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Preface 

The eco-friendly method for synthesis of nanomaterials with high aqueous dispersibibily, 

and stability, is of immense importance in nanotechnology. In this context, the biological 

method following nature’s way would be the best choice. Most of the biological methods 

use the bottom-up approach, in which the nanomaterials are fabricated by the self-

assembly of molecules/atoms. Therefore, the exploration of the biological top-down 

method is of immense interest. This thesis mainly, emphasizes on the use of 

microorganisms for the synthesis of nanomaterials by the controlled breakdown of bigger 

(micron-sized) particles into smaller nanoparticles and is termed as “biomilling”.  

This thesis is divided into five chapters.  In the first chapter depicts the general 

introduction to the thesis. It also gives a glimpse of various methods of synthesis of 

nanoparticles and the method used in the thesis work i.e. biomilling. The second chapter 

describes the experimental and characterization techniques which have been used to carry 

out the work. The third chapter describesthe biomilling of metal oxide nanorods into small 

quasi-spherical nanoparticles and to culminate some of the challenges associated with 

biomilling. The fourth chapter describes the biomilling of metal oxy-hydroxide nanorods 

into small quasi-spherical nanoparticles. In this chapter our main emphasis is to 

understanding about the mechanistic aspects of biomilling. The fifth chapter describes the 

conclusions and future perspective of the work described in this thesis. In short, the aim of 

this thesis is to provide the wealth of information for the top–down biological synthesis of 

nanomaterials. 
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Chapter I 

Introduction 

_________________________________________________________________________ 

The eco-friendly synthesis of functionalized, quasi-spherical, highly water dispersible, and 

stable nanomaterials is an essential part of the research in nanotechnology. In the current 

world scenario, there is a growing need to develop environment friendly methods for the 

synthesis of nanomaterials and this thesis is a deliberate effort towards it. The work mainly 

emphasizes on biomilling; a biological top-down method of synthesis of nanoparticles, and 

to understand its mechanistic aspects. 

This chapter provides an introduction to the thesis. It gives an overview and 

important aspects of multidisciplinary research of bionanotechnology. It started with the 

theme of motivation then the diverse methods of synthesis of nanoparticles, including the 

method which we used in the thesis “biomilling”, were described. Furthermore, the few 

important applications of nanomaterials have been depicted. Finally, the chapter-wise 

description of the work done in this thesis was illustrated. 
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1.1 Theme and Motivation 

“Look deep into nature, and then you will understand everything better.” 

— Albert Einstein 

 

People have been turning to nature to solve their problems; for millions of years. Scientists 

also often look to nature, to see if there's already a solution to the problem they are facing. 

How does butterfly display beautiful colors? What produces the dazzling colors of 

peacock’s feathers? The answers to mysteries lie in the nature’s spectacular architectures, 

which constitutes miniature optical mirrors and filters made of organic crystal or 

physisorbed water layers, arranged periodically. When such periodicity is in the range of 

ten to few hundreds of nanometers; which is also the periodicity of refractive index, these 

structures interferes with the visible light and modify the transmitted, reflected or absorbed 

light.
1
 Nature is the grandmaster who builds and transforms materials into different shapes, 

and sizes with different properties. It is remarkable to see how the highly complex tasks 

have been performed in nature with simple, yet highly efficient machinery. The way nature 

works, is quiet energy efficient and environment friendly.  

Scientists throughout the world have been developing the green synthetic methods, 

for the synthesis of nanomaterials. The living organisms as well as other biological 

materials, have been used for the synthesis of various nanomaterials.
2
 Now a days, number 

of biological methods for synthesis of nanomaterials, have been established by scientists, 

throughout the world.
3–6

 Some examples are biosynthesis,
4,7–10

 biomimetic synthesis,
11,12

 

bio-templated synthesis,
13

 biomineralization,
14–17

 bioreduction,
18,19

 bio-inspired materials 

synthesis,
20

  bioremediation
21

 etc. To carry out these processes, various genera of living 
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organisms and their products have been used such as bacteria,
22

 fungi,
23,24

 viruses,
25,26

 

plant extracts,
27

 plant metabolites,
28

 antibiotics,
29

 enzymes,
23,30,31

 proteins,
32

 nucleic 

acids
33

and so on.  

The work of this thesis is greatly inspired by the natural phenomena such as ‘the 

biological weathering of rocks’
34,35

and ‘bioleaching’,
36,37

 which constitute many physical, 

chemical as well as biological processes. Here, our main concern is biological weathering, 

in which plants, animals and/or consortium of micro-organisms (bacteria, fungi, algae or 

yeasts) release the chemical compounds, such as organic acids, metal chelating agents, 

acidifying molecules etc. These processes are the elegant ways of extraction of inorganic 

nutrients from rocks.
34,38

 The motivation behind this work came from the enthusiasm to 

understand and to harness the natural resources for the synthesis of nanomaterials. With 

this inspiration from nature, microorganisms for the controlled breakdown of bigger 

(micron-sized) particles into smaller nanoparticles (NPs) were used and this rather a newly 

developed process in our laboratory was termed as “biomilling”. This nomenclature has 

been derived from analogues physical process “ballmilling” which is used to grind the 

bigger particles into NPs using mechanical energy. In the biomilling process, no harsh 

chemicals are used therefore, it can be considered as a ‘green top-down method’ for 

synthesis of NPs. 

1.2 Various Approaches for the Synthesis of Nanoparticles  

The most valuable and challenging part of nanotechnology is the fabrication of 

nanomaterials. It can be done by two antagonistic ways, either by breaking down the 

bigger particles “top-down” or by the assembly of atoms or molecules “bottom-up” 

approaches. Now a days, a number of chemical, physical and biological processes, are used 
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for the synthesis of nanomaterials. Some of these methods, for the synthesis of 

nanoparticles are shown in figure 1.1.  Among all the methods, the physical methods are, 

in general, energy intensive; and chemical methods use hazardous chemicals that pose 

adverse effects on the environment. The nanomaterials synthesized by these methods are 

mostly incompatible for biological uses. Many times, these nanomaterials are unstable at 

physiological conditions required for the well-being of organisms. Therefore, the 

alternative environment-friendly methods are of immense interest. For the search of such 

environment-friendly methods, the scientist often looks towards the nature. 

Figure 1.1: The various approaches for the synthesis of nanoparticles. 

In last two decades, the biological methods have gained their popularity for being 

environment friendly as well as biocompatibility, and are termed as “green synthesis 

methods”.
30

 During this period, many different biological methods such as biosynthesis, 

biomimetic synthesis, bioreduction, bioremediation, bio-template synthesis, enzymatic 

synthesis, protein/peptide-mediated synthesis, nucleic acid mediated synthesis etc. have 
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been developed; however, all these methods use the bottom-up approach. Therefore, the 

exploration of top-down method would be of great significance. 

1.2.1 Bottom–up Approaches of Synthesis of Nanoparticles 

Feynman suggested that the atoms can be arranged in the way we want,
39

 but it requires a 

deep understanding of the individual molecular structures, their assemblies, and dynamic 

behaviors. In the bottom–up approach, the functional nanometer size objects are 

constructed by the self-assembly of molecules/atoms.
40

 The molecular self-assembly 

involves mostly weak and non-covalent interactions. These interactions include (i) 

hydrogen bonds, (ii) ionic bonds (electrostatic interactions), (iii) van der Waals interactions 

etc.
2
 Individually, these interactions are feeble, however; numerous interactions together 

make them strong enough to hold the atoms/molecules together in the form of stable 

nanoparticles.  

1.2.2 Top–down Approaches of Synthesis of Nanoparticles 

The top–down methods for synthesis of nanomaterials are the counterpart of the bottom–

up approaches which involve the breaking-down of bulk materials into nanoparticles. 

Instead of building an object from the bottom up, atom-by-atom, early craftsmen invented 

the top-down approach.
41

 They use tools to shape and transform existing matters like clay, 

plant fibers, and metals etc. to create functional products. With the advancement of the 

techniques, today a number of methods are available for patterning of surfaces, like 

nanolithography using photons (X-ray, UV), scanning probe, electron or ion beams.
42

 

Likewise, the assembly and manipulation of atoms can also be done using STM.
43

 

However, for producing the materials in nano-dimension, this method is less popular, 
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except few physical methods e.g. ball milling,
44

 laser abalations
45

 etc. Our lab has 

deliberately taken initiative to explore the green top-down approach for the synthesis of 

nanoparticles below 10 nm and named biomilling.
46,47

 In this thesis, we have used this 

approach for synthesis of nanomaterials, however, with some improvements.
48,49

  

1.3 Synthesis of Nanoparticles by Physical Methods 

1.3.1 Ball Milling 

A ball mill is a type of grinder used to grind and blend materials. A schematic of ball-mill 

is shown in figure 1.2. This is most commonly used in mineral processing industries e.g. 

paints, pyrotechnics, ceramics and selective laser sintering etc. The ball milling technique, 

which is generally regarded as a traditional technique, has the history of several centuries. 

However, the use of this method for synthesis of nanomaterials was first time realized in 

1999.
50,51

 Thenceforth, this method has been used by many researchers for synthesis of 

different nanomaterials including one-dimensional nanomaterials.
44,52–54

 

 

Figure1.2: Schematic of high-energy vertical rotating ball mill. 
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1.3.2 Spray Pyrolysis 

Spray pyrolysis is a process in which, a solution is spread on a heated surface, which 

allows the constituents to react to form a thin film. The chemical reactants are selected 

such that the products other than the desired compound are volatile at that temperature.
55

 

This process is well suitable for the deposition
56

 and synthesis of oxide nanomaterials,
57

 

synthesis of carbon nanotubes
58

 etc. This method is widely used for the deposition of a 

transparent conductive coating of SnO2 on glass substrate, which is widely used for making 

dye sensitize solar cells.
59

 

1.3.3 Laser Ablation 

Laser ablation is the process of removing material from a solid (or occasionally liquid) 

surface. Pulsed laser ablation in liquids used for the synthesis of nanoparticles in 

solvent/liquid. The target material is evaporated and condenses in the solvent thus forming 

nanoparticles. The synthesis of gold nanoparticles by laser ablation is shown by a 

schematic in figure 1.3. This method can be considered as top-down physical method of 

synthesis of nanoparticle.
45,60,61

 It has also been used for the reshaping of nanoparticles 

from irregular into spherical shape.
62

 

 

Figure 1.3: Schematic showing synthesis of gold nanoparticle by laser ablation.  
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1.3.4 Nanofabrication, Nanolithography and Nano-manipulation 

With the advent of STM, it has been possible to precisely move individual atoms or 

molecules. Nowadays, scanning probe lithography (SPL) method has gained popularity for 

nanofabrication. With the help of today’s sophisticated instruments; it is possible to have 

nano-scale precise control for the construction of spatially defined nanostructures. It is also 

possible to do this on surfaces with reactive or adhesive ligands for the subsequent 

attachment of polymers, inorganic materials, biomolecules etc.
63,64

 

1.4 Synthesis of Nanoparticles by Chemical Methods 

This method is the most commonly used method of synthesis of nanomaterials. 

1.4.1 Wet Chemical Synthesis  

Wet chemical synthesis comprises of all the chemical methods that carried out in the liquid 

phase.
65–68

 In this method, an inorganic metal salt is dissolved in a solvent are added to 

basic solutions under controlled condition, in order to precipitate out the nanomaterials to 

be synthesized which then washed, dried and sometimes calcined, to obtain final 

nanoparticles. Some common methods are – Hydrothermal/solvothermal method,
67

 sol – 

gel method, co-precipitation method,
68

 micro-emulsion techniques/water–oil micro-

emulsions method, polyol method etc. 

1.4.2 Sol-gel Method 

The colloidal suspension, in which solid particles of few hundred nanometers in size 

dispersed in a liquid phase are known as sol, whereas solid macromolecules immersed in a 

solvent to form jelly-like material, can be considered as a gel. In this method, the chemical 

transformation of sol into a gel state occurs, which upon subsequent post-treatment, 

transform into respective solid/metal oxide nanomaterials. The structure and composition 
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of nano-oxides formed with this method depends upon the reaction conditions, pH of 

solution, ion source and nature of precursors.
65

 

1.4.3 Micro-emulsion Method 

The micro-emulsions are transparent solutions consisting of small droplets of an 

immiscible phase (non-polar or polar). It generally consists of an aqueous phase and 

organic/oil phase. The surfactants are added to lower the interfacial tension between the 

immiscible dispersed and continuous phases to stabilize the droplets. The self-assembly 

take place in order to form nanoparticles with the size ~1–100 nm. The size of formed 

nanoparticles can be tailored by varying the concentrations of the dispersed phase and the 

surfactant phases. 

1.4.4 Co-precipitation Method 

In this process, the basic solutions commonly sodium hydroxide or ammonium hydroxides 

were added to inorganic salt precursors usually chloride, oxy-chloride, nitrates etc., to 

precipitate respective metal hydroxide. After filtration, washing and calcination, it forms 

respective metal oxide nanoparticles.
68

 This method is especially useful for the synthesis of 

large amount of nanoparticles, however, the control of particle size distribution is limited.
65

 

1.4.5 Hydrothermal Method 

This method is carried out in a specialized vessel that could with stand high temperature 

and pressure commonly known as hydrothermal bomb. In the vessel, heterogeneous 

reaction takes place in presence of aqueous solvents, under high temperature and 

pressure.
67
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1.4.6 Microwave Assisted Method 

The electromagnetic radiation with frequencies between 300 MHz (wavelength 1 m) to 300 

GHz (wavelength 1 mm) are called microwave. The house hold microwave produces 

frequency ~2.45 GHz (λ=12 cm). This non-ionizing radiations cause the dielectric heating, 

primarily by absorption of the energy in water. The application of microwave heating is 

used for the synthesis of nanoparticles since 1986.
69

 

1.4.7 Electrochemical Method 

In this method the electrons act as reactant. The electrochemical redox reaction is carried 

out generally using platinum or steel electrodes. It can be considered as an environment 

friendly process with no pollution.
70

 

There are many more chemical methods like – chemical vapor synthesis, sono-

chemical method, photochemical process etc. 

1.5 Synthesis of Nanoparticles by Biological Methods 

“When nature finishes to produce its own species, man begins using natural things in 

harmony with this very nature to create an infinity of species.” 

 –Leonardo da Vinci 

Living organisms have diverse metabolic capabilities to synthesize various metabolites and 

interact with minerals present in the environment. The minerals they use for their growth 

and metabolism to form protective structures. To do so, these minerals/ions are firstly 

taken into the cell through various mechanisms and then incorporated into the necessary 

physiological pathways and biosynthetic structures of the body. The formation of inorganic 

minerals is termed as bio-mineralization and the mineral formed by organisms are called 
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bio-minerals. This bio-mineralization is widespread phenomenon found in various groups 

of organisms including plants, animals and microorganisms.
16,71–73

 Some of these 

organisms are – diatoms, sponges, mollusks, crustaceans, coral forming organisms etc.  

The bio-mineralization forms all the level of hierarchical structures from mega 

structures like the coral reef, to down to nano-meter structures. Coral reefs are elegant 

example of a mega structure built by colonies of tiny animals found in marine waters. 

These structures are mostly made of calcium carbonate secreted by coral organisms. The 

largest coral reef is “The Great Barrier Reef”, comprising over 2,900 individual reefs and 

900 islands stretching for over 3,48,000 square kilometers of Queensland, Australia.
72,74

 In 

contrast the beautiful color of some butterfly wings, bird’s feathers and scales of fishes, are 

an elegant example of synthesis and patterning of nano-crystals. In order to generate these 

light effects, the mirrors or filters are arranged in multilayers; with vary in refractive index 

of alternate layers.
1
 

The bio-minerals perform a large number of vital functions required for the survival 

of an organism. Some of the functions include a protective covering around the body 

(exoskeleton), provide mechanical strength to body (endoskeleton), resistance to pests and 

predators, act as buoyancy device, optical receptors in eyes, gravity receptor etc. Some 

magneto-tactic bacteria, used to synthesize intracellular magnetic nanomaterials, which 

helps bacterium to move in response to magnetic field (magneto-taxis).
75

 

The bio-mineralization process served as a source of inspiration for the 

nanotechnologist for the biosynthesis of nanoparticles. Although human beings have been 

using living-organisms especially microorganisms for ages, in the production of cheese, 

curd, wine, beer, bread etc., but the possibility of using such microorganisms in the 
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deliberate synthesis of nanoparticles is a relatively new procedure. For this, both the 

unicellular as well as multicellular organisms have been employed; and the synthesis has 

been done via both the extracellular as well as intracellular ways. The synthesis of 

nanoparticles using organisms is broadly categorized as the “biosynthesis”. In this method, 

all genera of organisms have been extensively explored for the synthesis of nanoparticles 

viz. fungi including unicellular yeasts, bacteria, viruses, plants, plant cell extract, animal 

cells etc. With the advancement of this method, researchers started exploring the use of 

biological products instead of intact living organisms. Today, a number of methods are 

available in this category such as protein-mediated synthesis, peptide-mediated synthesis, 

enzymatic synthesis, DNA/RNA-mediated synthesis, antibiotic-mediated synthesis and so 

on. Researchers further explored the use of biological materials as a scaffold, for the 

synthesis of nanoparticles. This method is termed as biomimetic synthesis or bio-template 

synthesis.   

