis spectroscopic analysis 

performed on Bi2S3 nanoparticles after 96 hours of reaction. Tangent drawn to the 

absorption edge corresponds to the band gap energy of Bi2S3 nanoparticles. 
 

The appearance of absorption edge at ca 270 nm can be assigned to the aromatic 

amino acids such as tryptophan, tyrosine and phenyl aniline present in the protein, 

which is secreted in the solution by the fungus Fusarium oxysporum. We believe that 

some of the biomolecules are responsible for converting Bi
3+

 and S
2-

 ions into stable 

Bi2S3 nanoparticles. Figure (3.1A) shows the UV-visible spectroscopic profile of 

protein capped bismuth sulphide nanoparticle formation using fungus Fusarium 

oxysporum. UV-visible spectroscopic analysis reveals the presence of broad shoulder 

in a range from 310 to 350 nm and corresponds to excitonic transition in Bi2S3 

nanocrystallites. There is absence of an absorption edge due to formation of particles 

of different sizes [36, 37]. We know that the fundamental property of semiconductors 

is its band gap as we know that bulk Bi2S3 has band gap energy of 1.3 eV. All 

semiconductors show size quantization effects as the size of semiconductor material is 

reduced. Figure (3.1B) corresponds to the band gap energy analysis after 96 hours of 

reaction .The band gap energy value obtained is about 3.04 eV, which is considerably 
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higher than the band gap energy of bulk Bi2S3. The increase in band gap energy is due 

to the reduction in size of Bi2S3 and could be a consequence of size quantization 

effect. 

3.3.2 Photoluminescence (fluorescence) measurements of Bi2S3 

nanoparticles. 

Luminescence characteristics of Bi2S3 nanoparticles were studied by fluorescence 

measurement of the Bi2S3 nanoparticles by exciting the reaction mixture at 310 nm.  
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Figure 3.2: Photoluminescence/ Fluorescence emission spectra of (1) Precursor salt 

and (2) as-synthesized Bi2S3 nanoparticles after 72 and (3) 96 hours of reaction. The 

inset shows a glass vial containing (a) Precursor salt (b) biogenic Bi2S3 nanoparticle 

solution after irradiation with UV light of 365 nm. (B) Spectrum in terms of the 

energy scale corresponding to the emitted light. 

An emission band centered at 410 nm (Fig 3.2A) is observed which is comparable to 

the emission peaks of Bi2S3 nanoparticles, which is attributable to the band gap or 

near band gap emission resulting from the recombination of the electron-hole pairs in 

the Bi2S3 nanoparticles. The band gap of as-prepared Bi2S3 nanoparticles is calculated 

to be 3.04 eV from emission spectra which is much larger than bulk Bi2S3 which is 

due to size quantum effects. When the size of particle decreases, discrete sub-bands 

are formed in valence and conduction bands which lead to the quantization of energy 

level [37-39]. The inset Figure (3.2A) shows glass vial containing precursor reaction 

solution at the beginning (time t=0, vial a) and after 96 hours of reaction (vial b). A 

strong blue-green emission from as-synthesized nanoparticles were observed when 

excited at a wavelength of 365 nm while no florescence was obtained from precursor 
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salt solution. The blue-green luminescence is significant for several applications. 

Figure (3.2B) shows the PL spectrum of as-synthesized Bi2S3 nanoparticles in terms 

of energy. A strong peak at 3.04 eV is observed from as-synthesized Bi2S3 

nanoparticles. The blue shift in the energy of PL spectrum could be assigned to the 

emission from holes and electron traps frequently located at the surface on the 

particles due to the large surface area of the particles at smaller size. 

3.3.3 TEM, HR-TEM and SAED analysis  

To further probe the morphology of these sulphide nanoparticles, we performed a 

detailed electron microscopy study on the as-synthesized nanoparticles.  

 

Figure 3.3: (A-C) Transmission electron micrograph (TEM) of Bi2S3 nanoparticles 

solution formed by the reaction of precursor solution with Fusarium oxysporum 

biomass for 96 hours at different magnifications (D) HR-TEM image of Bi2S3 

nanoparticles showing inter planar distance (E) SAED pattern recorded from 

extracellular Bi2S3 nanoparticles shown in TEM micrograph and (F) particle size 

distribution of Bi2S3 nanoparticles synthesized using fungus Fusarium oxysporum 

determined from TEM micrograph. 

In Figure 3.3 (A-C), we have shown the representative TEM images of protein capped 

as-synthesized Bi2S3 nanoparticles, which show that the average particle size is 

around 15 nm with an overall quasi-spherical morphology. To better investigate the 

crystallinity at single particle level, we used high resolution transmission electron 
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microscopy (HR-TEM). In figure 3D, we have shown the HR-TEM image of as-

synthesized Bi2S3 nanoparticles after approximately 96 hours of reaction. The extent 

of single crystallinity observed here in biologically synthesized particles (which 

happen in ambient conditions) is quite remarkable. The lattice planes exhibit a 

spacing of ~2.52Å for the as-prepared sample having the lattice planes {240}. To 

better investigate the crystallinity of particle, we have shown the SAED image of as-

synthesized Bi2S3 nanoparticles after approximately 96 hours of reaction. The 

Scherrer ring pattern characteristic of Bi2S3 is clearly observed, showing that the 

structures seen in TEM are nanocrystalline in nature. In figure (3.3E), we have shown 

the SAED pattern which shows a spot pattern confirming crystallinity of the as-

synthesized protein-coated nanoparticles. These spot pattern were referred for {120}, 

{240}, {242}, {651}, {620}, {221}, {630} and {721} crystal planes, which matches 

well with the reported values [40].  Figure (3.3F) shows the particle size distribution 

of Bi2S3 nanoparticles which reveals that the average particle size of Bi2S3 

nanoparticles is about 15 nm.  

3.3.4 X-ray diffraction analysis 

 

Figure 3.4: Powder XRD-pattern of drop-cast films of Bismuth sulphide (Bi2S3) 

nanoparticles on glass after reaction with the fungus Fusarium oxysporum.The 

Braggs reflections arising from the film are indexed with the respective crystal 

planes. 
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To verify the crystallinity of Bi2S3 nanoparticles using X-ray diffraction analysis 

technique, we analyzed the X-ray diffraction patterns recorded from drop cast films of 

as-synthesized Bi2S3 nanoparticles on glass substrate showing intense peaks 

corresponding to plane {220}, {101}, {310}, {021}, {221}, {311}, {231}, {430}, 

{510}, {431}, {060}, {531}, {550}, {242} and {720}. The peak position and 2θ 

values agree with those reported for Bi2S3 nanoparticles (figure 3.4).  Almost all 

peaks in the pattern could be indexed to orthorhombic Bi2S3 with cell parameters of 

a=11.14, b=11.30, c=3.981 and α=β=γ=90
0 

and space group Pbnm(62) which are 

close to the reported literature [40]. The broadening of these diffraction peaks 

indicates that the nanoparticles are having a small size. 

3.3.5 TGA analysis 

In Figure 3.5, we have shown the thermogravimetric analysis (TGA) of as-

synthesized Bi2S3 nanoparticles. As pointed out earlier, the as-synthesized 

nanoparticles are capped with biomolecules that stabilize them against aggregation. 

The presence of this coating, even after intense centrifugation is proven by the 

observation of almost 

53% weight-loss 

during heating of 

particles up to 650oC, 

which is attributed to 

the loss of moisture 

and biomolecules 

bound on the 

nanoparticle surfaces. 

A further increase in 

the temperature shows 

loss of weight that can 

be accounted for the 

melting of Bi2S3 

nanoparticles [41, 42]. 

 

 

Figure 3.5: TGA of as-synthesized sample of Bi2S3

nanoparticles showing the % weight loss with respect to a

steady increase in temperature.                    
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3.3.6 FTIR analysis 

In Figure 3.6, we have compared 

Fourier transform infrared (FTIR) 

spectra for the precursors 

[Bi(NO3)3.5H2O], Na2SO3, and 

uncalcined (as-synthesized) and 

calcined Bi2S3 nanoparticles taken 

in KBr pellets. In figure 3.6 (curve 

3), two absorption bands around 

1655 and 1540 cm
-1

 are present in 

uncalcined Bi2S3 sample and are 

due to the amide I and II bands 

which arise due to the carbonyl 

stretch and –N-H stretch 

vibrations respectively in the 

amide linkages of the proteins 

[43]. Calcination of Bi2S3 particles 

at 400oC for three hours results in 

the denaturation of proteins as is 

evident from the disappearance of 

bands around 1650 and 1540 cm
-1 

for the calcined Bi2S3 sample 

(curve 4). This shows the removal of protein from the surface of Bi2S3 nanoparticles 

after calcination.  

3.3.7 X-ray Photoelectron spectroscopy (XPS) 

XPS is also used to determine the composition and purity of the Bi2S3 nanoparticles. 

The sample was prepared on silicon wafer. The results showed the presence of C, N, 

O, Bi and S as prominent elements. The core level spectra were background-corrected 

using the Shirley algorithm and the chemically distinct species were resolved using a 

nonlinear least squares curve fitting procedure. The binding energy of the C1s 

transition is used as a reference to standardize the binding energy of other elements. 

Detailed spectra of the Bi4f and S2s core levels are shown in the figure 3.7A and 3.7B 

respectively; we have presented the background corrected XPS results of the as-

Figure 3.6:  FTIR spectra recorded from powder of 

Bi (NO3)3.5H2O (curve 1), Na2SO3 (curve 2), Bi2S3

nanoparticles synthesized using Fusarium oxysporum 

showing protein amide band region  before (curve 3) 

and after calcination at 400
0
C for 3 hours (curve 4). 
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synthesized Bi2S3 nanoparticles. Figure 3.7A shows Bi4f spectrum which could be 

resolved into two peaks (4f5/2 and 4f7/2) due to the spin-orbit coupling with binding 

energies 158.2 and 164.5 eV respectively and the peak at 225 attributed to the S 2s 

transition [44 - 46]. 

 

 

Figure 3.7: XPS spectra of biosynthesized Bi2S3 nanoparticles synthesized by reaction 

between Fusarium oxysporum, Bi(NO3)3.5H2O and Na2SO3  for 96 hours. The core 

level spectra recorded Bi 4f (A) and S2s (B). The raw data is shown in the form of 

symbols, while the chemically resolved components are shown as solid lines and are 

discussed in the text. 

 

To further proof that the Bi2S3 nanoparticles are capped with protein; C1s, N1s, and 

O1s XPS analysis was done from as-synthesized nanoparticle sample. Figure 2.7C 

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

distinct components centered at 283.58 eV, 284.90 eV and 286.12 eV respectively. 

The deconvoluted low binding energy peak at 283.58 eV is attributed to the presence 

of aromatic carbon present in amino acids from proteins bound to the surface of Bi2S3 

nanoparticles [47]. The C 1s component centered at 284.90 eV is due to electron 

emission from adventitious carbon present in the sample. The high binding energy 

peak at 286.12 eV is attributed to electron emission from carbons in carbonyl groups 
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(aldehydic or ketonic carbon) present in proteins bound to the nanoparticles surface 

[48]. The peak in figure 2.7D shows the N 1s core level spectra that could be fitted 

into two chemically distinct components centering at 398.17 eV and 400.15 eV. The 

lower binding energy component could be assigned free N2 while higher binding 

energy component can be attributed  nicely with values reported for –NH amide 

linkage  in the capping proteins [49-50]. Furthermore, figure 3.7E corresponds to the 

chemically distinct O 1s core level with binding energy of about 531.36 eV. This may 

be attributed to the mixed contributions from surface hydroxide (OH groups) and 

C=O group present in capping proteins present on the surface of as-synthesized Bi2S3 

nanoparticles [51]. 

3.3.8 Energy Dispersive Analysis of X-rays (EDAX) analysis 

The elemental analysis of nanoparticles can be very informative for the study of the 

structural or elemental composition. Figure 3.8 corresponds to the EDAX analysis 

performed on a Bi2S3 

nanoparticle which 

shows the presence of 

strong signals from 

bismuth and sulphur 

atoms together with 

weaker signals from C, 

O, N, and S atoms that 

arise from proteins 

bound to the Bi2S3 

nanoparticles [52]. 

The peak 

corresponding to 

silicon arises from the 

substrate on which the 

sample is prepared for 

the EDAX analysis. 

 

 

Figure 3.8: EDAX spectrum recorded from the Bi2S3

nanoparticles formed in the filtrate after 96 hours of reaction. 
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3.3.9 CT Contrast analysis 

The use of nanomaterials for one of the most common imaging technique is gaining 

popularity. Confirmaton of Bi2S3 nanoparticles to act as CT contrast agents was done 

by performaing phantom studies at various concentrations in saline, at CT tube 

current of 2.5mA and tube voltage of 140 KVp. 

A

CB

 

Figure 3.9: CT Contrast photograph for Bi2S3 nanoparticle (A) Coronal section and 

(B, C) transverse section for different concentrations.  

 

To find out the molar concentration of Bi2S3 to determine the CT Contrast level, 

different tubes at various molar concentrations of  Bi2S3 nanoparticles with saline and 

commercial iodine contrast as standards were exposed to X-rays and current voltage 

settings available on dedicated animal SPECT-CT scanner (50 KVp,0.5m A) was 

used. Contrast from figure 3.9A shows coronal section of contrast in syringes; left 

side syringe having 250 mg Bi2S3 nanoparticles and right side syringe having iodine 
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contrast agent. In transverse section (figure 3.9B, C) through various tubes, figure 

3.9B showing Bi2S3 nanoparticles (250 mg/ml), iodine contrast agent (375mg/ml) and 

distilled water in various tube. Bi2S3 nanoparticles showing good contrast. When we 

increase the Bi2S3 nanoparticles concentration (500 mg/ml) showing very good 

contrast comparable to iodine (figure 3.9C), water contrast image also showing in one 

used as blank. From above study we can say that Bi2S3 nanoparticles are very good 

CT contrast agents and have better stability than iodated compounds which unlike 

Bi2S3 have no specific distribution and show rapid pharmacokinetics. 

3.3.10 Radiolabelling and Biodistribution studies 

3.3.10.1 Complex formation study: 

On the basis of chromatographic analysis, the radiolabeling efficiency was found to 

be more than 90% consistently.  