1.5.1 Biosynthesis: Using Biological Resources for the Synthesis of Nanoparticles 

The “biosynthesis of nanomaterials” is a generalized term comprises of all kind of 

biological method of synthesis of nanomaterials. However, this term has long been 

representing the bottom-up synthesis of nanomaterials, using living organism or their 

products. It includes animal cells, plant cells, microbes, plant extract etc. as well as their 

metabolites such as enzymes, proteins, amino acids, nucleic acids etc.
8,76–94

 

1.5.2 Biomimetic Synthesis: Imitating Nature for the Synthesis of Nanoparticles 

One way of designing materials at the nano-scale level is to mimic natural biomaterials, 

since nature has been evolving synthesis of such materials for billions of years. In this 
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approach, biological materials used as a template on which molecules assembled to 

synthesize nanoparticles.
12,95,96

 This approach has used for the synthesis of a vast array of 

nanomaterials, such as silver nanoparticles,
97

 silver nanoplates,
93

 α-Fe2O3,
11

 SiO2,
98

 etc. 

1.5.3 Bioleaching: A Means of Synthesis of Nanoparticles 

Bioleaching is the process that employs microorganisms for the dissolution of metals from 

their mineral sources. The microorganism secretes organic acids, metal chelators or 

complexing agents in the environment, which is responsible for the leaching of metals 

from mineral ores.
99

 The solubilization of metals in this process involves – (a) formation of 

organic and inorganic acids (proton formation), (b) excretion of complexing agents (ligand 

formation) and (c) oxidation and reduction reactions.
36

 This process is widely used by 

mining industries for the extraction of metals.  

The bioleaching process was used in our lab for the synthesis of silica nanoparticle 

by bioleaching of sand (Figure 1.4). This is a two-step process involving bioleaching of 

sand in the form of silicic acid, which is then converted into silica nanoparticles. In this 

process, the proteins secreted by the fungus Fusarium oxysporum, is considered to be 

responsible for the hydrolysis of silicon to silicic acid, as well as stabilizing and capping 

agent to form a nanoparticles.
37

 This method can be considered as a top-down biological 

method of synthesis of nanoparticles. 
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Figure 1.4: TEM image showing silica nanoparticles (NPs) synthesized by exposure of 

sand to the F. oxysporum, before (A, B) and after calcination (C, D) at 400 
o
C for 2 h. The 

lower insets of images showing SAED pattern of corresponds to respective images.
37

 

1.6 Biomilling: Method used in this Thesis 

The top-down method for the biological synthesis of nanoparticles developed recently in 

our group, involved the breakdown of bigger/micron size particles down to few 

nanometers. To carry out this environment-friendly process, the nature inspired us to 

harness the microbial capability in order to avoid the use of harmful chemicals. In nature, 

there are many biological phenomena that directly correlate the mineral utilization in order 

to sustain the life of living organisms. Such phenomena have been well utilized in 

weathering of rocks, bioleaching,
100–103

 biofouling,
104,105

 biofilm formation
101,106

 etc. Most 

of these phenomena start with the physical adhesion of microbes to the surface via van der 

Waals forces, followed by secretion of enzymes, acidifying compounds and metal 

chelators that lead to breakdown the materials, in order to extract nutrients. The nutrient 

conversion in rocks and soil is a quite well known process and has been well studied since 
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1950s.
102,103

 However, this method for the synthesis of nanoparticles is realized merely a 

decade ago in 2005.
37

 

This method is especially important for the synthesis of nanoparticles with size less 

than 10 nm which otherwise is very challenging with present chemical methods, 

especially, for complex oxide nanomaterials viz. perovskite family of compounds. The 

synthesis of a type of nanomaterials needs calcination at high temperature. In general, the 

high temperature leads to the grain growth and agglomeration of nanoparticles with 

improper crystallinity.
46

 Therefore, for such compounds this method would be very useful. 

This top-down biological method was first time demonstrated for the synthesis of 

BiOCl nanoparticles by break-down of thin chemically synthesized nanoplates and termed 

as “biomilling”. For this purpose, an alkalotolerant and thermophilic fungus, Humicola sp. 

(HAA-SHC-2), was isolated from self-heating compost. The biomilling was carried out by 

the fungal mycelia (20g) suspended in 100 mL of an aqueous suspension of chemically 

synthesized BiOCl nanoplates (edge lengths 150–200 nm). The reaction was carried out at 

pH 9 and 50 
o
C in dark under constant shaking speed of 200 rpm (Figure 1.5).

46
  

Till date, this method has been effectively applied for the synthesis of binary oxides 

(ZnO,
48

 Gd2O3,
47

), oxy-hydroxides (α-FeO(OH)
49

) as well as of ternary oxides such as 

BiOCL,
46

 BaTiO3.
107
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Figure 1.5: TEM image showing BiOCl nanoparticles synthesized by biomilling of BiOCl 

nanoplates (A) after biomilling for18 h (B), 48 h (C), and 72 h (D), respectively.
46

 

1.7 The Improvements in Biomilling Method  

The biomilling method for the synthesis of nanoparticles is quite a new method as 

compared to other methods of synthesis of nanoparticles. Being in its infancy, it was facing 

many challenges (Please see chapter 2 for detail). Therefore, this method needs to be 

improved in order to gain its popularity and feasibility, for large-scale production of 

nanoparticles, with minimum efforts. In this thesis, efforts made for the improvement in 

the method as well as to gain deep understanding about the mechanism of this process. 

In this improved method, the material to be biomilled, is kept in a dialysis bag 

which has a finite pore size, and allows the small biomolecules to pass across the 

membrane but retains back the microbial cells inside the bag (Figure 1.6). Therefore, the 

cells are not in the direct contact with the material to be biomilled; however, the secreted 

biomolecules (proteins) can pass across the membrane and interact with the materials. 
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After the completion of biomilling, the biomilled nanoparticles remain in the dialysis bag, 

which eases the recovery of biomilled nanoparticles. Apart from it, this methods has many 

advantages – 

a) Isolate the biomilled NPs with minimum efforts:  

After the biomilling, the biomilled nanoparticles remain confined within the 

dialysis bag, which after washing with deionized water can be used at it is. By this 

way, we get biomilled nanoparticles easily separated from the complex mixture of 

biomass without need of an extra step.   

b) Separate the top-down biomilling and bottom-up biosynthesis processes (if the 

organism itself, has NP synthesis ability by extra/intracellular reduction of free zinc 

ions to form NPs):  

The ions which have been leached out of the precursor nanorods, could easily have 

passed out through the pores and get accumulated into the microbial cells. 

Therefore, the metal ion precursor is not available for the biosynthesis of 

nanoparticles. It suggests that the nanoparticles obtained in biomilling is due to 

breakdown of parental rod shaped nanoparticles rather than the biosynthesis of 

leached out ions. 

c) Differentiate the yeast cell involvement in the biomilling process:  

The biomilling were carried out with live cells and dead cells. We observed that the 

biomilling occur in the presence of the live cells but not dead one.  
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Figure 1.6: The schematic depicting the improved biomilling process. 

1.8 The Interaction of Nanomaterials with Living Beings 

How the nanomaterials interact with the living systems, has always been of great 

importance for biomedical applications. A lot of studies have been done on the 

biocompatibility of nanoparticles.
108–118

 The International Union of Pure and Applied 

Chemistry (IUPAC) defined biocompatibility (biomedical fields) as “ability to be in 

contact with a living system without producing an adverse effect”. It has also defined 

(biomedical therapy) as “ability of a material to perform an appropriate host response for a 

specific application”.
119

 

When a foreign body (antigen) is administrated to a living organism, it provokes the 

immune response to nullify their pathological effects. The immune response of the body is 

a complex phenomenon and is greatly differ from one organism to other, even, one cell or 

tissue type to other. Therefore, the biocompatibility of nanoparticles is the quite an 

important parameter, in order to use nanomaterials for the biomedical applications.  
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1.9 The Applications of Nanoparticles 

Some of the potential applications emerging out which are based on the nanoparticles are 

shown in the figure 1.7. Some of these applications of nanoparticles include:  

biosensors,
120

 medical diagnostics,
121

 nanomedicine,
122

 drug delivery,
113,123,124

 cellular and 

molecular imaging,
125

 regulating stem cell behaviour,
126

 bio-photonic for sensing,
127

 tissue 

engineering,
128

 antifouling agents,
129

 catalysis,
130–132

 nano-electro-mechanical systems 

(NEMS) and micro-electro-mechanical (MEMSMEMS),
133–135

 optical devices,
136

 

information storage media,
137

 single electron transistors,
138

 LEDS,
139

 LASERS,
140

 

environmental safety,
141

 self-cleaning coatings
142

 and so on. 

 

 

Figure 1.7: Diagrammatic representation of applications of nanoparticles. 
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1.10 Outline of the Thesis 

The work involved in this thesis explored the biomilling method for the synthesis of 

nanomaterials. This method relies on the use of microorganisms for the break-down of 

micron sized particles into nanoparticles which is an environmental friendly, green top-

down approach. In this thesis, the metal oxide and oxy-hydroxide nanoparticles were 

synthesized. We made efforts to culminate some of the challenges associated with the 

process and to make better understanding about the mechanistic aspects underlying this 

process.
46,107

 

The first chapter is the general introduction about the thesis. It started with the 

motivation behind this work. The various methods of synthesis of nanoparticles and the 

method used in the thesis work (biomilling) have been described. Furthermore we have 

described the efforts that we made for the improvement of the method. 

The second chapter describes the experimental and characterization techniques such 

as atomic force microscopy (AFM), transmission electron microscopy (TEM), scanning 

electron microscopy (SEM), UV-visible spectroscopy, fluorescence spectroscopy, X-ray 

diffraction, energy dispersive analysis of X-rays, inductively coupled plasma-optical 

emission  spectroscopy (ICP-OES), gel electrophoresis. These characterization techniques 

have been used extensively for the characterization of materials. In this chapter, the 

working principles, the working modes and other detailed of instruments used in this thesis 

have been described. 

The third chapter describesthe biomilling of metal oxide nanorods into small quasi-

spherical NPs. Our choice of the material for this study was rod-shaped ZnO nanoparticles. 

The microorganism chosen for this purpose is a yeast Saccharomyces cerevisiae. It is a 
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unicellular eukaryotic organism. Apart from this, their proteomic and genomic databases 

are also available. The protein of the used organism forms “corona” around the NPs. As 

yeasts have been used as probiotic as well as in making of food preparations from ancient 

times, are proved to be non-cytotoxic for human. The dynamic nature of protein corona 

and the expression profile of intracellular as well as extracellular proteins of the yeast 

(microorganism) were investigated. The efforts were made to address some of the 

challenges associated with the biomilling process: (1) isolate the biomilled NPs with 

minimum efforts, (2) separate the top-down biomilling and bottom-up biosynthesis 

processes (if the organism itself, has NP synthesis ability by extra/intracellular reduction of 

free zinc ions to form NPs), and (3) differentiate the yeast cell involvement in the 

biomilling process. 

The fourth chapter describes the biomilling of metal oxy-hydroxide nanoparticles. 

The α-FeO(OH) nanorods were chosen as a model system because α-FeO(OH) is 

abundant, eco-friendly and non-toxic toward the living organism. The rod-shaped α- 

FeO(OH) particles were synthesized by chemical route, and biomilled into nanoparticles 

below 10 nm size using S. cerevisiae. The special emphasis has given to develop the 

understanding about the mechanistic aspects of biomilling using a combination of 

techniques such as UV-vis, FTIR, AFM, and XPS. 

The fifth chapter describes the conclusions and future perspective of the work 

described in this thesis. 
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Chapter II 

Characterization Techniques 

 

 

This chapter describes the basics and working principles of different techniques used in 

this thesis for the characterization of materials.  
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2.1 Introduction 

“The most important discoveries of the laws, methods and progress of nature have nearly 

always sprung from the examination of the smallest objects which she contains.”  

Jean Baptiste Pierre Antoine Monet de Lamarck 

(French naturalist, 1744–1829) 

Materials science deals with the structure, the properties, and the interactions in systems 

composed of atoms and molecules. Detailed state-of-the-art calculations covering only a 

few dozen atoms are at the other end of the precision range, dealing with the minute 

interactions between single atoms.
1
 In order to get the insight of these interactions and 

measurement of properties of materials, different characterization techniques have been 

used, and are presented in this chapter. While pursuing the work, a range of techniques 

including atomic force microscopy (AFM), transmission electron microscopy (TEM), UV-

visible spectroscopy, fluorescence spectroscopy, Fourier transformed infra-red (FTIR) 

spectroscopy, X-ray diffraction (XRD), energy dispersive analysis of X-rays (XPS), 

Dynamic light scattering (DLS), inductively coupled plasma-optical emission  

spectroscopy (ICP-OES), thermogravimetric analysis (TGA), polyacrylamide gel 

electrophoresis (PAGE) were used. This chapter briefly explains the basic principles, some 

relevant information of instrument and their use in the characterization of materials. 

2.2 Atomic Force Microscopy (AFM) 

An AFM is a high resolution microscope, which is a type of scanning probe microscope 

(SPM). The SPM has demonstrated the resolution down to the atomic (angstrom) level. 

The SPM includes STM, AFM, MFM, EFM, PFM, kPFM, Stylus profiler and scanning 

near field optical microscopy (SNOM) techniques which is also known as near field 
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scanning optical microscopy (NSOM) etc. In SPM, a physical probe raster scans over the 

sample surface in order to construct an image. During the raster scan the interactions (force 

or current gradient) between probe and sample is monitored. The quantitative interaction at 

each data points are plotted, in the form of a three–dimensional image. Although these 

instruments have been primarily meant for imaging, these have been widely used for the 

quantitative measurements of the various physical and chemical interactions occurring at 

the surfaces.  

The first SPM invented was the scanning tunneling microscope (STM) which was 

developed at the IBM research laboratory in Zurich by Gerd Binnig and Heinrich Rohrer in 

1982. For this superb invention, they shared the Nobel Prize for physics in 1986.
2
 The 

STM works by monitoring the tunneling current at each points of the path on which the 

probe moves over the sample surface. The most rewarding feature of this instrument is its 

capability of providing up to atomic resolution. Unfortunately, there is a drawback that 

STM can only be used for conductive or semi-conductive samples; which greatly limits the 

applicability of this instrument. 

In order to extend the use of SPM for non-conductive samples, few years later 

AFM has been discovered by Binnig and Rohrer in 1986. It uses a very sharp tip (with 

diameter few nanometer) attached at the end of a cantilever having very low spring 

constant (0.005–50 N/m). Similar to STM, the AFM probe also raster scan over the 

surface, either in continuous or intermittently in touch with the sample typically at constant 

force. Binnig et al. (1986) estimated the interatomic forces between AFM probe and 

sample, by considering the binding energy of ionic bonds, van der Waals bonds, and those 

of reconstructed surfaces. The energies of these bonds are in the order of 10 eV, 10 meV, 
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and 1 meV, respectively (1 eV = 1.6 x l0
-19

 J). For distances on the order of 0.16 Å, the 

calculated respective forces are 10
-7

 N, 10
-11

 N, 10
-12

 N respectively. They considered 

mechanical "springs", composed of levers with their associated tips, that have a mass of 10
-

10
 kg and a resonance frequency of 2 kHz, corresponding to a spring constant k = 0.016 

N/m small as 10
-4

 Å, the associated forces acting on the lever will be 1.6 x l0
-16

 N.
3
 Under 

the influence of these vanishingly small forces, the probe moves overt the surface and 

gives topography information of the sample.  