3.3.10.2 Biodistribution & Gamma Scintigraphic imaging of 99mTc-Bi2S3 

nanoparticles in normal rat: 

Localization and 

biodistribution study of 

99mTc- Bi2S3 nanoparticles 

in normal healthy rats over 

time was determined by 

gamma camera imaging, is 

shown in figure 3.10. The 

study clearly indicates the 

biodistribution of the 

complex (99mTc-Bi2S3 

nanoparticle), these Bi2S3 

nanoparticles were taken up 

in the liver, heart, kidneys 

and cleared through urine 

within 45 minutes.  

 

 

 

Figure 3.10:  Gamma Scintigraphic image of 

Biodistribution of 99mTc-Bi2S3 nanoparticles 

in rat.                                                                         
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Further to prove the biodistribution of Bi2S3 nanoparticles in rat, in figure 3.11 the 

first column from top to bottom depicts 3D data of Planar micro CT (without any 

contrast), Bi2S3 nanoparticle micro CT, Bi2S3 99mTc-SPECT and co-registered Bi2S3 

nanoparticle SPECT-CT respectively.  
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Figure 3.11: Serial in vivo image of biodistribution of Bi2S3 nanoparticles in rat: 

(Row 1
st
) Control µ-CT, (Row 2

nd
) µ-CT Bi2S3, (Row 3

rd
) µ-SPECT Bi2S3 and (Row 

4
th

)µ-SPECT-CT-Bi2S3 nanoparticles. 

The 2
nd

, 3
rd

 and 4
th

 column depict saggital, coronal and transverse image section of 

Plane CT, Bi2S3 nanoparticles CT, Bi2S3 nanoparticle 99mTc-SPECT and co-

registered Bi2S3 nanoparticle SPECT-CT. The images in 2nd row show enhanced CT 

contrast in liver with Bismuth nanoparticles as comparered to non-injected planar CT 

in 1st row due to innate characteristics of Bismuth sulphide. 3rd row shows contours of 

liver in various sections based on distribution of same 99mTc-Bi2S3 nanoparticles 

which are forming contrast in 2
nd

 row CT image. 4
th

 row shows coregistered SPECT-

CT image with colors depicting 99mTc-signal from radio-labelled nanoparticles and 
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shades of grey showing CT contrast distribution in liver due to innate character of  

Bi2S3 nanoparticles to stop X-rays and thus produce CT contrast. Thus Bi2S3 

nanoparicles radiolabelled with 99mTc act as dual probe due to 99mTc able to show 

location of attached nanoparticle and nanoparticle innately acting as CT contrast.  

3.4 Conclusion 

In conclusion, the present studies shows that the fungus Fusarium oxysporum can be 

used for the biosynthesis of Bi2S3 nanoparticles. We have synthesized orthorhombic 

Bi2S3 nanoparticles capped by proteins. XRD and SAED patterns indicated that the 

product was pure orthorhombic with as-synthesized nanoparticles showing excellent 

crystallinity. TEM images showed that the particles are quasi spherical in shape with 

an average particle size of 15 nm. Using fungus for the room temperature synthesis of 

these nanoparticles is an exciting route and leads to an eco-friendly and economically 

viable method for the synthesis of sulphide nanomaterials of technological interest. 

The results prove that the fungus mediated biosynthesis method is a simple, eco-

friendly and efficient method which can be used to synthesize highly crystalline 

semiconductor particles. These Bi2S3 nanoparticles were also used in SPECT-CT 

probe for small-animal imaging. These were injected into rats and biodistribition 

image and clearance time from the blood was calculated. 
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Chapter 4 

 

Top-down bio-milling technique for the size 
reduction of chemically synthesized BiOCl 

nanoplates. 

 

This chapter describes the bio-milling of chemically synthesized BiOCl nanoplates using the alkalo-

thermotolerant fungus Humicola sp. In top-down approach, we show that the fungal biomass can 

be used to break-down the chemically synthesized larger particles (200-250 nm) into particles as 

small as 5-6 nm while maintaining their crystallinity and phase at the nanolevel. We have named 

this technique as “bio-milling”. We believe that this technique can be used to synthesize several 

nanoparticles of oxides whose synthesis in the size less than 10 nm by conventional wet-chemical 

methods is difficult.  

 

The work described in this chapter has been published by Baishakhi Mazumder, 

Imran Uddin, Shadab Khan, Venkat Ravi, Kaliaperumal Selvraj, Pankaj Poddar
*
, 

Absar Ahmad*, J. Mater. Chem., 2007, 17, 3910 – 3914. 
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4.1 Introduction 

Top-down approach involves starting with a block of material and etching or milling 

it down to the desired shape and size. In this method, we start with bulk material and 

then break it up into smaller pieces until the nanoparticles of desired size are 

achieved. The best known example of top-down approach is the photolithography 

technique used in semiconductor industry to create integrated circuits by etching 

patterns of silicon wafers [1]. The metal is chiseled out selectively using high energy 

beam to obtain desired patterns onto silicon substrate. The top-down approach can be 

considered as the one with which the human race first learned to fabricate materials 

and in due course of time, perfected this art by being able to engineer structures at 

sub-micron levels. The top-down approach for nanofabrication is the one first 

suggested by Richard Feynman in his famous American Physical Society lecture in 

1959 entitled “There’s plenty of room at the bottom”. Top-down approach is one of 

the oldest routes for the synthesis of nanoparticles. But its popularity has reduced with 

time, as its efficiency to produce decontaminated, monodispersed materials and also 

very small particles of few nanometers are questionable due to the unavailability of 

suitable tools. The main challenge for top-down manufacture is the creation of 

increasingly small structure with sufficient accuracy that is the imperfection of 

surface structure. It can cause significant crystallographic damage to processed 

pattern and additional defects may be introduced during etching steps. For example, 

nanowires made by lithography are not smooth and may contain a lot of impurities 

and structural defects on surface. Below certain size range, synthesis of nanoparticles 

by the top-down approach becomes costly and laborious. This approach can also 

produce surface defects, internal stresses and contaminations due to harsh conditions 

at the time of synthesis of nanoparticles.  Such imperfections would have a significant 

impact on the physical properties and surface chemistry of nanostructures and 

nanomaterials, since the surface over volume ratio in nanostructures and 

nanomaterials is very large. The surface imperfection would result in a reduced 

conductivity due to inelastic surface scattering, which in turn would lead to the 

generation of excessive heat and thus impose extra challenges to the device design 

and fabrication.   Regardless of the surface imperfections and other defects, top-down 

method continues to play an important role in the synthesis and fabrication of 

nanostructures and nanomaterials [2]. For the past few years, the biological methods 
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such as microbial (fungi, yeast and bacteria), plant extract and biomimetic synthesis 

routes have been gaining popularity over the traditional wet-chemical methods due to 

various advantages over these methods (especially in the case of oxide nanoparticle 

synthesis) as the biological synthesis methods avoid the use of harsh chemicals and 

take place in ambient conditions without the need of further treatment. In this 

technique, the as-synthesized particles are extremely stable due to the inherent coating 

at the surface by proteins, which enables them to be suspended in the aqueous 

medium. In this ‘‘bottom-up synthesis’’ approach, the metal salts are fed to the 

biomass which in turn secretes enzymes to form the nanoparticles. So far, the 

microbial techniques have been used to synthesize a range of metal [3] and binary 

oxides (TiO2, SiO2, ZrO2, Fe3O4 and Bi2O3 etc.) [4-7]. However, further research 

needs to be done to fine-tune the synthesis parameters to meet the challenges related 

to the scale-up of synthesis, better control over the particle size and shape and the 

synthesis of various other complex ternary oxide phases. Moreover, the synthesis 

mechanism and the involvement of various biomolecules needs to be understood 

completely over time. 

Herein, for the first time the process has been applied in a research lab. In our opinion, 

this process carries huge technical importance as it provides a very simple route to 

form small particles over traditional top-down methods (such as lithography, pulsed 

laser deposition, etc.), which are quite expensive. We have developed a novel ‘‘top-

down’’ biosynthesis approach, while learning from nature, where the degradation of 

rocks [8] (such as granite, sandstone, bricks, etc.) in the form of fine particles is 

carried out over a long period of time by microorganisms such as bacteria, fungi, 

yeast and algae [9]. In some cases, these microorganisms are found to actually bore 

paths into various materials [10, 11]. However, in nature, due to the lack of nutrients, 

this process is quite slow and uncontrolled. After learning from this ‘‘top-down’’ 

approach used by nature, we have accelerated this process in the laboratory 

environment by selectively using certain fungal species in the presence of nutrient 

media. We, for the first time have named this process as ‘‘bio-milling’’, which is 

equivalent to the ‘‘ball-milling’’ process commonly used by material scientists and 

engineers to break down large particles into smaller sizes. Synthesizing the 

nanocrystals of less than 10 nm size is a very challenging task for chemical methods, 

while it can be easily achieved by applying the biological methods like bio-milling, 

where the nanoparticles synthesized are in the range of less than 10 nm.  
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Hence Bio-milling is a “Green Top-Down Approach” used to synthesize complex 

oxide nanoparticles with particle sizes less than 10 nm with the proper crystalline 

phase by synergically utilizing both chemical and biological synthesis techniques 

[12]. So, here we follow the novel green route of “Bio-milling”. Biomilling is 

considered very much similar to bioleaching [13], where extraction of specific metals 

from their ores through the use of microorganisms takes place but the exact 

mechanism of bio-milling is not known as yet. We need bio-milling technique to get 

small sized, complex oxides nanoparticles which are very difficult to synthesize by 

bottom-up approach but can be easily synthesized by the top-down approach method 

(Bio-milling). In case of nanoparticles synthesized by biomilling, the crystal structure 

remains the same while only the number of unit cells present in a particle decrease 

which is important through an industrial point of view. Bio-milling is less costly than 

physical and chemical methods. There is no need of extreme conditions of 

temperature and pH in case of bio-milling. There are no pollution problems in case of 

bio-milling as no toxic chemical is released during this process.  In this effort, we 

have chosen BiOCl as a model system. 

Bismuth oxychloride is an important class of ternary compound which belongs to the 

family of main group multicomponent metal oxyhalides (V–VI–VII) having 

tetragonal crystal system [14-15]. The structure of BiOCl is known to have a layered 

structure, in which [Cl-Bi-O-Bi-Cl] sheets are stacked together through the Cl atoms 

along the c-axis by the non-bonding interactions. In each [Cl-Bi-O-Bi-Cl] layer, a 

bismuth center is surrounded by four oxygen and four chlorine atoms in an 

asymmetric decahedral geometry [16]. The weak inter-layer van der Waals 

interactions and strong intra-layer bondings give rise to a highly anisotropic structure, 

and give unique electrical, optical, and mechanical properties [17, 18] which have 

made BiOCl attractive in applications such as pharmaceuticals [19], cosmetics [20] 

and photocatalysis [21]. Bismuth oxychloride was the first ever synthetic, non-toxic, 

nacreous compound. It exhibits many intriguing properties such as 

photoluminescence, photoconductivity, thermally stimulated conductivity and good 

catalytic activities [22, 23]. We report here for the first time the use of fungal 

biomass, at 50
o
C temperature, to break down chemically synthesized BiOCl 

nanoplates (sizes ~200-250 nm) into very small particles (<10 nm) while maintaining 

their crystalline structure and phase purity. We have named this novel technique as 

“bio-milling”.  In this way, the environment friendly bio-milling, which is carried out 
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at ambient conditions, mitigates the shortcomings of chemical processes which are 

applied for the synthesis of nanoparticles. 

4.2 Experimental details  

For bio-milling purposes; we isolated an alkalotolerant and thermophilic fungus 

Humicola sp. (HAA-SHC-2) from self-heating compost. We maintained this fungus 

on MGYP (malt extract, glucose, yeast extract, and peptone) agar slants. The stock 

cultures were maintained by sub-culturing at monthly intervals. After growing the 

fungus at pH 9 and 50
o
C for 96 hours, the slants were preserved at 15

o
C. From an 

actively growing stock culture, sub-cultures were made on fresh slant and after 96 

hours of incubation at pH 9 and 50oC, were used as the starting material for further 

experiments. In order to break down the chemically synthesized BiOCl nanoplates 

(edge lengths 200-250 nm) to small sizes, the fungus was grown in 250 ml 

Erlenmeyer flasks containing 50 ml of the MGYP medium at pH 9 with shaking for 

96 hours. The fungal mycelia (20 gram) was separated from the culture broth by 

centrifugation and was resuspended in 100 ml of an aqueous suspension of the BiOCl 

particles in 250 ml Erlenmeyer flasks at pH 9 and kept on the shaker at 50oC (200 

rpm) and maintained in the dark. The reduction in the size of the BiOCl particles in 

the solution was monitored by periodic sampling (over 120 hours) of aliquots of the 

aqueous component for further characterization.  

4.3 Results and Discussions 

4.3.1 Visible analysis 

To monitor the effects of the fungus on the particles, we picked up the samples from 

the flask containing the fungal biomass after 18, 48 and 120 hours. We observed that 

the particles dispersed in the flask which initially formed a cloudy and unstable 

suspension in the aqueous medium (Fig. 4.1A) but were slowly (over a period of 18-

120 hours) taken into the solution by the biomass, with no precipitate left at the 

bottom of the reaction flask after almost 18 hours. In Fig. 4.1B and 4.1C, we show 

images of the suspensions of the particles after 18 and 48 hours of reaction with the 

fungus where a clear suspension of particles can be observed. It should be noted that 

this particle suspension was quite stable over a period of several months. 
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Figure 4.1: Photograph of the BiOCl particles suspended in water: (A) chemically 

synthesized BiOCl, (B) and (C) after 18 and 48 hours of reaction with the fungal 

biomass respectively. 

 

4.3.2 TEM and SAED analysis 

In Fig. 4.2 (A and B), we show transmission electron micrographs (TEM) of the 

chemically synthesized BiOCl nanoparticles at different length scales. For this 

purpose, the as-synthesized particles were suspended in amylacetate and were drop-

cast on the TEM grid. We noted that the dispersion of the particles in the solvent was 

quite poor due to the large size of the particles as well as the absence of any capping 

agents. The TEM images show that these particles are quite flat and almost square in 

shape. The agglomeration of the particles is due to the absence of any capping agent 

at the surface of each particle. Fig. 4.2(C) shows the particle size distribution 

histogram which show that the edge length of these particles is quite long (in the 

range 200-250 nm), while in Fig. 4.2(D), we show the selected area electron 

diffraction (SAED) pattern which exhibits a diffused ring pattern which confirms the 

crystallinity of chemically synthesized BiOCl nanoplates. As mentioned above, these 

chemically synthesized particles were now fed to the alkalotolerant and thermophilic 

fungus, Humicola sp. 
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Figure 4.2: Tranmission Electon Micrograph (TEM) of chemically synthesized BiOCl 

(A and B), Particle size distribution histogram. The solid line is a Gausssian fit to the 

histogram (C) and Selected area electron diffraction (D). 