The interaction force between tip and sample leads to the bending of cantilever, 

which in turn deviate the laser light falling over the cantilever to the quadrupled detector. 

This detector consists of four sensors, one at each quadrant. The differential intensity of 

light falling on upper two detectors with respect to lower two, gives the vertical deflection 

signal. Whereas, the differential intensity of light falling on left two detector with respect 

to right two, gives the lateral deflection signal. These differential vertical signal is used to 

provide the feedback signal to the scanner, in order to keep the sample at constant distance 

with the probe or at under constant forces between the two. These signals are also used to 

generate images of i.e. the 3D map of vertical or lateral force or heights.  

With this technique various physical and mechanical properties of the samples can 

also be determined for example magnetic measurement,
4
 electric force measurement, 

piezoresponse force measurement,
5
 elasticity measurement,

6
 adhesive force measurement

7–

11
 chemical force measurement,

12,13
 capillary force measurement

14
 and so on. This 

technique has also been widely applied for the study of biological specimens, for example 

study of biomolecules
15

, single cell spectroscopy,
16,17

 force measurement,
16

  elasticity 
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measurement,
6,18,19

 enzyme-ligand interactions,
20

 protein-DNA interaction,
21,22

 drug 

membrane interaction,
23

 cancer cell detection
24–27

 etc. 

To extend the applicability of AFM for different kind of samples, various modes 

have been developed. Some of these modes are- (A) Contact mode AFM: To measures 

topography of a sample, the AFM probe moves in contact with the sample. The topography 

image obtained from the deflection of the cantilever. In this mode the probe is in constant 

touch with the sample which can damage the sample, hence oscillating (tapping and non-

contact) modes have been developed.
28

 (B) Tapping Mode AFM: To measures 

topography of a surface, probe oscillates in with periodically in contact with the sample. 

The change of the vibration amplitude or phase of the oscillating cantilever used to build 

the topography image of sample.
29–31

 (C) Non-Contact mode: Probing tip is not in contact 

with the sample surface, and surface structure is obtained from the change of the vibration 

amplitude or resonant frequency of the oscillating cantilever.
32,33

 (D) Phase Imaging: In 

oscillating modes (also called dynamic mode) the probe oscillates near resonance 

frequency of cantilever. When the vibration amplitude of the oscillating cantilever is held 

constant, the phase shifts occur, due to attractive or repulsive forces acting between probe 

and sample. The shift data is used to build a phase map of material, which depicts the 

elasticity of materials.
34–36

 (E) Electric Force Microscope (EFM): To measures electric 

field gradient distribution above sample surfaces.
37

 (F) Magnetic Force Microscope 

(MFM): To measures magnetic domain arrangements in a magnetic sample surface.
4,38

 (G) 

Piezorespose Force Microscopy (PFM): To measures piezoelectric properties and d33 

coefficient of a material.
5,39–41

 (H) Lithography: Unlike imaging, this mode is used to 

mechanically etch or indent a sample surface to make a pattern. This mode can also be 



Mechanistic Insight of Biomilling for the Synthesis of Metal Oxide and Oxy-hydroxide Nanoparticles 

 
 

AcSIR | Chandrashekhar Sharan 39 

 

used to arrange the atoms or molecules in a predefined pattern on a samples.
42–45

 A 

schematic representation of working principle and some of the modes scanning probe are 

shown in figure 2.1. 

Figure 2.1: Schematic of scanning probe microscope showing various components (A) and 

s working modes (B, C, D, E, F, and G). 

The AFM images presented in the thesis, were carried our using a Multimode 

scanning probe microscope equipped with a Nanoscope IV controller from Veeco 

Instrument Inc., Santa Barbara, CA. The samples generally prepared on cleaned silicon-

wafer or freshly cleaved mica, and dried under nitrogen gas. The measurements were 

performed at ambient conditions. 

2.3  Transmission Electron Microscopy (TEM) 

The TEM is firstly developed by Ernst Ruska in Berlin (1931). In a TEM, the electrons 

transmit through a thin specimen and are detected by detector. With TEM (resolution 0.2 

nm), it is even possible to image individual atomic planes or columns of atoms.  
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In principle the electron microscope (EM) is similar to the optical microscope, 

except instead of visible light EM uses a beam of electrons as a source of illumination. The 

resolution of the microscope is greatly limited by the diffraction at the objective lens. In 

order to visualize an object clearly, the resolution of image should be high.  

The resolution can be defined as minimum distance between two objects that 

reveals them as separate entities.  maller δ will have higher the resolution. Abbe and 

Rayleigh independently showed that resolution depends on the wavelength of the 

illumination source and is given by the Abbe equation.
46

 It states that the smallest distance 

that can be resolved (δ) is given by– 

δ  
     

     
 

where, λ is the wavelength of source of illumination, µ is the refractive index of viewing 

medium,  is defined as semi angle  of collection of radiation by lens i.e. (1/2) of the cone 

of light entering, an objective lens. The ‘µsin’ is referred to as the numerical aperture 

(NA) of an objective lens. For simplicity, the numerical aperture can be considered as 

unity. 

In 19
th

 century, Rayleigh defined that, the resolution is limited by the diffraction of 

light. According to his postulate, the two point sources can only be considered as resolved, 

if the diffraction maxima of one source point overlap with the first diffraction minima of 

second source point. In this condition, the two sources can be said to be just resolved, and 

distance more than this can be is said to be resolved.
47

 The Rayleigh criteria, is 

demonstrated by in figure 2.2. The airy disks patterns and their respective intensity of light 
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distribution demonstrate the resolved (A, a), just resolved (B, b) and un-resolved (C, c) 

conditions. 

 

Figure 2.2: Schematic of Rayleigh criteria, showing resolution in terms of airy disks 

patterns.  

However, there are some microscopes which could overcame the Abbe’s limit of 

resolution, such as scanning near field optical microscopy (SNOM),
48

 scanning holography 

microscopy,
49

 the structured illumination microscopy (SIM), point localization techniques 

including photo activated localization microscopy (PALM), and stochastic optical 

reconstruction microscopy (STORM). As the wavelength of an electron beam can be up to 
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100,000 times shorter than that of visible light photons. At accelerating potential to 50 kV, 

the wavelength of electron beam is about 5 pm (0.005 nm), so a TEM can achieve better 

than 50 pm resolution.
50

 and useful magnifications of up to about 10,000,000x whereas 

most light microscopes are limited by diffraction to about 200 nm resolution and useful 

magnification up to 2000x. Therefore, the electron microscope has a much higher resolving 

power than that of a light microscope and can reveal the structure of far smaller objects. As 

electron beam strikes the specimen an X-ray is generated that can be used for elemental 

mapping and structural analysis of specimen. (For detail please see, X-ray diffraction 

section of this chapter) 

2.3.1 Energy Dispersive Analysis of X-rays (EDS) 

As high energy of electrons is continuously bombarded to the atoms of the specimen, due 

to which two important types of X-rays may be generated. The continuum or 

Bremsstrahlung X-rays, and characteristic X-rays.  

Continuum or Bremsstrahlung X rays are generated when an incoming, beam 

electron passing close to the atomic nucleus, is slowed due to the Colombian attraction 

force between the electron and nucleus of the atom (in-elastic scattering) with the release 

of X-ray energy, figure 2.3 A. The energy of X-ray depends on how close the electron 

passes to the nucleus. Closer it passes, more the deceleration the electron hence, higher 

energy X-rays are generated. Since this event is random, different electrons will lose 

different amounts of energy, therefore the continuum X-ray shows a broad energy 

distribution (figure 2.4). On other hand, the characteristic X-rays are generated, when the 

high energy beam electrons interact with the inner shell electrons of the specimen atoms, 

so that an inner shell electron is ejected as secondary electron, figure 2.3 B. The removal of 
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this electron temporarily ionizes the atom until an outer shell electron fill into the vacancy, 

to stabilize the atom.  

 

Figure 2.3: Generation of continuum X-ray (a) and characteristic X-ray (b) upon 

bombardment of electron beam to the atoms present in the sample. 

Since the electron comes from higher energy levels, a specific amount of energy 

released in the form of X-rays, therefore the energy distribution is quiet intense and are 

discrete (figure 2.4). These discrete energy peaks are the unique characteristic of an 

element and are used for the elemental analysis of sample.
51
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Figure 2.4: Schematic showing energy of an X-ray generated from atoms of specimen. The 

continuum X-rays shows the broad energy distribution whereas, characteristic X-rays 

(peaks) show discrete energy levels. 

The characteristic X-ray, radiated from the sample is detected and used for the 

compositional analysis of elements present in the sample. With at present energy 

dispersive X-ray analysis systems, it is possible to map many elements simultaneously, and 

assigning a specific colors to each of the elements.  

In electron microscopy, the X-rays can be used in various ways (table 2.1) for the analysis 

of samples
51

  

In TEM analysis, a thin specimen is illuminated with electrons in which the 

electron intensity is uniform over the illuminated area. At the bottom of the microscope the 

un-scattered electrons hit a fluorescent screen, which gives rise to a "shadow image" of the 

specimen. Depending on the thickness and the density of the materials presents in 

specimen, differential contrast produced in the image.  
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Table 2.1: Summary of the main features of various analytical procedures. 

Procedure Energy 

dispersive 

X-Ray 

 (EDS) 

Wavelength 

dispersive X-

Ray (WDS) 

Electron 

Energy Loss 

Spectroscopy 

(EELS) 

Electron 

diffraction 

Microscope system 

needed 

TEM or 

STEM or 

SEM 

TEM or 

STEM or 

SEM 

TEM or 

STEM  

TEM or 

SEM 

What Identified Elements 

with atomic 

number 

greater than 6 

(11 normally) 

Elements with 

atomic 

number 

greater than 3 

Elements 

with atomic 

number 

greater than 3 

Chemical 

identity of 

crystal 

Quantitative Yes Yes Yes No 

Smallest area analyzed 10 nm 10 – 100 nm 0.3 – 0.4 nm 1 – 10 nm 

Detection limit 10
-13

 g 10
-10

 g 10
-19

 g Not 

applicable 

Specimen Type Ultrathin, 

Thin, Bulk* 

Ultrathin, 

Thin, Bulk 

Ultrathin Ultrathin 

* Ultrathin  = 50 – 100 nm, Thin = 0.1 – 2 µm, Bulk = >2 µm thick sample 

 

2.3.2 Different Modes of Imaging in TEM 

In TEM image using the central spot, or we use some or all of the scattered electrons. In 

the case of bright-field imaging an aperture is inserted into the back focal plane to block 

most of the diffracted electrons. The beam of electron which passes through the aperture is 

used to generate the image. In dark-field imaging, the direct beam is blocked, and one or 

more of the diffracted beams, are allowed to pass through the aperture to generate image. 

The dark-field imaging is useful to get the information like planar defects; stacking faults, 

amorphous and crystalline nature of sample etc. In selected area electron diffraction 

(SAED), an aperture is used to define the area from which a diffraction pattern is formed in 

a TEM specimen. The resulting patterns used for the determination of a lattice spacing 
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measurement and to get the information about amorphous, crystalline and polycrystalline 

materials. 

In this thesis, the topography, anisotropy and size distribution of biomilled 

nanoparticles were studied using FEI Tecnai TM G
2
 F30 transmission electron microscope, 

equipped with field emission electron gun operated at accelerating potential of 200–300 

kV. The aqueous samples were mounted on the copper grid of mesh size 200 μm, pre-

coated with conducting carbon and allowed to dry completely. 

2.4 Optical Spectroscopy 

The spectroscopy is the study of the interaction of radiation with matter.  The radiation is 

an electromagnetic sine wave having both electric and magnetic components, whose 

direction is perpendicular to each other.  It is characterized by energy (E), which is linked 

to the frequency (ν) and wavelength (λ) with Planck relationship: 

     
  

 
 

Where, h is Planck’s constant (6.625 x 10
-34

 J-s), c is the speed of light (2.998 x 10
8
 

m/s). 

The electromagnetic radiations interact with a matter since; it contains positive and 

negative charges. With spectroscopy technique we study the electromagnetic 

phenomenon.
52

  

In the medium, the absorption of light causes a transition from an energetic ground 

state to a particular excited state. Depending on the energy of light and on the chemical 

nature of the interacting compound, the excited states may differ very much in nature.
53
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Figure 2.5: Schematic shows the vibrational and electronic transitions. The distance 

between electronic states has been compressed by a factor of at least 10, compared to the 

distance between vibrational states. The S0 depicts ground state, S1 & S2 exited state and 

T1 transition states.
53

  

The absorption of light in UV/vis range causes electronic and vibrational 

excitations. Relaxation back from excited states to ground state may cause emission, 

luminescence or fluorescence (figure 2.5). Spectroscopic methods can be used for the study 

of concentrations, energies, conformations, or dynamics of molecules etc. It is sensitive to 

small changes in molecular structure or surroundings. 
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2.4.1 UV-visible Spectroscopy  

The Beer–Lambert Law: A beam of light passing through a solution it transfers energy to 

the absorbing molecules as it as it passes across the solution. The relation between 

measured intensities and concentration of absorbing molecules/analytes is expressed in the 

Lambert-Beer law. The Lambert's law stated that absorbance of a material sample is 

directly proportional to its thickness (path length), whereas Beer's law stated that 

absorbance is proportional to the concentrations of the attenuating species.  

The decrease in the intensity or irradiance (I), over the course of a small volume 

element is proportional to the irradiance of the light entering the element, the concentration 

of absorbers (C), and the length of the path through the element (dx). 

  

  
      

The proportionality constant (ε) depends on the wavelength of the light and on the 

absorber’s structure, orientation and environment. Integrating this equation shows that if 

light with irradiance I0 is incident on a cell of thickness l, the irradiance of the transmitted 

light will be 

       
              

     

It can be also expressed in its logarithmic form: 

     
  
 
     

Where, A is the absorbance or optical density of the sample (A = εCl) and ε is called 

the molar extinction coefficient or molar absorption coefficient.
54

  

In this thesis, the absorbance spectra were recorded using a Jasco UV-vis dual-

beam spectrometer (Model V-570) operated at a resolution of 2 nm.  
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2.4.2 Fluorescence Spectroscopy 

The fluorescence of a molecule is the light emitted spontaneously due to transitions from 

excited singlet states (usually S1) to various vibrational levels of the electronic ground 

state, i.e. S1,0  S0,v. The various events takes place during the transition process are 

illustrated in figure 2.6.  

 

Figure 2.6: Jablonski diagram illustrating the creation and fate of a molecular excited 

singlet state, including absorption (ABS), fluorescence (FL), phosphorescence (PH), 

internal conversion (IC), intersystem crossing (ISC), vibrational relaxation (VR) and 

collisional quenching (CQ). Not included are processes like solvent relaxation, energy 

transfer and photochemical reactions.
55

  

The fluorescence spectroscopy is a widely used analytical instrument in material 

sciences. Some of the important parameters are – fluorescence intensity at a given 

wavelength F(λ), the emission spectrum (emission intensity on emission wavelength), 

quantum yield (ϕ), lifetime (τ) and polarization (P).
55
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In this thesis, the fluorescence emission spectra were recorded using a Cary Eclipse 

photoluminescence spectrophotometer from Varian equipped with a xenon flash lamp. 

2.4.3 Fourier Transformed Infra-red Spectroscopy (FTIR)  

The absorption of electromagnetic radiation in infra-red region by a matter, leads to the 

excitation of molecules to a higher vibrational state. The absorption of a particular 

frequency is strong, if the photon energy coincides with the vibrational energy levels of the 

molecule. The vibrational spectrum of a molecule is unique to a molecule and used as a 

molecular fingerprint of the matter. The absorption takes place in the wavenumber range of 

400 to 4000 cm
-1

.  

An FTIR is a multiplex instrument, in which the spectral information is encoded in 

such a manner that the intensity distribution at all frequencies is measured simultaneously 

by a single detector. An FTIR employ a poly-chromatic beam containing many 

frequencies. In order to measure all the infra-red frequency simultaneously, an optical 

device called interferometer (Michelson interferometer) is added, which is equipped with a 

fixed and a rotating mirror are shown in figure 2.7. The ‘spectral encoding’ takes place 

here. The beam then passes through the sample. The beam reflected from the sample 

surface or transmitted through the sample goes to detector. The interferogram’s signal 

measured by the detector is sent to computer. The computer processes the raw data (light 

absorption for each mirror position) into the desired result (light absorption for each 

wavelength). The digitalization of data and fast Fourier Transformation takes place before 

the final FTIR spectrum of sample is displayed. The FTIR has many advantages over 

conventional IR spectroscopy. All the signals measured simultaneously, therefore it is fast. 
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It has high sensitivity and good signal to noise ratio. The FTIR spectrum is quite 

reproducible and accurate. These advantages make the FTIR very useful analytical tool.  

The intensity of an electromagnetic wave (I) is directly proportional to the square 

of the amplitude if wave i.e. I α A
2
. When interference of two electromagnetic waves 

propagated in same direction takes place, the resultant amplitude and intensity would be - 

     
     

             

     
     

   √         

Where, δ is the phase difference between the two waves.
56

  

The FTIR is an excellent analytical tool for the binding study of proteins adhered to 

the surface of biomilled NPs was performed by FTIR.  

In this thesis, the FTIR spectra were obtained using a Perkin Elmer Spectrum One 

instrument. The samples for FTIR studies were mixed with KBr powder and allowed to dry 

under Infra-red lamp. The powered samples were then pressed using hydraulic press to 

form pellet. The spectrometer operated in the diffuse reflectance mode, at a resolution of 2 

cm
-1

. To obtain a good signal to noise ratio, 256 scans were taken in the range 1200–3000 

cm
-1

.  
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Figure 2.7: Schematic of a Michelson interferometer showing mirror arrangement and 

beam path. 

2.5 Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) 

It is also known as inductively coupled plasma atomic emission spectroscopy (ICP–AES). 

The ICP-OES is a kind of emission spectroscopy, has been widely used for the quantitate 

determination of elements present in a solution. However, it can also be done for fine 

particulate solids or even for the gases. 

The argon aerosol is mixed with the analyte and passes up through a tube. 

Radiofrequency radiation, with a frequency of 25–60 MHz and a power of 0.5–2.0 kW, is 

supplied through a copper coil around the tube. A high-voltage spark is applied to initiate 
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the plasma flame, which is then maintained through the inductive heating of the gas by the 

radiofrequency radiation. The electric current produced in the coil used to form plasma, 

hence its name. It produces excited atoms and ions that emit electromagnetic radiation at a 

characteristic wavelength of a particular element. This spectrum of radiation is analyzed 

for the quantitative determination of elemental composition.
47

 

In this thesis, the ICP-OES were carried out using, Spectro Arcos (ARCOS-FHS-

12) from SPECTRO Analytical Instruments GmbH. The sample solutions were filtered 

with 0.2 µm pore size nylon membrane filter before measuring the metal content. 

2.6 X-ray Diffraction (XRD) 

The X-ray is discovered by Wilhelm Rontgen in 1895. When an electron is bombarded to a 

metal target, it penetrates through the outer shells and transfers its energy to inner shell 

electrons. If the transferred energy is more than the critical energy required to escape the 

electron from attractive force of nucleus. The inner shell electron is ejected out; leaving an 

empty space (termed as hole or electron-hole) in the inner shell. To fill this space of 

missing electron (hole), an electron from outer shell jumps to inner shell (ground state). 

This transition led to the emission of an electromagnetic radiation (X-ray) or an Auger 

electron. The wavelength of these radiations are in order of 10
-10

 m (0.01 to 10 nm), which 

is comparable to the distance between the planes of crystal lattices. The commonly used 

metals targets for generation of X-rays are Cu Kα  and Mo Kα which generates an X-rays 

of  wavelengths 1.5418 Å and λ = 0.71073 Å, respectively. 

The X-ray diffraction technique was started with Laue’s discovery in 1912.When 

these X-rays strike to atoms of a crystal; it undergoes both elastic and inelastic scattering. 

The elastically scattered beams are interested as it gives information about the arrangement 
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of atoms in the crystal lattice. Initially X-Ray diffraction used only for the determination of 

crystal structure.  

The crystalline materials are characterized by the long-range periodic arrangements 

of atoms. It has a basic repeating unit with maximum symmetry that uniquely defines the 

crystal structure is known as unit cell. These unit cells repeat in all dimensions to fill to 

form a macroscopic grains or crystals of the material. 

2.6.1      ’   q       f        iffraction of X-ray 

 

Figure 2.8: The schematic depiction of Bragg’s law, showing X-ray diffraction by a 

crystal. Where, n is an integer, d is inter–planar spacing, 2 d sin θ is path difference 

between the two beams, λ is the wavelength of X-ray. 
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When X-ray beams incident on a pair of parallel planes P1 and P2, separated by an inter–

planar spacing d. The two parallel incident rays 1 and 2 make an angle (θ) with these 

planes.   

If the difference in path length between 1 to 1’ (d sin θ) and 2 to 2’ (d sin θ) is an 

integral number of wavelengths, the emergent beams are then in-phase and have maximum 

intensity (figure 2.8). This relationship is represented mathematically in Bragg’s law.
57,58

  

              

   

The crystals have been classified into six crystal families. This classification has 

been expanded slightly into seven crystal systems (table 2.2). The crystal systems are sets 

of reference axes, which have a direction as well as a magnitude, and hence are vectors.
58

 

 

Figure 2.9: The reference axis and angles, used for the characterization of crystal system. 

 

 

 

 



Mechanistic Insight of Biomilling for the Synthesis of Metal Oxide and Oxy-hydroxide Nanoparticles 

 
 

AcSIR | Chandrashekhar Sharan 56 

 

Table 2.2: The classification of crystal systems 

S. N. Crystal Family Crystal system Axis System 

(Axial relationships) 

Unit cell 

Structure 

1 Isometric Cubic a=b=c, α=β=γ=90
o
 

 
2 Tetragonal Tetragonal a=b≠c, α=β=γ=90

o
 

 
3 Orthorhombic Orthorhombic a≠b≠c, α=β=γ=90

o
 

 
4 Hexagonal Hexagonal a=b≠c, α=β=90

o
 γ=120

 o
 

 
Trigonal or 

Rhombohedral 

a=b≠c, α=β=γ or 

a’=b’≠c’, α=β=90
o
, γ = 

120
 o
 

 
5 Rhombohedral Rhombohedral a=b=c, α=β=γ≠90

o
 

 
6 Monoclinic Monoclinic a≠b≠c, α=γ=90

o
 β≠90

o
 

 
7 Anorthic Triclinic a≠b≠c, α≠β≠γ≠90

o
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2.6.2 The Determination of Crystal Structure using XRD 

 The powder method of X-Ray diffraction was devised independently in 1916 by 

Debye and Scherrer in Germany. In 1935 Le Galley first constructed X-ray powder 

diffractometer. Largely metallurgists and mineralogists use powder diffraction primarily to 

study structural imperfections. The crystal structure of a substance determines the 

diffraction pattern of that substance or, more specifically, that the shape and size of the unit 

cell determines the angular positions of the diffraction lines, and the arrangement of the 

atoms within the unit cell determines the relative intensities of the lines.
59

  

This method has been proved to be very useful to get the structural information of a 

material. Later this development in X-ray diffraction methods, now a days it is used for  

measurement of particle size, determination of the orientation of one crystal or the 

ensemble of orientations in a polycrystalline aggregate, chemical analysis and stress 

measurement, to the study of phase equilibrium etc. 

2.6.3 The Determination of a Crystallite Size    S       ’   quation  

  
  

     
 

Where; L is the mean size of the ordered (crystalline) domains, which may be 

smaller or equal to the grain size, λ is the wavelength of the X-ray radiation in nanometers 

(CuKα = 0.15406 nm), k is a constant called shape factor, taken as 0.9 (it value depends on 

Crystal structure   Diffraction pattern 

Unit cell               Line positions 

Atom positions     Line intensities 
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shape parameters), θ is the diffraction angle and  is the line width (after subtracting the 

instrumental line broadening) at half maximum height, broadly termed as Full width half 

maxima (FWHM) intensity. Note: The angle can be either in degree or in radian, since 

both are same for the cosine values. 

This is a widely accepted method for the estimation the mean crystalline size of 

nanoparticles.
60

 This equation has later been modified implementing least square technique 

to minimize the errors.
61

 

For XRD study, the samples were drop-casted on a glass substrate and dried under 

infra-red lamp. The PXRD patterns were recorded by using a PHILIPS X'PERT PRO 

instrument working at tension of 40 kV and 30 mA current, It is equipped with X'celerator, 

a fast solid state detector with Iron-filtered Cu-Kα radiation (λ = 1.5406 Å), was used to 

line-scan the samples at 2θ range of 10
o 
– 80

o
.   

2.7 X-ray Photoemission Spectroscopy (XPS) Measurements 

The X-ray photoelectron spectroscopy (XPS) is also known as electron spectroscopy for 

chemical analysis (ESCA). It has been developed by Professor Kai Siegbahn. For this great 

discovery, he awarded half share of the Nobel Prize in Physics in 1981.
62

 The 

Photoelectron spectroscopy utilizes photo-ionization and energy-dispersive analysis of the 

emitted photoelectrons to study the composition and electronic state of the surface region 

of a sample.
47,63

  

In this thesis, the XPS data were recorded using Thermo Scientific ESCALAB X-

ray photoelectron spectrometer with Al Kα source (hν = 1486.6 eV). The sample 

measurements were done at ultra-high vacuum (UHV) pressure of ~10
-9

 Torr. Both 

incidence and take off angles are set to 55
o
 with respect to normal of the sample surface. 
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The spectra were analyzed with EA-125 Hemispherical energy analyzer of Omicron 

NanoTechnology GmbH in pulse-count mode. The energy pass of 50 eV used for broad 

range survey scan and energy pass of 25 eV used for narrow range core-level transitions. 

The narrow range core-level spectra of C1s, O 1s and Fe 2p were plotted, separately. The 

minimum numbers of peaks were fitted to functions Lorentzian-Gaussian functions after a 

Shirley background correction using the XPSPEAK41 software. 

2.8 Polyacrylamide Gel Electrophoresis (PAGE) 

Ferdinand Frederic Reuss in 1807 first time observed the movement of dispersed clay 

particles under the influence of constant electric field.
64

 The electrophoresis method was 

developed with the earliest work of Arne Tiselius in the 1930s, for the electrophoretic 

analysis of colloidal mixtures.
65

 It led to the development of electrophoresis for the 

separation of macromolecules based on their electrophoretic mobility. The electrophoretic 

mobility is the rate of migration of the substance measured in (cm/s) under the influence of 

a potential gradient of 1 (V/cm), and is expressed in (cm/V/s). The poly acrylamide gel 

electrophoresis (PAGE) is widely used method for the separation of for proteins. It has two 

main types (A) sodium dodecyl sulfate (SDS)–PAGE and (B) native–PAGE. The SDS 

[CH3 (CH2) CH2OSO3- Na
+
] is an anionic detergent; on average one SDS molecule binds 

for every two amino acid residues. Samples are firstly boiled for 5 min. in sample buffer 

containing β-mercaptoethanol and SDS which denatures the protein’s tertiary structure, 

and imparts a negative charge on the proteins. The sample buffer also contains a tracking 

dye, usually bromophenol blue which allows the monitoring of gel running, and sucrose or 

glycerol, which gives density to protein to settle at bottom in the loading well. Running the 

protein under electric field, in stacking gel, concentrate protein into a sharp band, which 
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are formed due to negatively charged glycinate ion have lower electrophoretic mobility 

than protein SDS-complex which in turn have lower mobility than chloride ion of loading 

buffer. The three species [Cl
-
] > [protein – SDS] > [glycine] arrange themselves in this 

order during electrophoresis in stacking gel, leading to the formation of a tight band of 

protein. This protein band when further electrophoresed in running gel, separates into 

different protein bands of specific molecular weight (Mr). The Mr of protein bands can be 

estimated by comparing it with standard protein marker, which runs simultaneously in 

adjacent well in the same gel. Therefore, in SDS-PAGE the proteins get separated based on 

the size i.e. molecular weight.  

2.9 Dynamic Light Scattering (DLS) 

It is also known as photon correlation spectroscopy or quasi-elastic light scattering. It is 

used to estimate the size distribution of small particles, typically in sub-micrometer, 

present in a suspension. It is a powerful technique for size estimation of nanoparticles and 

molecules.
66

 In general smaller the particles, larger it’s Brownian movement and vice 

versa. The Brownian movement occurs due to bombardment of solvent molecules to the 

particle.  

When an electromagnetic wave (light) interacts with a matter, the electric field of 

the light induces an oscillating polarization of electrons in the molecules. Therefore, the 

molecules provide a secondary source of light and subsequently scatter light. 

The Rayleigh approximation tells us that  

          and         
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Where, I is intensity of scattered light, d is particle diameter, λ is the wavelength of 

laser light used. In general the wavelength is fixed, for He-Ne laser it is 633 nm.  

The rate of change of intensity of scattered light is related to the diffusion 

coefficient of the particles, which in turn is related to particle size by the Stokes-Einstein 

equation, as shown below.
67

  

  ( )   
  

    
 

Where, the d (H) is the hydrodynamic diameter, D is the translational diffusion 

coefficient, k is the Boltzmann’s constant, T is the absolute temperature (in Kelvin) and η 

is the viscosity of the solvent.  

The smaller particles cause fluctuation in the intensity more rapidly than the large 

ones (figure 2.10). Therefore, a digital autocorrelator (a signal comparator) is used to 

measure the degree of similarity between the signal at time (t), and same signal after a 

while at (t + δt). The (δt) is in the time scale of the molecular fluctuations. The intensities 

at successive time intervals were used to derive the rate at which the intensity is varying. 

The size particles can be obtained from the correlation function, by using various 

algorithms.  

(1) Cumulants analysis: It is used to fit a single exponential to the correlation function 

to obtain the mean size (z-average diameter) and then estimate of the width of the 

distribution (polydispersity index). 

(2) Intensity size distribution: It is used to fit a multiple exponential to the correlation 

function to obtain the distribution of particle sizes.  
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Figure 2.10: The schematic graph showing typical intensity fluctuations for large and 

small particles  

In this thesis, a PALS Zeta Potential Analyzer Ver 3.54 (Brookhaven Instrument 

Corps.) equipped with He-Ne Laser (λ = 633 nm), was used to determine the 

electrophoretic motilities of particles, which is converted to zeta potential (z) using the 

Smoluchowski model. 

2.10 Thermogravimetric Analysis (TGA) 

The TGA is used to measure the physical property of a substance as a function of 

temperature. The sample to be analyzed is kept in a platinum crucible which is attached to 

an automatic recording weighing balance. The temperature of the crucible is increases at 

constant rate at constant rate. Furnace temperature is continuously monitored by a 

thermocouple. The weight loss versus temperature graph is plotted and is used to quantify 

the change in weight of substance, associated with transitions. 

The TGA experiments were carried out in the temperature range of 25–750 
o
C on a 

SDT Q600 TGDTA analyzer. The non-oxidising, neutral condition is maintained by 

constant flow of nitrogen gas at the heating rate of 10 
o
C per min.  
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Chapter III 

The Synthesis of Metal Oxide Nanoparticles using Biomilling and 

Understanding the Role of Proteins 

 

_______________________________________________________________________ 

This chapter describes the top-down synthesis of metal oxide nanoparticles using 

biomilling. In this method we have synthesized quasi-spherical, protein-capped 

nanoparticles (NPs) below 10 nm by the break-down of chemically-synthesized anisotropic 

rod NPs using yeast; Saccharomyces cerevisiae. In the process of synthesis, the yeast cells 

secrete different types of proteins which participate in the breakdown of precursor particles 

into nanoparticles. It also led to the formation of ‘protein corona’ around the synthesized 

NPs. We have investigated the dynamic nature of protein corona and the expression profile 

of intracellular as well as extracellular proteins of the yeast (microorganism).   In this 

chapter, we have made efforts to address some of the challenges associated with the 

biomilling process, (1) isolate the biomilled NPs from biomass, (2) separate the top-down 

biomilling and bottom-up biosynthesis processes (if the organism itself, has NP synthesis 

ability by extra/intracellular reduction of free zinc ions to form NPs), and (3) distinguish 

the yeast cell involvement in the biomilling process. 

_________________________________________________________________________  

A part of the work presented in this chapter is published.
1
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3.1 Introduction 

Metal oxides possess unique functionalities and play important roles in many areas of 

physics, chemistry, life sciences, materials sciences etc. As the nanotechnology flourishes, 

the interests in the synthesis and use of oxide nanostructures have also exponentially 

increased. The interest lies in the nanomaterials due to its unusual properties, for example 

quantum confinement effect, superparamagnetism etc. The overall chemical and physical 

characteristics of materials, such as hardness, thermal stability, low chemical reactivity etc. 

as well as their distinctive, optical, magnetic, electrical properties etc. have drawn the 

significant attention.  