 

To further investigate the effect of the fungus on the surface morphology of these 

particles, we also imaged the particles taken from the reaction flask after 18, 48 and 

120 hours. In Fig. 4.3(A-E), we present various TEM micrographs of the supernatant 

solution after 18 hours. As can be seen from these images, the nanoplates start 

fragmenting and form spherical particles of smaller sizes due to the reaction with the 

biomass. The tendril like structures as seen in some of these images (especially 4.3A 

and 4.3C) are possibly formed by the fungal mycelia. 
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Figure 4.3: (A–E) Transmission electron micrographs (TEM) of the chemically 

synthesized BiOCl particles reacted with the Humicola sp. biomass at different 

magnification for 18 hours. (F) Particle size distribution histogram determined from 

TEM micrograph. 
 

In Fig. 4.4 (A, B), we show TEM images of the particles taken from the flask after 48 

hours of the reaction. The particle size histogram presented in Fig. 4.4 (C) shows that 

the particle size decreases significantly from hundreds of nanometers to around 50 

nm. 

 

 

Figure 4.4: (A, B) Transmission electron micrographs (TEM) of the chemically 

synthesized BiOCl particles reacted with the Humicola sp. biomass at different 

magnification for 48 hours. (C) Particle size distribution histogram determined from 

TEM micrograph. 

 
Further, in Fig. 4.5 (A-E), we show the TEM images of the particles after nearly 120 

hours of reaction. It should be noted that the particles, which were initially much 
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larger in size, have broken down to particles with sizes between 4-8 nm with a quasi-

spherical geometry as shown in the histograms [Fig. 4.5(F)], with the average particle 

size at around 6 nm, which is quite remarkable. 

 

 

 

Figure 4.5: (A, E) Transmission electron micrographs (TEM) of the chemically 

synthesized BiOCl particles reacted with the Humicola sp. biomass for 120 hours. (F) 

Particle size distribution histogram determined from TEM micrograph. 

 

As we mentioned earlier, in nature, various kinds of microorganisms including fungus 

are known to degrade rocks to form smaller particles over a very long period of time. 

However, to the best of our knowledge, this is the first time that this process has been 

applied in a research lab. In our opinion, this process carries huge technical 

advantages over traditional top-down methods (such as lithography, pulsed laser 

deposition, etc.) which are quite expensive. Moreover, the bio-milling process 

provides a very simple and economical route to form smaller particles while 

maintaining proper crystallinity. We believe that the scaling-up of this synthesis 

process could be easily demonstrated by optimizing the parameters such as the type of 

microorganism, medium, pH and temperature as well as by using large fermenters for 

the reaction. 

4.3.3 HR-TEM analysis 

In Fig 4.6 (A, B),  we show the HR-TEM images of the BiOCl nanoparticles after 

nearly 120 hours of reaction where the lattice planes exhibit spacings of ~1.57 Å and 

~1.83  Å corresponding to the lattice planes {212}  and {113} respectively [24]. 
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Figure 4.6: HR-TEM micrographs of the BiOCl nanoparticles reacted with the fungus 

Humicola sp. for 120 hours. 

 

4.3.4 X-ray diffraction analysis 

To further check the effect of the exposure of the fungus on the crystallinity of the 

chemically synthesized BiOCl particles at various time scales, we performed powder 

XRD on the samples after 18, 48 and 120 hours of reaction time. The results are 

shown in Fig. 4.7. The XRD profile of the chemically synthesized BiOCl nanoplates 

matches very well with that reported in the literature [24, 25]. It is known that BiOCl 

has a tetragonal structure with reported unit cell parameters a=b=3.89, c=7.37, 

α=β=γ=90o
 with space group P4/nmm(129). The XRD pattern in Fig. (4.7B) 

corresponding to the sample treated for 18 hours shows an elevated background due 

to the presence of the fungal biomass. This is the same for the case of the pattern 

corresponding to the sample treated for 48 hours (Fig 4.7C). However, the changes in 

the relative intensities of the {002} and {101} reflections are due to the possible 

isotropic size reduction of the crystallites during the course of fungal treatment. 

However, the XRD pattern of the final sample after 120 hours (fig 4.7D) of treatment 

matches that of the chemically synthesized initial powder in terms of the 2θ positions 

as well the peak intensities. Further, the low background and sharper peaks suggest 

that the particles retain their crystallinity even after the bio-milling process. As 

indicated earlier, the change in the preferred orientation with digestion time (seen as 

the change in the relative peak intensities) is not surprising in the present work 

because the chemically synthesized particles show a plate-like structure and after 
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reacting the particles with the fungus, the particle morphology changes from flat to 

sphere-like structures thereby exposing various other crystalline planes for the 

incident X-rays which results in the change in the line intensities. 

  

 

Figure 4.7: Powder X-ray diffraction patterns of BiOCl: (A) as-synthesized by 

chemical methods and reacted with the fungus for (B) 18, (C) 48 and (D) 120 hours. 

 

Additionally, it has been seen that the difference in the sample preparation for powder 

X-ray diffraction can significantly contribute towards the overall texture of the 

sample. It should be noted here that we did not attempt to calculate the particle size 

from Scherrer’s formula as in this case the calculation of the crystallite sizes from the 

line broadening of the XRD peaks will be prone to errors as during the ‘‘bio-milling 

process’’ it is not certain that there is 100% fragmentation of the chemically 

synthesized particles. There might be a few particles remaining in the samples picked 

up for XRD which are still not fully fragmented, leading to particular line widths. 

Additionally, due to the smoothing process of the raw XRD data to get rid of the 

protein background, using the peak heights for further analysis might not be error-

free. 
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4.3.5 FTIR and PAGE analysis 

In Fig 4.8, the FTIR spectra in different regions for the chemically synthesized 

particles (lower pannel) and the biomilled particles after 120 hours (upper panel) are 

shown. In Fig 4.8, curve A and B show the presence of the absorption band around 

538 cm
-1

 due to the stretching of the Bi–O corresponding to valent symmetrical A2u-

type vibrations of the  Bi–O bond in BiOCl nanoplates [15, 26]. In Fig 4.8 (C) two 

absorption bands centered around 1658 and 1535 cm-1 are attributed to the amide I 

and II bands respectively which arise due to the carbonyl stretch and – N-H stretch 

vibrations respectively in the amide linkages of the proteins. The amide bands that 

arise from the vibration of the peptide groups provide information on the secondary 

structure of polypeptides and proteins. The amide I band arises principally from the 

C=O stretching vibration of the peptide group. The amide II band is primarily N–H 

bending with a contribution from C–N stretching vibrations [27, 28], whereas figure 

4.8 (D) shows the absence of amide bands in the chemically synthesized BiOCl 

nanoplates.  

To identify the number of proteins secreted by the fungus and their molecular 

weights, the fungus biomass [20 gram of wet mycelia] was resuspended in 100 ml of 

sterile distilled water for a period of 72 hours. The mycelia were then removed by 

centrifugation and theaqueous supernatant thus obtained was concentrated by ultra-

filtration using a YM3 (molecular weight cut-off 3000) membrane and then dialyzed 

thoroughly against distilled water using a 3000 cut-off dialysis bag. This concentrated 

aqueous extract containing protein was analyzed by PAGE (polyacrylamide gel 

electrophoresis) carried out at pH 8.8 [29]. In Fig. 4.8 (E), the preliminary gel 

electrophoresis measurement indicates that the fungus secretes four distinct proteins 

ranging in weight from 97 to 20 kDa. One or more of these proteins might be the 

enzymes that reduce the size of BiOCl and capped BiOCl nanoparticles formed by the 

reduction process. It is possible that more than one protein might take part in the 

capping and stabilization of the BiOCl nanoparticles. The exact mechanism leading to 

the reduction of nanosized BiOCl is yet to be elucidated for this fungus. We are 

currently separating and concentrating the different proteins released by the fungus 

Humicola sp. to test and identify the ones active in the above processes. 
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Figure 4.8: FTIR spectra of BiOCl: (A) reacted with the fungus, (B) as-synthesized by 

the chemical method. (C) Expanded view of the FTIR spectra shown in the region of 

the protein amide bands for biomilled BiOCl, (D) chemically synthesized BiOCl.  Fig 

4.8(E) Preliminary gel electrophoresis (SDS PAGE, pH 8.8) for Humicola sp. (HAA-

SHC-2) showing four distinct protein bands. 

 

4.4 Conclusion and future perspectives 

Living organisms have a huge potential for the production of 

nanoparticles/nanodevices of wide applications. By using the organisms from simple 

bacteria to highly complex eukaryotes in the reaction mixture, the production of 

nanoparticles/nanodevices with desired shape and size can be obtained. Bio-milling is 

less costly than physical and chemical methods. Bio-milling is carried out at room 

temperature and there is no need of extreme conditions of temperature and pH. Bio-

milling is a “Green Top-Down Approach” used to synthesize complex oxide 

nanoparticles with particle sizes less than 10 nanometer with proper crystalline phase 

by synergically utilizing both chemical and biological synthesis techniques and proves 

to be eco-friendly. Although nano-biotechnology is at its infancy, there are various 

examples explained in this thesis through which this technology would attract the 

attention of researchers owing to its innumerable and novel applications. Among 

these, a few studies have shown that different kinds of reductases of these organisms 

might be involved in the mechanisms of production of nanoparticles and attribute 

them various shapes and sizes. However, the elucidation of exact mechanism of 

nanoparticles production using living organisms needs much more experimentation. 
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The effects of nanotechnology on human health based applications are still unknown. 

Nano-biotechnology could dramatically improve public health, but there is concern 

over possible unforeseen adverse effects. Therefore, studies and monitoring methods 

are needed to determine what environmental and health risks are associated with 

nanomaterials and nano applications. In future, we could imagine a world where 

medical nanodevices would be routinely implanted or even injected into the 

bloodstream to monitor health and to automatically participate in the repair of systems 

that deviate from the normal pattern. The continued advancement in the field of 

biomedical nanotechnology is the establishment and collaboration of research groups 

in complementary fields. However, nanotechnology in medicine faces enormous 

technical hurdles in which long delays and numerous failures are inevitable. Likewise, 

it should not be taken for granted the dangers and negative consequences of 

nanobiotechnology when applied in warfare, in the hands of terrorists and disasters 

associated with its application in energy generation when and wherever it strikes, or 

the risks associated with nanoparticles in blood circulation. It should be appreciated 

that nanotechnology is not in itself a single emerging scientific discipline but rather a 

meeting point of traditional sciences like chemistry, physics, biology and materials 

science to bring together the required collective knowledge and expertise required for 

the development of these novel technologies. Due to the present challenges in the 

conventional wet-chemical methods for the preparation of nanomaterials, especially in 

the synthesis of complex oxide materials in extremely small size (<10 nm), there is a 

strong need to investigate the methods which are cost effective, eco-friendly and 

industrially feasible from several aspects. 

In this work, we report the synthesis of nanoparticles by top-down approach (bio-

milling) using the biological system i.e. Humicola sp. We present this novel technique 

developed at NCL, Pune (India) by which it was possible to reduce the size of 

chemically synthesized micron sized BiOCl nanocrystals using Humicola sp. at 50
o
C 

temperature into the nanosized particles while maintaining the excellent crystallinity 

of the material. This “green technique” which has a potential for commercial 

application into a large scale synthesis of nanomaterials with a simple route is named 

as “bio-milling”. Bio-milling is a new concept for top-down synthesis of nanoparticles 

but very less is known about the exact mechanism. So, until now it is at a research 

level at N.C.L. In our opinion, this process carries huge technical importance as it 

provides a very simple route to form small particles over traditional top-down 
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methods (such as lithography, pulsed laser deposition, etc.), which are quite 

expensive. Future investigations are in progress to understand the amino acid 

sequence of this protein and the nature of the interaction of this protein with BiOCl 

nanoparticles. Since we can also sort out the gene of interest and analyze its sequence, 

the proteins of interest can be separated and purified from the bulk so that these 

proteins can be tested for bio-milling. We believe that the scaling-up of this synthesis 

process could be easily demonstrated by optimizing parameters such as the type of 

microorganism, medium, pH and temperature as well as by using large fermenters for 

the reaction. 
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Chapter 5 

    

    

    

    

    

General discussion and 

conclusions 

    

This chapter contains the concluding remarks on the salient features of the work    described in this 
thesis and discusses the possible avenues for future work. 
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5.1 Summary of the work 

The work carried out in this thesis mainly concentrates on bioinspired inorganic 

nanomaterials synthesis and their applications.  

We have synthesized a range of water soluble and protein capped metal oxides and 

fluorescent nanomaterials using the mesophilic fungus Fusarium oxysporum, 

alkotolerant mesophilic fungus Trichothecium sp. and thermophillic fungus Humicola 

sp. The reasons why each of the above mentioned microorganisms were used for the 

synthesis of above specific inorganic nanomaterials are as follows. 

1. We have screened a number of mesophilic, alkalotolerant, alkalophilic, 

endophytic and thermophilic microorganisms in order to synthesize very 

important water dispersible, protein capped half metallic ferromagnetic CrO2 

nanoparticles extracellularly. Out of several microorganisms screened, only an 

alkalotolerant mesophilic fungus Trichothecium sp. produces protein capped; 

water dispersible, extracellular CrO2 nanoparticles in range of 21-25 nm size 

at room temperature. 

2. Our group has already synthesized a range of metal nanoparticles, binary and 

ternary oxide nanoparticles, alongwith suphide and quantum dot nanomaterials 

of different sizes and shapes using the mesophilic fungus Fusarium 

oxysporum. This led us into thinking toward the possibility of the synthesis of 

protein capped water dispersible Bi2O3, antiferromagnetic Mn5O8 and highly 

fluorescent Bi2S3 nanoparticles extracellularly. 

3. Our group at N.C.L has already reported the extracellular synthesis of silicate 

nanoparticles using thermophilic fungus Humicola sp. This has prompted us to 

use this fungus for the size reduction of technologically important water 

soluble protein capped BiOCl nanoparticles extracellularly.        