With the progression and applicability of metal oxide nanomaterials; the necessity 

for the development of reliable and ecofriendly method of synthesis, has also been hugely 

increased. Today, a number of reliable physical and chemical methods of synthesis are 

available nevertheless; there is a great concern over the use of harmful chemicals and high 

energy consuming processes. In addition, these methods sometime required special devices 

or equipment and the processes that required extreme conditions, such as high temperature, 

pressure etc. Altogether, all these requirements raised the apprehension for the 

environment.  

To consider the future sustainability of these methods, there is always a great 

demand for the development of energy intensive, eco-friendly routes for the synthesis of 

nanomaterials. For the development of such eco-friendly ways, scientists sometimes look 

towards the nature to get knowledge and ideas. The  nature always inspires with the 

sustainable, eco-friendly processes, which have already been utilized in various  ways e.g. 
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in biomimetic engineering,
2,3

 bio mineralization,
4
 bioleaching,

5,6 
 bioremediation,

7
  and 

biotransformation
8
 etc.  

There are two antagonistic ways, for the synthesis of nanomaterials (1) bottom-up; 

in which, the NPs are synthesized from their precursor molecules and, (2) top-down; in 

which, the bigger particles are broken-down to the nanoscale size by physical methods 

such as ball-milling, laser ablation
9
 etc. Among the two,, the bottom-up methods are more 

popular among bionanotechnologists for the synthesis of nanomaterials of metals,
10,11

 and 

metal oxides
12

 etc. from their precursors; whereas, the microbiology based top-down 

methods  such as “biomilling”, which has been developed by our group.
13–15

 is in its 

infancy, and drawing considerable attention.  

There are many chemical/physical methods available in the literature for the 

synthesis of ZnO NPs such as sol–gel,
16

 simple solution combustion method,
17

 chemical 

vapor synthesis,
18

 hydrothermal method,
19

 microwave assisted synthesis of microcrystals,
20

  

microwave assisted hydrothermal synthesis, 
21

  and laser ablation.
9
 However, the green 

top-down biological method to synthesize ZnO NPs is not reported so far. As the 

microorganims are endowed with various biomolecules, some of them can potentially 

break-down the larger particles, the biomilling technique efficiently utilizes these cells for 

the synthesis of protein-capped quasi-spherical ZnO NPs. The biomilling method is quiet a 

new method as compared to other existing methods of synthesis of nanomaterials. For the 

first time this method was demonstrated for the break-down of chemically synthesized 

BiOCl particles into very small nanoparticles of size less than 10 nanometers, and this 

method was named “bio-milling”.
13

 After this report this method has been used for many 
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materials such as BaTiO3,
14

  Gd2O3, 
15

 ZnO,
1
 and FeOOH.

22
 However, in order make it 

industrially feasible, we need to address several challenges and some of them include – 

A. Isolation of Biomilled NPs from the Biomass: In this method the large particles 

that have to be broken-down into nanoparticles are fed to the microbial culture. These 

microbes secrete a number of biomolecules such as proteins. These biomolecules interact 

with the precursor materials in order to break them down into nanoparticles. 

Conventionally, this process is carried out in the culture flask in a batch culture. Therefore, 

the microbes, their secreted biomolecules, precursor particles as well as the biomilled 

nanoparticles are still present in this medium. This made it highly heterogeneous system. 

Therefore, to get rid of unwanted things and to isolate nanoparticles from this mixture is 

remain challenging. 

B. Understanding the Biochemical Mechanism of Biomilling: During the 

biomilling process, the microbe secretes a number of biomolecules and all together in a 

mixture form, making this system highly complex one. Therefore, it is hard to understand 

the complete mechanism of this method. However, in order to optimize and improve the 

method, it is utmost important to understand the underlying mechanism.  

Scale-up of the Process: To use this method industrial feasible, the system should be 

simple, yet can easily be scaled–up.   

In this chapter we have made efforts to address some of these challenges, so that we can 

develop better understanding about the mechanism and to find out the causes responsible 

for the breakdown of bigger particles into smaller one, we have made some modifications 

in the biomilling method. These details and pictorial view of modified experimental system 

have been described in the experimental section of this chapter.  
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3.2 The Model System to Study Biomilling of Metal Oxides  

In this study, we chose the yeast S. cerevisiae as a model organism and ZnO as materials, 

to study the biomilling process. The main objectives of choosing the S. cerevisiae as a 

model system are – (1) It is a fast growing yeast (requires less generation time) and it can 

be easily cultured in the ambient conditions (robust in nature). (2) The culture can be 

economically maintained and preserved for a long duration. (3) It is highly tolerant to 

many metal ions.
23

  (4) It can also accumulates certain metal ions such as zinc, copper and 

manganese, through various physicochemical processes.
24

 (5) It has a well developed 

transport mechanism for the intake of zinc. 
25–27

 (6) It has been utilized since ancient times 

for the production of bread and beer etc. and are safe for human consumption,
28

 and are 

used as probiotics. 

On the other hand choosing ZnO has added advantages, as it is well known for its 

unique properties such as piezoelectricity,
29

 UV absorbance,
30

 sensitivity to gases and 

chemical agents,
31

 catalysis
32

   etc. Its distinctive properties lead to an widespread 

applicability e.g. for solar-photovoltaic,
33–36

 piezoelectric-transducers,
37

  short-wavelength 

lasers,
38

  phosphors,
39

 light emitting diodes
40

  etc. Recently, ZnO is proved to be an 

excellent material for the biological applications such as antimicrobial agents,
39,41

 UV-

protectants in sunscreen lotions, cancer treatment
42,43

  etc. The fate of NPs in the living 

systems is determined by nanoparticle–corona complex which interact with biological 

system, rather than the bare nanoparticles.
44,45

 Therefore, the biomilled nanoparticles 

would be also be a potential candidate for biomedical applications.   
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3.3 Experimental Section 

3.3.1 Materials 

All chemicals procured for this work were of analytical grade unless otherwise described.  

The constituents of MGYP media used for the growth of yeast culture were Dextrose 

monohydrate (AR grade), mycological peptone (certified), yeast extract powder (type I), 

malt extract powder were purchased from Himedia laboratories. The dialysis tubing made 

of cellulose membrane (average flat width 33 mm, D 9652) was purchased from Sigma-

Aldrich. Sodium hydroxide pellets (GR grade) and absolute ethanol were purchased from 

Merck. Zinc acetate dehydrate [(Zn (CH3–COO)2·2H2O), extra pure, AR grade] was 

purchased from Sisco Research Laboratory Pvt. Ltd. All glassware were washed with 

aqua-regia (HCl/HNO3 = 3:1) carefully and were rinsed with double-distilled water before 

being used in the reaction. All the aseptic works were carried out in the laminar flow hood, 

pre-treated with UV-radiation.  

3.3.2 Chemical Synthesis of ZnO NRs 

The rod-shaped ZnO NPs were synthesized by previously described method.
46

 In this 

method,  zinc acetate and sodium hydroxide were dissolved in double-distilled water in the 

stoichiometric ratio and were stirred for ~ 45 min at room temperature (RT) followed by 

the hydrothermal reaction in a stainless steel vessel which was coated with Teflon liner. 

The reactions were carried out for ~ 24 h, at ~ 120 
o
C. The resultant materials obtained 

were washed several times with deionized water and then absolute ethanol, to remove the 

ionic impurities. Then the samples were dried in a vacuum oven for 6 h at 60 
o
C which 

results into a white powder of ZnO NRs. After characterization, this ZnO NRs powder was 

used as precursor for the biomilling experiments. 
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3.3.3 Biomilling of  ZnO NRs  

The budding yeast S. cerevisiae (NCIM no. 3064) was obtained from National Collection 

of Industrial Microorganisms (NCIM) situated at CSIR-National Chemical Laboratory, 

Pune, India. The biomilling of ZnO NRs were carried out by modified biomilling method 

as shown by the schematic shown in the figure 3.1, and are briefly described here. The 

yeast culture was grown in a 500 mL Erlenmeyer flask containing 150 mL of the MGYP 

medium (0.45 g malt extract, 0.45 g yeast extract, 0.75 g mycological peptone, and 1.5 g 

dextrose).The above flask was incubated at 28 
o
C under constant shaking at 150 rpm. After 

48 h of growth, when cells are at late log phase, were harvested by centrifugation at 5000 

rpm for 5 min at 4 
o
C. These cells were washed three times with autoclaved normal saline 

solution. The yeast cells were then transferred to a sterile Erlenmeyer flask containing 

normal saline (0.9 w/v sodium chloride) solution.  In this flask, a dialysis bag (molecular 

weight cutoff ~14 kDa) containing precursor ZnO NRs (10 mg) dispersed in 15 mL double 

distilled water was added. Then this flask was incubated for 168 h in a rotary shaker at 28 

o
C, 150 rpm. However, for monitoring the biomilling process, the samples were taken out 

at interval of 24 h till 168 h. Then the dialysis bag from the culture flask were taken out 

and further dialyzed in distilled water for 24 h. The distilled water changed at the interval 

of 6–8 h. The whole procedure was performed aseptically, in a laminar air-flow cabinet 

whenever, it is required.  
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Figure 3.1: The schematic showing modified biomilling process, in which the material 

(ZnO NRs) to be biomilled is kept in a dialysis bag.
1
   

3.4 Results and Discussion  

3.4.1 The TEM Studies  

The morphology of precursor ZnO NRs and the biomilled ZnONPs were characterized by 

TEM. The images were acquired from Tecnai F30 instrument of FEI Inc. This instrument 

was equipped with a field-emission electron gun, operated at 300 kV with S-TWIN 

objective lens having spherical aberration correction (CS) value of 1.2 mm. The point 

resolution of the microscope was 0.24 nm. The sample was drop-casted on a carbon-coated 

copper grid having mess-size of 200 µm and air-dried in vacuum before being introduced 

into the TEM instrument. 
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Figure 3.2: TEM images showing the different stages of biomilling of the rod-shaped ZnO 

NPs. (a–e) TEM images of ZnO NPs at 0 h, 24 h, 72 h, 120 h and 168 h of biomilling, 

respectively. (f) EDS result demonstrates the presence of zinc in sample at168 h.
1
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From the TEM image in figure 3.2a, the presence of well-defined rods with an 

average diameter of ~45 nm and an average length of ~250 nm were observed. It was 

noticed from figure 3.2b that after 24 h of biomilling, the ZnO NRs were fully covered 

with a thick amorphous protein layer and the rods as a whole and specifically, at the edges, 

started to break-down and an overall reduction in length and diameter of rods was 

observed.  

As the biomilling time was increased to 72 h, the average size of the ZnO NRs was 

decreased (Figure 3.2c). After 120 h of biomilling (Figure 3.2d), the spherical NPs were 

found to coexist with a significantly reduced population of smaller size of ZnO NRs. 

Further, the presence of uniformly distributed very small quasi-spherical NPs with size ~10 

nm was found in the TEM image of 168 h of biomilled NPs (Figure 3.2e). The Zn, C, N 

and O elements were found in the corresponding Energy-dispersive X-ray spectrum (EDS) 

(Figure 3.2f).  

3.4.2 The AFM Studies  

For AFM imaging, the sample was drop-casted on the silicon-wafer and dried in vacuum. 

All the AFM measurements were done under ambient conditions using the tapping-mode 

AFM using Tap190Al AFM Budget Sensors® probes purchased from Innovative Solutions 

Bulgaria Ltd. The radius of curvature of tips used in this study was <10 nm and their 

height was 17 µm. The cantilever used had a resonant frequency of ca. 162 kHz and 

nominal spring constant of ca. 48 N m
-1

 with a 30 nm thick aluminum reflex coating on the 

backside of the cantilever of length 225 µm. For each sample, three locations with a 

surface area of 1 x 1 µm
2 

each were imaged at a rate of 1 Hz and a resolution of 512 x 512  
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data points. AFM results were also confirmed the synthesis of very small spherical NPs 

with diameter ~10 nm as shown in figure 3.3a and its corresponding 3D image 3.3 b. The 

sizes of NPs were estimated by a drawing line profile drawn across the nanoparticles as 

shown in inset of figure 3.3a.  

 

Figure 3.3: The AFM image, (a) height image showing the presence of quasi-spherical 

ZnO NPs after 168 h of biomilling and (b) its 3D view.
1
 

3.4.3 The XRD Studies 

To investigate the crystalline quality and crystalline phases of the precursor chemically 

synthesized ZnO NPs and the samples collected at different time intervals, the Powder X-

ray diffraction (PXRD) pattern were carried out and presented in figure 3.4. The prominent 

peaks situated at 2θ values of 31.6
o
, 34.2

o
, 36.1

o
, 47.3

o
, 56.3

o
, 62.7

o
, 66.2

o
, 67.5

o
 and 68.8

o
 

correspond to the (100), (002), (101), (102), (110), (103), (200), (112) and (201) planes, 

respectively, and can readily be indexed to hexagonal wurtzite structure of ZnO (JCPDS 

card no. 36–1451).  
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Figure 3.4: The XRD patterns of ZnO NPs at different stages (0, 24, 48, 72, 96, 120, 144 

and 168 h) of biomilling and was indexed to the JCPDS card no. 36–1451, depicted by 

black vertical lines.
1
 

The peak width is the measure of the crystallite size; broader the peak, smaller the 

crystallite size. In general, the crystallite size is proportional to the nanoparticle size. 

However, there was no significant change found in the relative peak intensities and peak 

widths, upon comparison of various XRD patterns. This was due to the fact that, after 

biomilling the crystallite size is remains the same, whereas, the particle size has decreased 

significantly. It suggest that breakdown of particles occur at grain boundaries. It is also 

possible that, not all the rod-shaped particles got biomilled into smaller quasi-spherical 
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particles and partially-biomilled/completely un-biomilled particles present in the sample 

may still contributes to the XRD signals. The effect of biomilling on the optical properties 

of ZnO NPs was studied by detailed UV-vis absorption and fluorescence emission 

spectroscopy measurements on the biomilled ZnO NPs taken out at a time interval of 24 h 

for a period of 168 h.    

3.4.4 The Optical Properties of Biomilled ZnO NPs 

UV-visible and photoluminescence spectroscopic studies were conducted to analyze the 

optical properties of the biomilled ZnO NPs.  

The time-dependent changes in the UV-vis absorption spectra of the ZnO NPs after 

biomilling were shown in figure 3.5. It was noticed that most of the spectra show three 

characteristic features in the UV-vis range: (1) a broad absorption in the UV range centered 

at ~265 nm due to the π–π* transition in the aromatic amino acids containing coronal 

proteins,
47

 (2) ~374 nm characteristic signature of ZnO NPs due to excitonic transition at 

room temperature,
48,49 

and (3) ~400 nm ( oret band) due to the π–π* transition in 

porphyrin containing proteins.
50

 The observed small shift in the ~265 nm peak with 

biomilling time was attributed to the dynamic nature of proteins binding to the ZnO NPs. 

Moreover, a small shift in the ~374 nm peak as a function of biomilling time was also 

observed which can be related to the change in the dielectric environment due to the 

change in the composition of coronal proteins.
51

 The shift in ~374 nm peak with change in 

the size of particles cannot be attributed to the quantum size effect, because the mean 

diameter of particles after biomilling was~10 nm, which was higher than the reported 

excitonic Bohr diameter for ZnO (~6.5 nm).
52
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Further, the ratio of absorbance ~374 nm and ~265 nm (A374/265) was used to 

assess the relative concentration of ZnO NPs with respect to the concentration of proteins 

in the biomilled samples. It was observed that the ZnO NPs concentration with respect to 

protein concentration was increased almost linearly with time (Figure 3.5 inset). 