Several biomimetic synthesis approaches, where biomolecules or microbes participate 

either in the reduction, oxidation or hydrolysis of the precursors or act as templates 

are gaining popularity as these novel synthesis methods do not require high 

temperature, pressure or extreme pH conditions. These reactions are often 

environment friendly and efficiency of these natural synthesis processes is often very 

high. Thus, we conclude that microorganisms such as fungi have proved themselves 

as possible eco-friendly inorganic nanofactories.  It is the wonder capacity of these 
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organisms which can be exposed for the synthesis of excellent nanomaterials through 

a very straight forward and hygienic route. 

In the present thesis, we have explored a fungi mediated biological approach toward 

the synthesis of inorganic nanomaterial and an attempt has been made to design 

biological methods for the synthesis of complex transition metal oxide and metal 

sulphide nanoparticles. There are basically two different biosynthetic approaches for 

the synthesis of chemically difficult to synthesize nanoparticles: the “bottom-up” and 

the “top-down” approach.  

In the first approach (bottom-up), we demonstrate that the fungal biomass is capable 

of synthesizing some difficult phase of transition metal oxide and metal sulphide 

nanoparticles at room temperature by reacting the metal ion salts such as acetate, 

nitrate and chromate with the fungus Fusarium oxysporum and Trichothecium sp. We 

observed that the mesophilic fungus Fusarium oxysporum, on exposure to chemical 

precursors like bismuth nitrate is capable of synthesizing Bi2O3 nanoparticles having 

particle size 5-10 nm, under ambient conditions which is extremely difficult to obtain 

by any other synthetic routes. Similarly, after reacting Fusarium oxysporium with 

manganese(II)acetate tetrahydrate, Mn5O8 nanoparticles of an average particle size of 

around 10-11 nm were obtained. Mn5O8 nanoparticles have complex electronic 

structure with presence of two mixed valencies (Mn2+ and Mn4+) of manganese ion 

and form the chemical formula like “Mn2
2+

Mn3
4+

O8”, which was confirmed by XPS 

analysis. Magnetic measurements show that these nanoparticles exhibit 

antiferromagnetic behavior. Furthermore, nanocrystalline chromium dioxide (CrO2) 

was synthesized by using the fungus Trichothecium sp. and potassium dichromate 

(K2Cr2O7) was used as precursor salt. These nanoparticles have an average particle 

size of around 22 to 24 nm and show ferromagnetic behaviour. Being metastable in an 

oxygen rich environment, CrO2 nanoparticles show presence of Cr2O3 layer over 

themselves which was further confirmed by the HR-TEM images, XPS analysis and 

magnetic measurements. Furthermore, ferromagnetic and antiferromagnetic coupling 

of CrO2 and Cr2O3 layers results in exchange bias in the CrO2 nanoparticles and is 

confirmed by the M-H curves in magnetic measurement. CrO2 is half metallic 

ferromagnetic, having highest spin polarization; but amongst the lowest tunnel 

magnetoresistant ones and is a favorite material for magnetoelectronic devices and as 

storage media in magnetic tapes. These oxide nanoparticles are capped by a protein 

which restricts its growth during its synthesis. Hence, nanoparticles synthesized by 
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biosynthetic approach are much smaller in size. This extracellular protein acts as a 

reducing agent as well as provides long term stability in aqueous medium which binds 

to the surface of the nanoparticles and thus prevents aggregation.  

Further, we have extended the same approach to synthesize bismuth sulphide (Bi2S3) 

nanoparticles in aqueous phase which shows semiconductor behaviour. Orthorhombic 

Bi2S3 nanoparticles were prepared by reacting the mesophilic fungus Fusarium 

oxysporum with bismuth nitrate (Bi(NO3)3·5H2O) and Na2SO3 as a precursor. 

Biogenic bismuth sulfide nanoparticles were highly stable and exhibited excellent 

optical properties. Transmission electron micrograph (TEM) images showed that 

nanoparticles are quasi-spherical in shape with an average particle size of 15 nm and 

shows a blue shift with a band gap of 3.04 eV. These Bi2S3 nanoparticles were used in 

SPECT-CT probe for small-animal imaging. This was injected into rats and 

biodistribition image and clearance time from blood was calculated. 

In the second approach (top-down), we show that the fungal biomass can be used to 

breakdown the chemically synthesized larger BiOCl particles (150-200 nm) into 

particles as small as 5-6 nm while maintaining the crystallinity and phase at the nano 

level. We have named this technique as “bio-milling”. We believe that this technique 

can be used to synthesize several oxide nanoparticles whose synthesis in the size less 

than 10 nm by conventional wet-chemical methods is difficult. In nature, the 

microorganisms including fungus are known to degrade rocks to form smaller 

particles over a very long period of time. However, to the very best of our knowledge, 

this is for the first time that the process has been applied in a research lab.  In our 

opinion, this process carries huge technical importance as it provides a very simple 

route to form small particles over traditional top-down methods (such as lithography, 

pulsed laser deposition, etc.) which are quite expensive. We believe that the scaling-

up of this synthesis process could be easily demonstrated by optimizing parameters 

such as the type of microorganism, medium, pH and temperature as well as by using 

large fermentors for the reaction. 

So, these studies suggest that both the biosynthesis approaches (bottom-up and top-

down)  can lead toward the solution to fulfill the demands of development of reliable 

and eco-friendly processes for the synthesis of complex metal oxide and metal 

sulphide nanomaterials. Thus, the production of nanomaterials by biological methods 

provides an edge over other synthesis routes in terms of low energy intake and leads 

to a potentially large cost reduction. 
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5.2 Scope for future work 

The prospective applications and potential of the bio-inspired inorganic nanomaterial 

synthesis which is described in this thesis are limited only by the hypothesis and 

opinion of the researcher. Biological methods for the synthesis of inorganic 

nanoparticles described here are in the preliminary stage and need to be optimized 

before they can be compared with the existing chemical methodologies. Furthermore, 

the fungus mediated synthesis approach that we have used for synthesizing inorganic 

nanoparticles can be extended for synthesizing other complex ternary metal oxides, 

multiferroics, core shells etc. which are difficult to achieve using conventional 

synthesis routes and have different properties and applications. In addition, there is a 

need for the in-depth characterization of nanomaterials which we have synthesized by 

both the approaches. It would also be useful to study in detail the electronic structure 

and magnetic properties like ferromaganetic resonance of biosynthesized CrO2 

nanoparticles which make it a favorite material for various potential applications. 

Similarly, it would be interesting as well to investigate the detailed optical properties 

of Bi2S3 quantum dots synthesized using Fusarium oxysporum. Investigation of 

temperature dependent photoluminescent properties alongwith its stability and 

toxicity studies would be important for finding out its biomedical applications. 