  

Figure 3.5: A comparison of UV-visible spectra between the ZnO NPs at different stages 

of biomilling (0, 24, 48, 72, 96, 120, 144 and 168 h) and supernatant of S. cerevisiae 

culture after 168 h (without ZnO NPs, as negative control).
1
 

The PL results further supported the dynamic nature of coronal proteins (Figure 

3.6). Generally, the PL spectrum of ZnO NPs show a narrow/strong peak in the UV region 

at ~ 370 nm, and broad/weak peak in the visible region at ~ 460 nm.
53

 The PL peak in the 

UV range is assigned to near-band-edge transition (UV emission), which is due to the 
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photo-generated electron recombination with holes in the valence band. Whereas, the PL 

peak in the visible range is assigned to deep level emission and can be due to the 

recombination of an electron in singly occupied (deeply trapped) oxygen vacancy with a 

photo-generated hole in the valence band.
53

 However, in our case, only one peak at ~ 380 

nm was found which was consistent with many other reports in the literature.
33

 However, 

there was no consistency in the change in the intensity of the PL peak of different 

biomilled samples. The reason can be the contribution of two major components in 

fluorescence: (a) fluorescence from ZnO NPs,
54

 and (b) fluorescence from coronal 

proteins.
55

 Both of these components were dynamic in nature i.e. decrease in the size of the 

ZnO NPs and change in the composition of protein corona as a function of biomilling time.  
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Figure 3.6: A comparison between photoluminescence spectra of ZnO NPs after different 

stages of biomilling (0, 24, 48, 72, 96, 120, 144 and 168 h) and supernatant of S. 

cerevisiae culture after 168 h (without ZnO NPs, as control and represented by sc@0 h at 

an excitation wavelength of 325 nm.
1 
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3.4.5 The FTIR Studies 

Binding study of proteins on the surface of biomilled ZnO NPs was performed by FTIR. 

The FTIR spectroscopic measurements were performed on all biomilled ZnO NPs samples 

to evaluate the binding of proteins with ZnO NPs as shown in figure 3.7.  

 

Figure 3.7: A comparison between FTIR spectra after ZnO NPs at different stages (24, 48, 

72, 96, 120, 144 and 168 h) of biomilling.
1
 

 

The FTIR spectra of all the samples were shown the characteristic peak of proteins 

which was included the amide B, amide I, amide II, and amide III peaks, and was 

positioned around ~ 3116, 1736, 1589 and 1385 cm
-1

, respectively.
56,57

 However, the 

position and relative intensity of peaks were varied as a function of biomilling time, which 
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is related to the complex and dynamic nature of protein corona. These results further 

supported the dynamic nature of coronal proteins. 

3.4.6 The Thermogravimetric Analysis 

TGA analysis indicated the presence of protein corona on the biomilled ZnO nanoparticles. 

TGA analysis was performed on the chemically synthesized ZnO NRs and biomilled ZnO 

NPs to know the presence of proteins on the biomilled ZnO NPs. The percentage weight 

loss upon heating from RT to 750 
o
C was shown by Figure 3.8.  

 

Figure 3.8: A comparison between TGA curves for the chemically synthesized ZnO NRs 

(before biomilling, black) and biomilled ZnO NPs (after 168 h of biomilling, red).
1
 

It was noticed that the heating of biomilled ZnO NPs upto 400 
o
C leads to ~ 6.5% 

weight loss which was quite high in comparison to the weight loss (~ 0.5%) observed for 
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the chemically synthesized NRs and it was attributed to the loss of moisture and 

degradation of proteins.
58

 

3.4.7 The Protein Expression Studies 

In order to reveal the extracellular and intracellular protein expression profile as a function 

of biomilling time, sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS–

PAGE) (18%) was performed. The cells were harvested by centrifugation at 5000 rpm for 

5 min at 4 
o
C, washed twice with normal saline. The intracellular protein was extracted 

from cells by using SDS and -mercaptoethanol treatment. From the cell supernatant, the 

extracellular protein was extracted by precipitation with trichloroacetic acid (TCA). The 

protein samples were mixed in 1:1 ratio with 2X-loading buffer containing 4% SDS and 

8% -mercaptoethanol, were boiled for 5 min before loading to SDS-PAGE. We used 

standard molecular weight marker S8445 and M3913, obtained from Sigma Aldrich. 

In order to gain deeper insight in to the mechanism of biomilling process, SDS-

PAGE and ICP-OES analysis were performed to determine the intracellular and 

extracellular protein expression profile and aqueous zinc content in the cell and 

extracellular fluid, respectively, as a function of biomilling time. To study the expression 

profile of extracellular and intracellular proteins secreted by yeast, S. cerevisiae in the 

absence and presence of ZnO NPs as a function of biomilling time, SDS-PAGE analysis 

was performed. The expression profile of extracellular proteins in the absence and 

presence of ZnO NPs after every 48 h of time period such as 24 h, 72 h, 120 h and 168 h 

was shown in Figure 3.9.  

It was observed that in presence of ZnO NPs, most of the proteins found to be 

under expressed. However, after 72 h of biomilling, two proteins with MW ~6.5 kDa and 
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~30 kDa were found to be over expressed. Furthermore, after 120 h of biomilling, only one 

protein with MW~39 kDa was found which was consistently present throughout the 

biomilling process and became more prominent at 168 h of biomilling.  

 

Figure 3.9: The SDS-PAGE data showing the extracellular protein expression profile. 

Column 1 shows marker S8445 protein bands ~ 66, 55, 45, 36 and 29 kDa from top to 

bottom. Columns 2, 4, 6, and 8 are for control samples and columns 3, 5, 7, and 9 are for 

test samples after 24, 72, 120 and 168 h, respectively.
1 

 

The expression profile of intracellular proteins in the absence and presence of ZnO 

NPs after every 48 h of time period was shown in the figure 3.10. It was observed that a 

protein with MW ~ 30 kDa showed increase in the expression with biomilling time and 

assumed to be related to the zinc transport in the yeast cells as zinc transporter. 
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Figure 3.10: SDS-PAGE data showing the intracellular protein expression profile. 

Columns 1, 3, 5, and 7 show control samples and columns 2, 4, 6, and 8 are for test 

samples after 24, 72, 120 and 168 h biomilling, respectively. Column 9 shows marker 

M3913 protein bands ~66, 45, 36 and 29 kDa from top to bottom.
1 

 

3.4.8 Zinc Content Measurements 

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) was used to analyze 

the extracellular as well as intracellular zinc content as a function of biomilling time. For 

extracellular zinc content, the samples taken during biomilling were centrifuged at 10,000 

rpm for 15 min at 4 
o
C. The as obtained supernatant was collected and filtered by nylon 

membrane filter paper with pore size of 0.2 µm before measuring the zinc content. The 

experiment was performed in duplicates. To analyze the intracellular zinc content, a 

modified method of Demirci
59,60 

was used for sample preparation. Briefly, the S. cerevisiae 

cells were harvested by centrifugation at 5000 rpm for 5 min at 4 
o
C. The cells were 

washed twice with normal saline solution and allowed to dry. The cell dry mass of 100 mg 

were taken in a long neck flask and 5mL of conc. nitric acid was added and heated to 160 

o
C. Then, 2 mL of conc. sulphuric acid was added to it. To maintain the oxidizing 

environment, small amount of nitric acid was added till the solution gets colorless. After 

66 

45 
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29 
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cooling-down to RT, the deionized water was added to make the final volume 50 mL. The 

content was filtered with 0.2 µm pore size nylon membrane before measuring the zinc 

content by ICP-OES, model Spectro Arcos (ARCOS-FHS-12) from SPECTRO Analytical 

Instruments GmbH. 

In order to analyze the change in concentration of extracellular and intracellular 

zinc content as a function of biomilling time, ICP-OES measurements were performed and 

presented in Figure 3.11.  It was noticed from that at 0 h, zinc content in the extracellular 

fluid was found almost negligible whereas, it was ~1 mg L
-1

 for intracellular zinc content. 

After 24 h, the extracellular zinc content was increased to ~0.25 mg L
-1

 and remains almost 

constant up to 72 h. However, in the same time, the intracellular zinc content was 

continuously increased to ~18.4 mg L
-1

. After 96 h, the extracellular zinc content was 

increased by 10 times to ~2.75 mg L
-1

 and can be related to the release of zinc from the 

cells which lead to decrease in the intracellular zinc content to ~14.5 mg L
-1

. The 

intracellular zinc content was further decreased to its minimum level ~6.9 mg L
-1

. 

However, the exact reason behind the decrease in the intracellular zinc content is not 

known. It was observed that after 120 h, the extracellular zinc content was further 

decreased to~1.25 mg L
-1

and ~0.75 mg L
-1

 for 144 h of biomilling. Therefore, it is 

concluded that in the course of biomilling, yeast cells maintain the zinc content almost 

same in the extracellular fluid.  
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Figure 3.11: The extracellular (red color) and intracellular (green color) zinc content at 

different stages (24, 48, 72, 96, 120, 144 and 168 h) of biomilling.
1 

 

3.4.9 Zeta Potential Measurement 

It is known that the yeast S. cerevisiae secretes a fair amount (few µg mL
-1

) of proteins in 

the extracellular medium 
61

 which was also observed in our SDS-PAGE study. Some of 

these extracellular proteins may get attached to the positively charged ZnO NRs by 

electrostatic interaction and can form the protein corona. The change in the surface charge 

from ~ (+)12.3 mV for chemically synthesized NRs (at 0 h) to ~ (-)29.5 mV (after 24 h) for 

biomilled ZnO NPs was observed in our zeta potential study (Figure 3.12) which indicates 

the attachment of proteins to the surface of ZnO NPs. These proteins may act as chelating 

agents and leach-out the zinc ions. 
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Figure 3.12: Zeta potential study of various ZnO NP samples before and after different 

stages (24, 48, 72, 96, 120, 144 and 168 h) of biomilling.
1
 

3.4.10 The Dispersibility of Nanoparticles in Aqueous Solvents  

The dispersibility of the biomilled ZnO NPs in the aqueous medium was compared with 

the chemically synthesized ZnO NRs and was shown in Figure 3.13. After 2 h, the 

absorbance at 374 nm was decreased by 10% for the biomilled ZnO NPs and 80% for 

chemically synthesized ZnO NRs. Further, the stability of both NPs suspension was 

compared at different time periods and biomilled ZnO NPs were found to be highly stable 

in aqueous suspension for a long time (Figure 3.13, inset).  
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Figure 3.13: Dispersibility of the ZnO NPs in an aqueous medium as a function of time. 

Inset shows the stability of (a) the chemically synthesized ZnO NPs and (b) the biomilled 

ZnO NPs in aqueous suspension at different time periods of 0 h, 2 h and 6 h.
1
 

3.5 Conclusion  

In biomilling process, yeasts secrete a number of proteins. Some of these protein molecules 

interact with the particles in oreder to break it down to quasi-spherical nanoparticles. 

During this process the zinc ions leached-out ions can be taken up by yeast cells and stored 

in the vacuole, as it is the major site for zinc storage in the yeast cells.
62

 The yeast S. 

cerevisiae is very well studied organism for zinc transport and trafficking.
25

 This was also 

evident from our ICP-OES study that a higher amount of zinc content present inside the 

cells as compared to the extracellular zinc content. Therefore, we believe that the yeast 
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cells play an important role in the biomilling by secreting the proteins as well as 

maintaining the zinc content almost same in the extracellular fluid throughout the 

biomilling process  

We have successfully developed a modified-biomilling process to transform the 

chemically synthesized ZnO NRs to protein capped quasi-spherical ZnO NPs at room 

temperature in a process spontaneously driven by S. cerevisiae as a stress response. 

Detailed time-dependent TEM and XRD studies have indicated the formation of quasi-

spherical ZnO NPs with the size ~10 nm, and it has further confirmed by AFM study. UV-

vis, PL and FTIR studies have shown the dynamic nature of protein corona as a function of 

biomilling time. Zeta potential study exhibited the abrupt change in the surface charge onto 

the NPs from ~+12.3 mV (for chemically synthesized NRs, at 0 h) to ~-29.5 mV (for 

biomilled ZnO NPs, after 24 h) which indicated the adherence of negatively charged 

protein molecules to the positively charged surface of ZnO NRs by electrostatic forces and 

formation of multiple layers of proteins. TGA analysis has also supported the presence of 

protein molecules with the biomilled ZnO NPs. The time dependent extracellular and 

intracellular protein expression profile by SDS-PAGE analysis has shown the over-

expression of three different extracellular proteins with MW ~6.5 kDa, ~30 kDa and ~39 

kDa; and one intracellular protein with MW ~ 30 kDa (assumed to be related to the zinc 

transport in the yeast cells), at different stages of biomilling. Moreover, the ICP-OES study 

has shown the accumulation of higher amount of zinc inside the cells in comparison to the 

extracellular fluid. Therefore, it is supposed that the yeast cells play an important role in 

biomilling by secreting the proteins as well as maintaining the zinc content almost same as 

in the extracellular fluid. Moreover, the biomilled ZnO NPs have shown higher 
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dispersibility and stability in aqueous medium than chemically synthesized ZnO NRs. 

However, there is further scope to explore the exact mechanism behind the biomilling 

process and the fate of biomilled nanoparticles upon interaction with biological systems. It 

is believed that this study will be of great potential applications in biology field because of 

its green biological approach and ability to synthesize water dispersible and stable protein-

capped quasi-spherical ZnO NPs.  
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Chapter IV 

 

The Mechanistic Insight into the Biomilling of Metal Oxy-

Hydroxide Nanoparticles 

 

 

In this chapter, the mechanistic insight of biomilling for a gradual transformation of 

anisotropic α-FeOOH rod-shaped nanoparticles into quasi-spherical nanoparticles below 

10 nm size has been explored. The detailed UV-vis spectroscopy, transmission electron 

microscopy, atomic force microscopy, X-Ray diffraction, FTIR and X-ray photoelectron 

spectroscopic studies suggested that aquo group present at the -FeOOH surface may 

provide the site for interaction with carboxyl ions of protein molecules which results in the 

formation of a stable coordination bonds with the surface Fe
3+ 

ions and leads to leaching of 

the cations. This process will exposes another layer of Fe
3+

 ions on the surface of lattice 

which leads to the repetition of the process of protein complexation with Fe
3+

 ion and 

dissociation of complex from lattice. This causes the fragmentation of bigger nanoparticles 

into protein functionalized smaller nanoparticles. 

 

A part of the work presented in this chapter is published.
1
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4.1 Introduction 

The oxides, hydroxides and oxy-hydroxides of iron, which are collectively referred as iron 

oxides, are abundant in nature and found globally. Human beings have been using iron 

since the ‘Iron Age’. Iron readily oxidizes in the presence of water to form various Fe2O3 

and  eO(OH) polymorphs (α, β, γ, δ, ε-Fe2O3/ eOOH). The α and γ polymorphs of  e2O3 

are known as hematite and maghemite, respectively and have many applications such as 

catalyst in Haber process, Fischer-Tropsch synthesis, water-gas-shift reaction, dehydration 

of ethyl benzene to styrene, vapor phase oxidation of alcohol to aldehyde and ketones,
2
 

decomposition of hydrogen peroxides,
3
 lithium ion batteries,

4
 gas sensors

5
 etc. 

Different forms of iron oxides are also extensively used in paint industries because 

of their different colors such as hematite for red, maghemite for brown, and magnetite for 

black.
6,7

 The maghemite (γ-Fe2O3) and magnetite (Fe3O4) being magnetic, they have been 

extensively researched and used in magnetic data storage devices,
8,9,10

 magnetic resonance 

imaging (MRI),
11

 hyperthermia,
12

 targeting and visualizing tumor,
13

 drug delivery
14,15

 etc. 

The β-FeOOH (akaganeite) nanoparticles coated with various carbohydrate shells are 

being used for the treatment of hyperphosphatemia in dialysis patients and as intravenous 

and oral supplements for iron deficiency.
16

 

 Iron plays an important role in life-cycle of living beings as it serves both as an 

electron donor and an acceptor in redox reactions (heme-proteins of respiratory chain), for 

transport of oxygen (hemoglobin), cofactor for hundreds of proteins and enzymes, 

therefore, the cells have a developed mechanism to extract iron from various sources. 