Effect of various experimental parameters such as incubation temperature, aerobic or 

anaerobic conditions, use of alternate precursor salt, detailed analysis of interaction of 

metal ions, interaction of bulk particles with fungal biomass in case of top-down 

approach (biomilling) and extracellular protein/biomolecules secreted from the 

fungus,   etc. would give valuable information with which properties of nanoparticles 

e.g. shape, size, monodispersity, etc. could be controlled. Besides these, other aspects 

like identification of microorganism which could synthesize nanomaterials of interest 

and in-depth study of the nature of the interaction of fungal biomass and precursor salt 

(bulk particles in case of bio-milling) need to be studied. One of the most challenging 

aspect of both the biosynthetic approaches (bottom-up and top-down) of 

nanomaterials synthesis is to perform a detailed investigation of their  biochemical 

mechanism  and identify the type and number of proteins/enzymes and their 

subsequent DNA fragments involved in the bio-milling and biosynthesis process. This 

would lead to the synthesis of respective nanomaterials in bulk quantities and thus the 

biosynthesis approach would be able to meet the industrial needs. 
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Our group at N.C.L, Pune, has already made significant progress towards the 

synthesis of inorganic nanomaterials of different chemical compositions such as 

metal, metal oxides, metal sulphides, quantum dots, alloys and synthesis of 

nanoparticle-drug conjugates. Biosynthesis of technologically challenging materials 

as the ones synthesized above may find applications in imaging, diagnostics and 

therapeutics, etc.  The nanomaterials which we have synthesized using fungal routes 

are water dispersible, protein capped and may bind to various receptors such as 

EGFR( Epidermal growth factor receptor ), EpCAM ( Epithelial cell adhesive 

molecule), folic acid and other cancer biomarkers without targeting agents. Since the 

nanomaterials which we have synthesized through the microbial routes can act as 

antiangiogenic or angiogenic molecule, these protein capped inorganic nanomaterials 

can also be taken into consideration to be used directly as a drug in future without any 

side effects. 
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Appendix I: Instrumental details 

Transmission electron microscope: 
TEM measurements were performed on a JEOL Model 1200EX instrument operated at 

an accelerating voltage of 80 kV. HR-TEM measurements were carried out using a 

JEOL–JEM-2010 UHR instrument operated at an acceleration voltage of 200 kV with a 

lattice image resolution of 0.14 nm. In addition to this, for HR-TEM measurements, a 

TECHNAI G2 F30 S-TWIN instrument (Operated at an acceleration voltage of 300 kV 

with a lattice resolution of 0.14 nm and a point image resolution of 0.20 nm) was also 

employed. The same set of instruments was used for selected area electron diffraction 

analyses. For this purpose, we prepared the samples by drop-coating the particles 

suspended in aqueous medium on carbon coated copper grids and allowing the solvent to 

evaporate. Selected area electron diffraction (SAED) analysis was also carried out on the 

same grids. 

 

X-ray diffraction  

Powder XRD patterns were recorded using a Philips X’PERT PRO instrument equipped 

X’celerator, a fast solid-state detector on drop-coated sample on glass substrate. The 

sample was scanned using X’celerator with a total number of active channels of 121. 

Iron-filtered Cu Kα radiation (λ=1.5406 Å) was used. XRPD patterns were recorded in 

the 2θ range of 20°- 80° with a step size of 0.02° and a time of 5 seconds per step. 

X-ray photoelectron spectroscopy 

Measurements were carried out on a VG MicroTech ESCA 3000 instrument at a pressure 

better than 10
-9

 Torr. The spectra were recorded with un-monochromatized MgKα 

radiation (photon energy = 1253.6 eV) at a pass energy of 50 eV, electron takeoff angle 

(angle between electron emission direction and surface plane) of 60
o
 and a resolution of 

0.1 eV. The core level spectra were background corrected using the Shirley algorithm and 

the chemically distinct species were resolved using a nonlinear least squares curve fitting 

procedure. The core level binding energies (BEs) were alligned with respect to the C 1s 
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binding energy (BE) of 285 eV. For this, the sample was prepared on silicon substrate by 

drop-coating. 

UV-visible-NIR spectrophotometry: 

UV-Visible spectroscopy measurements were carried out on Jasco dual-beam 

spectrophometer (model V-570) operated at a resolution of 1nm.  

Fluorescence spectrophotometer: 

Fluorescence spectra were recorded on a CARY Eclipse instrument from Varian with a 

slit width of 5 nm. 

FTIR spectrophotometer: 

FTIR spectroscopy measurements on nanocrystal’s powder taken in KBr pellet were 

carried out using a Perkin-Elmer Spectrum One instrument. To obtain good signal to 

noise ratio, 128 scans of the film were taken in the range of 450 – 4000 cm
-1

 at a 

resolution of 4 cm
-1

. 

 

Thermo gravimetric analyzer 

Thermogravimetric analysis (TGA) experiments was carried out using a Q5000 V2.4 

Build 223 instrument by applying a scan rate of 10
o
C min

-1
 in N2 environment. For this 

purpose, we first dried the sample under incandescent lamp to form powder.  

Energy dispersive analysis of X-rays (EDAX) 

Energy dispersive analysis of X-rays (EDAX) measurements were performed on a Leica 

Stereoscan-440 scanning electron microscope (SEM) instrument equipped with Phoenix.
 

For this, the sample was prepared on silicon substrate by drop-coating. 

Magnetic measurement 

For magnetization vs. magnetic field measurements, we used a Magnetic Property 

Measurement System (MPMS) from Quantum Design Inc., USA equipped with SQUID 

magnetometer and superconducting magnet. For this purpose, we took the sample in 

Teflon tape and packed it inside the gelatin capsules. 
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Appendix III: List of abbreviations 

 

λ......…………………………………...…………………………………….....Wavelength 

µL……………………………………………………………………………….Micro liter 

µg………………………………………………………………………………Micro gram 

AFM…………………………………………………………….Atomic Force Microscopy 

Å………………………………………………………………………………….Angstrom 

a.u…………………………………………………………………………...Arbitrary units 
o
C…………………………………………………………………………...Degree Celsius 

CT………………………………………………………………… Computed tomography 

DRS……………………………………….…..……………...….Diffuse reflectance mode 

etc………………………………………………………………………………….Etcetera 

eV…………………………………………………………………………… Electron volts 

Fig……………………………………………………………………………………Figure 

FC...…………………………………………………………………………...Field Cooled 

FTIR……………………….………………Fourier Transform Infrared spectrophotometer 

H……………………………………………………………………Applied magnetic field 

HRTEM……………………………..High Resolution Transmission Electron Microscopy 

kDa……………………………………………………………………………. Kilo Dalton 

M………………………………………………………………………….....Magnetization 

MGYP…………………………………... Malt extract, glucose, yeast extract and peptone 

MRI…………………………………………………………Magnetic Resonance Imaging 

MEMS……………………………………..………….Micro Electro Mechanical Systems 

nm……………………………………………………………………………….Nanometer 

NIR………………………………………………………………..…………Near infra-red 

PDA…………………………………………………………………...Potato dextrose agar 

QDs…………………………………………………………………………. Quantum dots 

rpm…………………………………………………………..………Rotations per minute 

SPECT…………………………………….Single photon emission computed tomography 

SAED………………………………………………….Selected Area Electron Diffraction 

SPR……………………………………………………………Surface Plasmon resonance 

SEM………………………………………………...…..….Scanning Electron Microscopy 

TGA………………………………………………………….Thermogravimetric Analysis 

TEM……………………………………..…...………  Transmission Electron Microscopy 

UV-vis.……………………………….……………………….………. Ultraviolet-Visible 

XRD………………………………..…………………..…..……………X-Ray Diffraction 

XPS……………………………………………………X-Ray Photoelectron Spectroscopy 

ZFC………………………………………………………...……………Zero Field Cooled 
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