However, free ionic form of iron is toxic and can damage the cellular organelles and even 

can lead to the death and hence cells utilize various ways, including few enzymes, that 
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neutralize the ionic form of iron and transport into the cell to store, in nontoxic form, 

inside ferritin protein cage.
17,18

 Some organisms evolved to bio-mineralize the iron and 

utilize for their well-being. A fascinating example is magneto-tactic bacterium, which 

forms magnetic iron in a specialized organelle called magnetosome, which are responsible 

for the synthesis of long chain of magnetic nanoparticles of magnetite (Fe3O4) and less 

commonly greigite (Fe3S4). These magnetosomes arrange in the intracellular chain and 

facilitate bacterium to swim in response to the external magnetic field, this behavior is 

known as ‘magnetotaxis’.
19,20

  

 People have reported the use of microbes for synthesis of iron oxide nanoparticles 

both by extracellular as well as intracellular ways because of their high surface area-to-

volume ratio and the presence of charged chemical groups on the cell surface which is 

responsible for the potent mineral-nucleating ability of these cells.
21

 Another way is a 

biomimetic synthesis of iron oxide nanoparticles through ferritin; a universal protein, 

which concentrates Fe and store it to maintain the intracellular iron level.
22,23

 the microbes, 

proteins and drug molecules have been used for the synthesis of nanomaterials, through 

various methods such as biosynthesis,
24,25,26,27

 bioleaching,
28,29

 biotransformation,
30

 

enzymatic synthesis
31,32 

etc.  

 There are numerous chemical methods available for the synthesis of rod or needle-

shaped α-FeO(OH) nanoparticles with diameter approximately 30–50 nm and length 200–

300 nm,
33,34,35,36

 but very few reports are available for the synthesis of nanoparticles with 

spherical geometry and size less than 10 nm.
37,38

 These small nanoparticles would be of 

great importance, especially for the purpose where specifically high surface area is 

required, for example, in catalysis, heavy metal removal from water etc. In this chapter, we 
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present an eco-friendly way of size reduction from anisotropic goethite particles to, quasi-

spherical nanoparticles with size less than 10 nm.  

4.2 The Model System to Study Biomilling of Metal Oxy-hydroxides 

The goethite (α-FeOOH) is one of the most abundant forms of metal oxy-hydroxide, found 

globally. It was named after Johann Wolfgang von Goethe, in 1815. It is 

thermodynamically most stable iron oxide at ambient temperature. It is dark brown to 

black color when present in massive crystal aggregate whereas, it is yellow in powder 

form. It is also primarily responsible for the color of various rocks, soils and mineral ore 

deposits.
39

  

It is the most common hydroxide which exhibits orthorhombic symmetry. It has 

three-dimensional structure build up with FeO3(OH)3 octahedral which form large tunnels 

spreading out along [010] direction. The (110) is a dominant face of goethite comprising 

about 80–95 % of crystal surface and is most prominent than other faces.
40,41

 Each 

octahedron is linked to eight neighboring octahedral with four edges and three vertices.
34

 

The hydrated form of goethite {FeO(OH).nH2O} is known as yellow iron oxide which has 

widely used in pigments and humidity sensing.
33

 It has also used as the precursor for the 

synthesis of α-Fe2O3 (hematite)
33

 because of its property to retain its original architecture 

upon transformation at elevated temperature into the oxide form.
42

 The nano-sized iron 

oxide commonly applied for the removal of heavy metals Pb, Zn, Cu, Cd, Cr etc. from 

water/waste water include goethite α- eO(OH), hematite (α-Fe2O3) amorphous hydrous Fe 

oxides, maghemite (γ-Fe2O3), magnetite (Fe3O4) and iron/iron oxide (Fe@FexOy).
43

 The 

environment-friendly, nontoxicity, high stability in aqueous suspension and negligible risk 

of secondary contamination attract these materials for various applications. 
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4.3 Experimental Section 

4.3.1 Materials 

All chemicals were of analytical grade and used as-received without any further 

purification unless otherwise described. Dextrose monohydrate (AR grade), mycological 

peptone (certified), yeast extract powder (type I), malt extract powder were purchased from 

Himedia Laboratories. Dialysis tubing made of cellulose membrane (average flat width 33 

mm, D 9652) was purchased from Sigma Aldrich. Ferric chloride hexahydrate 

(FeCl3∙6H2O), ferrous chloride tetrahydrate (FeCl2.4H2O), and hydrochloric acid (HCl) 

were purchased from Thomas Baker. Urea [(CO(NH2)2] (GR grade), was purchased from 

Loba Chemie Pvt. Ltd. Acetone [(CH3)2CO] (HPLC grade) purchased from Ranchem, 

RFCL Ltd. All glassware were washed with aqua-regia (HCl/HNO3 = 3:1) carefully and 

were rinsed with double-distilled water before using for the reaction. 

4.3.2          S          f α-FeO(OH) Nanorods 

We have synthesized the α-FeO(OH) nanorods by a low temperature, surfactant free 

route.
33

 The FeCl3∙6H2O and FeCl2.4H2O were dissolved in 2 M HCl to make a final 

concentration of 1 M and 2 M, respectively. The solution temperature was increased to 

around 70 
o
C followed by the drop-wise addition of 2 M urea till the solution become 

slightly alkaline. The reaction mixture was allowed to precipitate. The obtained product 

was filtered and washed multiple times with deionized water and subsequently by 

acetone.
33
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4.3.3             f α-FeO(OH) Nanorods  

The Saccharomyces cerevisiae (NCIM No 3064) culture was obtained from National 

Collection of Industrial Microorganisms (NCIM) situated at CSIR-National Chemical 

Laboratory, Pune, India and grown in 500 mL Erlenmeyer flasks containing malt extract 3 

g/L, D-glucose 10 g/L, yeast extract 3 g/L and mycological peptone 5 g/L in 200 mL 

double distilled water, incubated in shaker at 150 rpm and 28
 o

C temperature. At log phase 

of growth, the culture was harvested by centrifugation at 5000 rpm for 5 min at 4 
o
C, 

washed thrice with autoclaved double distilled water and transferred to sterilized 

Erlenmeyer flask contained a dialysis bag with 7.5 mg α-FeO(OH) nanorods suspended in 

15 mL double distilled water. The samples were then incubated at 28 
o
C under shaking at 

150 rpm. The aliquots were collected at every 24 h in sterilized condition and used for 

further characterization. The control sample (designated as 0 h) has not been interacted 

with the culture, but gone through the same treatment for 120 h.  

4.4 Results and Discussion 

4.4.1 The TEM Studies 

The successive breakdown of chemically synthesized α-FeO(OH) nanorods  in the 

biomilling process was imaged by transmission electron microscopy and atomic force 

microscopy techniques.  or this purpose, the chemically synthesized α-FeO(OH) nanorods 

were added in yeast cell suspension (which did not supplement with culture media) and the 

samples were collected at successive time intervals. The TEM analysis of as-synthesized α-

FeO(OH) nanoparticles exhibited the well-defined rod-shaped particles with the length 

from ~200 to 400 nm and diameter ~30 nm which is shown in figure 4.1 A. Initially, the 

change in the particle morphology was not significant but as the time progresses, these rod-
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shaped particles were found to be covered with a thick amorphous protein layer. After 96 

h, each particle was completely encapsulated by proteins as observed through a low 

contrast around nanorods in TEM image (figure 4.1D). At this stage, nanoparticles were 

fully covered with a thick amorphous protein matrix and the degradation of rods was 

observed. After 120 h, the as-synthesized nanorods were transformed to quasi-spherical 

nanoparticles with size below 10 nm as shown in figure 4.1E. The dark field imaging of 

the area corresponding to figure 4.1E was performed to clearly distinguish the 

encapsulated amorphous protein around biomilled nanoparticles were shown in figure 4.1 

F, and the magnified view were shown in figure 4.1G, for better visibility the nanoparticle. 

The SAED pattern corresponding to figure 4.1E is shown in the figure 4.1H, which 

indicates the crystalline nature (bright spots) of biomilled nanoparticles, however, the 

diffused ring pattern can be attributed to the amorphous nature of protein corona around 

nanoparticles.
44

 The SAED pattern was indexed according to (111) and (151) reflections of 

α-FeO(OH) on the basis of their d-spacing of 2.44 Å and 1.56 Å.  
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Figure 4.1: The gradual transformation of rod shaped α-FeO(OH) nanoparticles to quasi-

spherical ones. The bright field TEM images showing nanoparticles before (A) and after 

48 h (B), 72 h (C), 96 h (D), and 120 h (E) biomilling. The TEM image in Figure( E) shows 

the fully transformed quasi-spherical nanoparticle aggregates after 120 h of biomilling 

(E), corresponding dark field image (F), magnified TEM image of 120 h biomilled sample 

showing particle size < 10 nm (G), and selected area electron diffraction (SAED) pattern 

(H).
1
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4.4.2 The AFM Studies 

The left panel of figure 4.2 shows the topography/height images and used for the 

analysis of shape and size of particles. The size of nanoparticles was estimated through 

height profile in figure 4.2 a, b, c which corresponds to the line drown across the 

nanoparticles in figure 4.2 A, B and C. The amplitude images of the same area shown in 

the right panel of figure 4.2, which indicates the amplitude variation in resonance 

frequency of AFM cantilever which is proportional to the first derivative of the 

topography.
45

 The noteworthy breakdown events were observed after 96 h in figure 4.2C 

and D. At this stage, few smaller fragments of nanorods were observed together with intact 

nanorods with only minor change in the morphology.  

After 96 h of biomilling, the diameter of nanorods were observed as high as ~ 80 

nm, which may be due to the aggregates of two or more nanorods coated with a thick layer 

of proteins. After 120 h, the quasi-spherical nanoparticles were found to completely get 

embedded in the protein matrix and the average size was measured ~ 10 nm which can be 

easily seen from figures 4.2 E and F.  
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Figure 4.2: The tapping mode AFM topographic (left panel, 2A, C, E) and corresponding 

amplitude images (right panel, B, D, F) showing the as-synthesized rod shaped 

nanoparticles at 0 h (A, B), aggregates of two or more nanorods coated with a thick layer 

of proteins after 96 h (C, D), and transformed quasi-spherical nanoparticle aggregates 

after 120 h (E, F) of biomilling, respectively. The approximate size of obtained 

nanoparticles was measured by height profile line scan analysis and plotted separately as 

figure a, b, c for their respective height images in figure 2A, C, and E.
1
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The diameter of NRs before (20 – 60 nm) and after (<10nm) biomilling were as 

shown by a size distribution histogram in figure 4.3).  

 

Figure 4.3: The particle size (diameter) distribution of the α-FeO(OH) nanoparticles, 

before (0 h) and after (120 h) biomilling.
1
 

4.4.3 The Transformation of Nanorods into Quasi-spherical NPs 

In order to get the better insight about the mechanism of biomilling, phase image and TEM 

image of the 96 h biomilled sample were compared and shown in figure 4.4. The phase 

shift in resonance frequency of AFM cantilever during tapping mode gives the information 

about the amount of dissipation of energy due to surface interactions, which is very 

sensitive to the composition, adhesion, friction, viscoelasticity as well as many other 

factors of the material.
45

 In the phase images, the hard material (inorganic nanoparticles) 

supposed to show the different phase lag (dark color in image) compared to the soft 

materials (proteins, light color in image). Therefore, crevices on the surface of nanorods 

were clearly visualized in phase image in figure 4.4 A. The TEM image of a single 

biomilled nanoparticle and the enlarged view of certain specific areas on the rods 

(presented in white dotted circle) in TEM image 4.4 B, which confirm the finding from 
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AFM phase imaging results and suggest that the rods transform to spherical nanoparticles 

by formation of crevices in the rods.  

 

Figure 4.4: The tapping mode AFM phase image (A) and HR-TEM image (B) of 96 h 

biomilled sample. The blue arrow in figure4.4A shows the region with soft organic 

material (light yellow color) such as protein molecules present in between the region with 

hard inorganic material (dark brown color) such as α-FeO(OH) nanorods. The figure 4.4 

B supports the findings from AFM study and showing both the crystalline as well as 

amorphous regions in the rods (inset). The red mark shows the lattice fringes with d-

spacing of 0.4 nm, which can be assigned to (110) crystal plane of α-FeO(OH) nanorods.
1 
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4.4.4 The Dispersibility of Biomilled Nanoparticles 

The dispersibility of biomilled -FeO(OH) nanoparticles in aqueous media, was compared 

with the chemically synthesized α-FeO(OH) nanorods and presented in figure 4.5. It can be 

easily seen from the UV absorbance at 373 nm as well as digital photographs (inset) that 

the biomilled -FeO(OH) nanoparticles were more stable in aqueous suspension and did 

not settle down up to 2 h. These results support the presence of bulky ligands such as 

protein molecules on the nanoparticle surface which makes them dispersible in aqueous 

suspension.  

 

Figure 4.5: The dispersibility of the α-FeO(OH) nanoparticles in aqueous suspension as a 

function of time. Inset shows the photographs of (a) 0 h sample, and (b) 120 h biomilled 

sample clearly indicates the instability of 0 h sample in aqueous suspension in comparison 

to 120 h sample.
1 
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4.4.5 The Role of Live Yeasts in Biomilling 

To ensure that the biomilling process happens only in the presence of live yeast cells, the 

biomilling were carried out with live cells and dead cells. The biomilling were also carried 

without live or dead cells as control experiment.  

 

Figure 4.6: The TEM images showing -FeO(OH) nanorods , without biomilling at 0 h 

(A), at 120 h incubated without S. cerevisiae (B), with dead S. cerevisiae  (C) and with live 

S. cerevisiae (D).
1
 

The TEM analysis of the -FeO(OH) nanoparticles before (figure 4.6 A) and after 

exposure with PBS (in absence of yeast cells) (figure 4.6 B), dead yeast cells (figure 4.6 

A B

C D
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C), and live yeast cells (figure 4.6 D) for a period of 120 h indicates that the degradation of 

rods occurs only in the case of live yeast cells.   

4.4.6 The XRD Studies 

To study the effect of biomilling on the crystallinity of chemically synthesized α-FeO(OH) 

nanoparticles, PXRD measurements were performed on as-synthesized as well as 

biomilled samples, collected at different time intervals and shown in figure 4.7.  

 

Figure 4.7: Powder X-ray diffraction patterns of α-FeO(OH) nanoparticles at different 

time intervals (0 h, 24 h, 48 h, 72 h, 96 h, and 120 h) of biomilling. The patterns could be 

indexed to PCPDF 81-463. However, peak marked with * and # may be due to the traces 

of media.
1
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The prominent peaks situated at 2 values of 17.8
o
, 21.2

o
, 26.3

o
, 33.2

o
, 34.7

o
, 36.6

o
,  

40.1
o
, 41.2

o
, and 53.2

o
 correspond to the (020), (110), (120), (130), (021), (111), (210), 

(140) and (221) planes, respectively and could be indexed to α-FeO(OH) (JCPDS card no 

81-463). The relative increase in the intensity of (110) crystal plane may be due to the 

possible size reduction of the crystallites during the course of biomilling.
46

 However, peak 

marked with * and # may be due to the traces of media. 

 

4.4.7 The Optical Properties of Biomilled NPs 

UV-vis absorption spectroscopic measurements were performed at various time intervals 

of biomilling to acquire the information about the protein binding on the nanoparticle 

surface and presented in figure 4.8. The supernatant of control sample (having only protein 

molecules) shows a strong UV absorption at ~ 220 nm due to the presence of n-π* 

transition of peptide groups/carboxylic groups in the protein molecules.
47

 The α-FeO(OH) 

nanoparticles (before and after biomilling) show the absorption at ~ 290 nm and ~ 380 nm 

wavelengths which may be due to the 
6
A1 - 

4
T1(

4
P1) and 

6
A1 - 

4
E1(

4
D1) ligand field 

transition of Fe
3+

.
48

 The strong UV absorbance ~ 220 nm due to peptide groups in the 

biomilled samples indicates the presence of protein molecules in the sample. The relative 

increase in absorption at ~ 290 nm in biomilled samples may also be due to the presence of 

romatic amino acids (Phe, Tyr, Trp) which again confirms the presence of protein 

molecules in the samples.
49
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Figure 4.8: The UV-visible spectra of α-FeO(OH) nanoparticles at different time intervals 

(0 h, 24 h, 48 h, 72 h, 96 h, and 120 h) of biomilling. The bottom pink color spectrum is for 

the supernatant of control sample (without α-FeO(OH)) showing the UV absorption below 

230 nm (n-π* transition of peptide group) which is present in all the biomilled samples 

except 0 h sample indicates the presence of proteins. The absorption at ~ 290 nm and ~ 

380 nm wavelengths in α-FeO(OH) containing samples may be due to the 6A1 - 4T1(4P1) 

and 6A1 - 4E1(4D1) ligand field transition of Fe
3+.

 All the spectra were shifted vertically for 

the sake of clarity.
1 

4.4.8 The FTIR Studies 

In order to gain information about the functional groups of the proteins which are involved 

in the binding to α-FeO(OH) nanoparticles surface, the Fourier transformed infra-red 
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spectroscopy ( TIR) spectroscopic measurements were performed. At 0 h, α-FeO(OH) 

nanorods show the major peak at ~ 1650 cm
-1

. This peak was assigned to bending 

vibrations of hydroxyl group of goethite.
50,51

 The peaks at 2337 cm
-1 

and 2360 cm
-1

 were 

observed in all the spectra, which could be due to the adsorbed CO2 on the α-FeO(OH) 

surface.
52

  

 

 

Figure 4.9: The FTIR spectra of α-FeO(OH) nanoparticles at different time intervals (0 h, 

24 h, 48 h, 72 h, 96 h, and 120 h) of biomilling, showing the appearance of amide bands in 

biomilled samples confirmed the presence of protein capping around nanoparticles.
1
 

FTIR spectra of all biomilled samples show the peak at ~ 2852 cm
-1

 for  symmetric 

stretching of CH2 and its shoulder at ~ 2870 cm
-1

 for symmetric stretching of CH3, 

whereas, peak at ~2923 cm
-1

 depicts the presence of asymmetric stretching of CH2 and its 
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shoulder at 2958 cm
-1

 due to asymmetric stretching of CH3.
53

 Two other peaks at ~1630 

cm
-1 

and ~1586 cm
-1 

correspond to amide I and II bands, respectively. The amide I band 

(1700-1600 cm
-1

) is attributed to >C=O stretching vibration of peptide linkages in the 

backbone of the protein.
54

 The amide II band (1620-1500 cm
-1

) results from a combination 

of N-H bending and C-N stretching.
54

 The presence of these bands confirms the protein 

capping around nanoparticles. 

 

4.4.9 The XPS Studies 

XPS is well suited for the characterization of proteins and other biomolecules 

adsorbed at the surface of nanoparticles.
55

 It is also highly sensitive to detect the change in 

oxidation states of the elements. The XPS measurements were performed on 0 h and 120 h 

biomilled samples to validate the findings from FTIR study about the binding of the 

protein to α-FeO(OH) surface. For this purpose, the XPS spectra for binding energy of C 

1s, O 1s and Fe 2p core level electrons for 0 h and 120 h sample were collected in high 

resolution, background-corrected by the Shirley algorithm, and chemically distinct peaks 

were resolved using a nonlinear least-squares fitting procedure.  

The XPS survey scan has performed to get the information about the relative 

distribution of different elements before and after biomilling. For this purpose, the energy 

pass of 50 eV used for XPS survey scan at an energy resolution of 1 eV. The adventitious 

carbon (C 1s) peak was used for the charge correction reference and both the spectra were 

normalized against Fe 2p peak. The relative elemental contents were estimated by 

measuring the relative intensities of peaks. The 2.6 times increase in carbon and 1.7 times 

increase in oxygen content depicts the presence of organic molecules (proteins).
56

 The 
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presence of sulfur (S 2s) and nitrogen (N 1s) depicts the presence of amino acids of 

protein.
57

 Thus, these results support the presence of protein capping around nanoparticles. 

It can be noticed that in 120 h biomilled sample, the intensity of the C 1s and O 1s peaks 

was increased and the two new peaks (S 2p and N 1s) were appeared which confirms the 

presence of proteins capping around the biomilled nanoparticles.
57

  

 

Figure 4.10: The XPS survey spectra of 0 h and 120 h biomilled samples showing the 

relative distribution of various elements in the samples.
1
 

The C1s spectrum in figure 4.11 can be resolved in three components which are 

situated at 284.8 eV, 286.9 eV and 288.5 eV the binding energy for 0 h. The peak at 284.8 

eV can be assigned to adventitious carbon (C-C, C-H), and served as charge reference 

standard to calibrate the whole spectrum for both 0 h and 120 h samples. The other two 
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peaks at 286.9 eV and 288.5 eV can be assigned to C-O and O-C=O groups, respectively.
57

 

For 120 h sample, the peaks were observed at 288.5 eV and 292.8 eV. The peak at 288.5 

eV can be associated with carboxylic carbon.
58

 Whereas, the peak at 292.8 eV can be 

assigned to the carboxyl carbon adjacent to the amino group (C
1
) which is known to have 

highest binding energy in amino acids.
59

  

Figure 4.11: A comparison of XPS spectra for binding energy of C1s core level 

electrons for 0 h and 120 h biomilled samples showing the binding energy peaks for C-

C/C-H, C-O-C, and O-C=O groups.
1
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Figure 4.12: A comparison of XPS spectra for binding energy of O1s core level electrons 

for 0 h and 120 h biomilled samples showing that O 1s peak can be deconvoluted in three 

peaks at ~ 529.7, 531.2, and 533.4 eV binding energy which can be assigned to the lattice 

oxygen atom bound to Fe (Fe-Olattice), hydroxide/hydrated or defective oxides component 

inherent to these oxide surfaces, and physisorbed water or organic oxygen, respectively.
1
  

The O 1s core level spectrum in figure 4.12 for 0 h sample was deconvoluted in 
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to Fe (Fe-Olattice), hydroxide/hydrated or defective oxides component inherent to these 

oxide surfaces,
60

 and physisorbed water, respectively.  

These peaks were observed for 120 h sample at 529.6, 531.1, 532.8 eV. The major 

shift was observed in the third peak towards low binding energy 532.8 eV (which was 

situated at 533.4 eV in 0 h sample) and might be due to the replacement water molecules at 

0 h, by protein molecules at 120 h.
61

 

The Fe 2p spectra for 0 h sample was deconvoluted in four peaks situated at 

binding energy 713.2 eV (Fe 2p3/2), 727 eV (Fe2p1/2) and satellite features 719 eV (Fe2p3/2 

sattelite) and 734 eV (Fe2p1/2 sattelite) as shown in figure 4.13. However, in 120 h 

biomilled sample, peaks were observed at 711 eV (Fe 2p3/2) and 725 eV (Fe2p1/2) and 

satellite features at 719 eV (Fe2p3/2 sattelite) and 734 eV (Fe2p1/2 sattelite).
62

 The peaks at 

711 eV and 725 eV can be assigned to the Fe atoms, bounded to lattice oxygen (Fe-O) and 

the lattice hydroxyls (Fe-OHlattice), respectively.
63

 The shifting of these peaks towards 

lower binding energy in comparison to 0 h sample, may be because of the replacement of 

adsorbed water molecules by the carboxylic group of protein molecules.
64

 The satellite 

peaks are considered to be the characteristic feature of Fe
2+

 or Fe
3+

.
65 
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Figure 4.13: A comparison of XPS spectra for binding energy of Fe2p core level electrons 

for 0 h and 120 h biomilled samples, showing the deconvolution of Fe2p peak in two major 

peaks at ~ 711 eV and ~ 725 eV binding energy for Fe bounded to lattice oxygen (Fe-O) 

and the lattice hydroxyls (Fe-OHlattice), respectively.
1
  

 

4.4.10 The Proposed Mechanism of Biomilling  

According to the literature, the (110) plane of goethite accounts for ~ 90% of the surface 

area and contains singly, doubly, and triply-coordinated oxygen, designated as ≡ eOH
0.5

, 
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≡ e2OH, and ≡ e3OH
0.5

, respectively. Singly- and triply-coordinated oxygen is responsible 

for the surface charge and, therefore, acid-base properties of the goethite.
41

 Primarily, 

singly-coordinated oxygen is assumed to take part in ligand exchange reactions. Doubly-

coordinated oxygen is generally to be inert in nature and do not supposed to take part in 

dissolution/biomilling of goethite.  

The mechanism behind the degradation of anisotropic goethite particles into 

quasispherical NPs during biomilling is supposed to be started with the physisorption of 

water molecules to the surface of goethite nanorods. The theoretical double-hydrated 

double hydroxyl ((H2O) - (H2O) - OH - OH - Fe - O - O - Fe - R) termination model for the 

-FeOOH surface best fit the interaction of goethite with water which propose the 

presence of two types of terminal hydroxyl (a) bidentate hydroxo and (b) monodentate 

aquo groups at the interface. The monodentate aquo group provides the effective Lewis 

base sites for interaction with cations of Lewis acid (via proton exchange), Lewis base 

exchange site and also the site for Columbic interaction with anions due to their excess 

positive charge.
66

 This theory suggests that at the time of biomilling process, the aquo 

group may provide the site for interaction with carboxyl ions of protein molecules which 

results in the formation of a stable coordinate compound with Fe
3+ 

ions
67

 and is also 

supported by our XPS results. The Fe
3+

-protein complexes get disassociated away from the 

lattice. This step exposes fresh Fe
3+

 ions on the surface of lattice and the process of protein 

complexation and dissociation from the lattice continues
68

 which leads to the 

fragmentation of bigger particles into protein functionalized smaller nanoparticles as 

shown by a schematic in figure 4.14. 
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Figure 4.14: Schematic of the mechanism behind biomilling of goethite.
1
 

 

4.5 Conclusion 

Our study has shown that the degradation of rod-shaped -FeO(OH) particles (length 200-

400 nm and diameter ~ 30 nm) into small quasi-spherical particles with the size less than 

10 nm is carried out by the proteins secreted by the S. cerevisae during the biomilling 

process. A detailed study using TEM, AFM, XRD, UV-vis spectroscopy, FTIR 

spectroscopy and XPS was performed to understand the mechanism behind biomilling. 

The HR-TEM and AFM phase imaging results have shown the formation of crevices on 

the nanorod surface at the time of biomilling. Further, UV-vis and FTIR results indicated 

the binding of protein molecules to the nanoparticles. XPS results show that the adsorbed 

water molecules on the goethite surface replaces by carboxyl group of protein molecules in 

the process of biomilling. According to the results from HR-TEM, AFM and XPS, it is 
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proposed that in the process of biomilling, the aquo group (present at the interface of -

FeO(OH) and water molecules) may provide the site for interaction with carboxyl ions of 

protein molecules which allows the formation of a stable coordinate compound with Fe
3+ 

ions. Then, the chelated ion get dissociated from lattice and creates a new Fe
3+

 ion on the 

surface of lattice which results into the perforation of the nanorods and finally the 

formation of much smaller particles.  
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Chapter V 

The Salient Features and Future Perspectives of the Work 
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This chapter deals with the salient features and the future perspectives of the research work 

presented in this thesis.  
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5.1 Salient Features of the Work  

In the modern era, the nanomaterials have revolutionized our lives and being virtually 

utilized in possible ways. The immense applicability has tremendously increased the 

demand of environmental-friendly production of nanomaterials. So far, people largely rely 

upon physical and chemical methods of synthesis of nanoparticles. However, the chemical 

ways are most of the times hazardous and pose a significant risk to the environment while 

physical methods demand specialized tools. Therefore, the synthesis of nanomaterials 

following the nature’s way has always been of immense interest for the nanotechnologists. 

A number of bottom-up biological methods have been known. However, for the first time, 

our lab has used biological methods, for the top-down synthesis of nanomaterials. In top-

down approach, microorganisms have been used for the controlled breakdown of large 

(micron-sized) particles into nanoparticles. This method can potentially be used for all kind 

of nanomaterials, however, this is especially useful for the synthesis of nanomaterials, 

which need to calcine at high temperature. In general the high temperature leads to grain 

growth and agglomeration of nanoparticles with improper crystallinity.
1
 Therefore, for 

such materials, this method would be very useful.  

First of all, the top-down method was demonstrated for the synthesis of BiOCl 

nanoparticles by break-down of chemically synthesized nanoplates and this method was 

termed as “biomilling”. For this purpose, an alkalo-tolerant and thermophilic fungus, 

Humicola sp. (HAA-SHC-2), was isolated from self-heating compost. The biomilling was 

carried out for the synthesis of BiOCl nanoparticles from chemically synthesized 

nanoplates (edge lengths 150–200 nm).
1
 Later, this method has been also used for the 

milling of Gd2O3,
2
 BaTiO3

3
 etc. down to nanosize. 
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In the chapter III of this thesis, we discussed the synthesis the protein-capped, 

quasi-spherical ZnO NPs with size less than 10 nm from the chemically synthesized ZnO 

NRs (~250 nm in length). We have addressed some of the challenges associated with the 

biomilling process, which we have been facing. The modified biomilling procedure 

developed by us in this thesis work, has several inherent advantages over our earlier 

reported work.  In this thesis we demonstrate that it is possible to (1) isolate the biomilled 

NPs with minimum efforts, (2) separate the top-down biomilling and bottom-up 

biosynthesis processes (if the organism itself, has NP synthesis ability by 

extra/intracellular reduction of free zinc ions to form NPs), and (3) differentiate the yeast 

cell involvement in the biomilling process. Detailed experimental investigation proves the 

formation of crystalline, small-sized protein-capped, quasi-spherical ZnO NPs after nearly 

168 h of biomilling. The UV-vis, photoluminescence (PL) and FTIR spectroscopic studies 

as a function of biomilling-time, show the dynamic nature of protein corona on the ZnO 

NPs, which is further supported by the SDS-PAGE analysis of the extracellular fluid. The  

dynamic nature of proteins are due to the differential binding affinity of different proteins 

to the surface of nanoparticles, as well as the protein–protein interactions among the 

coronal proteins. We believe that the yeast cells provide an important role in the process of 

biomilling by accumulating a high amount of zinc content in the cells while the zinc 

content in extracellular medium almost same as shown by the ICP-OES analysis. The 

biomilled ZnO NPs show enhanced stability and improved dispersibility in aqueous 

medium than chemically synthesized ZnO NRs.
4
  

In chapter IV, we have shown the degradation of rod-shaped α-FeO(OH) particles 

(length 200-400 nm and diameter ~ 30 nm) into small quasi-spherical particles with the 
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size less than 10 nm, carried out by the proteins secreted by the S. cerevisae during the 

biomilling process. A detailed study using TEM, AFM, XRD, UV-vis spectroscopy, FTIR 

spectroscopy and XPS was performed to understand the mechanism behind biomilling. 

The HR-TEM and AFM phase imaging results have shown the formation of crevices on 

the nanorod surfaces at the time of biomilling. Further, UV-vis and FTIR results indicated 

the binding of protein molecules to the nanoparticles. The XPS results show that the 

adsorbed water molecules on the goethite surface get replaced by the carboxyl groups of 

protein molecules in the process of biomilling. According to the results from HR-TEM, 

AFM and XPS, it is proposed that in the process of biomilling, the aquo group (present at 

the interface of α-FeOOH and water molecules) may provide the site for interaction with 

carboxyl ions of protein molecules which allows the formation of a stable coordinate 

compound with Fe
3+

 ions. Then, the chelated ions get dissociated from lattice and expose 

fresh lattice sites where this process can be repeated which results into the perforation of 

the nanorods and finally the formation of much smaller particles.
5 

In biomilling, we observed the synthesis of quasi-spherical nanoparticles with size 

below 10. During this process, the yeast cells secrete different types of proteins, which is 

responsible for the biomilling process and render negative surface charge on the 

nanoparticles. The obtained nanoparticles were quite stable in aqueous medium. However, 

despite of these similarities, the yeasts have shown faster response towards the metal oxide 

(ZnO), therefore the precursor particles are observed to be fully covered with proteins at 72 

h as compared to that of 96 h in case of metal oxy-hydroxides. Whereas, the total time 

taken to biomill the metal oxide nanoparticles are higher (168h) as compared to metal oxy-

hydroxides (120h).  
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5.2 Future Perspective of the Work 

The biomilling method for the synthesis of nanoparticles is quite a new method as 

compared to other methods for synthesis of nanoparticles. Being in its infancy, it has been 

facing many challenges. In this thesis, we have modified the method which has many 

advantages such as – (a) isolate the biomilled NPs with minimum efforts, (b) separate the 

top-down biomilling and bottom-up biosynthesis processes (if the organism itself, has NP 

synthesis ability by extra/intracellular reduction of free zinc ions to form NPs), and (c) 

differentiate the yeast cell involvement in the biomilling process. During our study, we 

have observed that some proteins get overexpressed during biomilling. It would be very 

interesting to identify the proteins and understand their role in biomilling. It may also be a 

good idea to overexpress the yeast protein using recombinant DNA technology methods to 

get higher yield. However, biomilling using purified isolated protein of yeast or microbial 

cells, would be another aspects of study. There are some literatures which suggest that the 

proteins bind preferentially at some specific facets. So, it would open up the door to 

another direction of research where synthesis of tailored nanostructures can be possible.  
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