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PREFACE

Infection is a biological process in which the host organism’s body tissues are invaded by
disease causing microorganisms like virus, bacteria, fungi and other macroparasites.
Infectious disease is the outcome of interplay between pathogenic microorganisms and
immune system of the host. In the history of human civilization, the epidemics suffered
by mankind are due to the infectious diseases. Billions of humans were killed due to
infections which were not curable. According to the World Health Organization report in
the year 2002, 26% of the total deaths were caused by the infectious diseases. Nearly 14.7
million people died due to infections in the year 2002. The mortality caused by infectious
diseases is expected to rise further due to environmental pollution and rapid changes in

the ecosystem.

Anti-infective drugs are used in the curative and preventive health care to treat
various infections caused by pathogenic microorganisms. An antibiotic is a substance that
kills microorganisms or inhibits their growth. Antibiotics work on different mechanisms.
Some of them kill the microorganisms, while the others just prevent their growth. Few
antibiotics disrupt the bacterial cell walls or interfere with the genetic material of the cell,
leading to death, while the others may prevent them from making important chemical

compositions required for their growth.

To fight against infections, antibiotic is the only option available with
pharmacologists. Even though antibiotics are widely used, cautions must be exercised
while using them. Some common side effects that occur in patients include nausea,
diarrhea, stomach pains, headache, fever, body and muscle aches and vomiting to life
threatening diseases like abnormal blood clotting, kidney stones, blood disorders, etc.
Antibiotics can decrease the effectiveness of birth control pills. Hence, there is an urgent
need for the development of alternative medicines, which are as efficient as antibiotics

but have no potential side effects.

Development of pathogenic strains of microorganisms that are resistant to most of
the currently available antibiotics is another challenge in health care. For example, MRSA
(methicillin resistant S. aureus) bacteria kill 5000 hospital patients a year in the UK alone.
These strains are resistant to at least one antibiotic, which is presently available in the

market and any method of attacking them not involving antibiotics, is becoming



increasingly important. Microbes possess an internal mechanism of changing their
structure so that the antibiotic no longer works. They develop ways to inactivate or
neutralize the antibiotics. They can transfer gene coding for antibiotic resistance amongst
them, making it possible for the microorganisms never exposed to an antibiotic to acquire
resistance. Further, the development process of antibiotics is slow and lengthy and hence,
developing new antibiotics will not be able to cope up the threats posed by the evolution
of multidrug resistant strains of microorganisms. Hence, there is a vital and immediate
need for the discovery of non-traditional medicines, against which microbes are unlikely
to develop resistance. The new approach should be able to minimize the side-effects

associated with the medication of traditional antibiotics.

Metal and metal oxide based materials are widely used for the treatment of
infectious diseases since ancient time. However, technological advancement in the field
of antibiotics had declined interest in these conventional medicines in the 20" century.
Recent developments of multidrug resistant strains of microorganisms have rejuvenated
interest in the antimicrobial properties of metals and metal oxides. The major objective of
this thesis is to synthesize metals (silver and copper) and metal oxide (titanium dioxide)
nanoparticles and evaluate their antimicrobial properties against clinically important
pathogens and environmental friendly microorganisms, which are critical to sustain

natural cycles.

First chapter of this thesis introduces subject of infection and infectious diseases.
The details of epidemics caused by infectious diseases in the history of human civilization
are overviewed to highlight the importance of this class of diseases. The concept of
antibiotics is introduced, which is the only alternative available with pharmacologist for
the treatment of infectious diseases. Detailed mechanism of microbial action of antibiotics
is also reviewed along with their merits and demerits. The origin of resistance in
microorganisms against antibiotics is reviewed in this introductory chapter. The need for
alternate medical modality to fight against the threats raised by the development of
resistance strains of microorganisms is pressed upon and the possibility of metals and
metal oxide nanostructures to be used as non-conventional antibiotics to target multidrug
resistance strains is explored. A brief review on possible environmental hazards of

nanomaterial based non-traditional antibiotics is also presented in chapter - 1.



The second half of chapter - 1 reviews the existing state of art of nanomaterials’
preparation with specific focus on tailored synthesis of metals (silver and copper) and
metal oxide (titanium dioxide) nanostructures. Based on the existing literature, the
correlation between processing parameters and their biological activities have been
established. From the literature survey, it is found that no systematic correlation between
the synthesis protocols and bioactivity of silver, copper and titanium dioxide
nanoparticles exist, which can be used as authenticate and reliable source of information

in nanomedicine.

The second chapter includes description of various characterization
tools/techniques, which are used to characterize nanomaterials synthesized to fulfill the
objectives of this thesis. The detailed experimental protocols of each characterization
technique (XRD, PCS, FTIR, UV-visible spectroscopy, ICP-AES, TG/DSC, TEM,
SEM/EDS) along with sample preparation details and measurement conditions are

presented.

The third chapter is divided into three subparts. The first part of this chapter deals
with the evolvement of synthesis protocols for size selective synthesis of silver
nanoparticles. They are synthesized by chemical reduction technique in which oleylamine
is used as both reducing and capping agent. Effect of various synthesis parameters like
concentration of reducing/capping agent, nucleation temperature, nucleation time, growth
temperature and growth time on nanoparticles’ yield, their hydrodynamic, crystallite and
physical size, morphology and plasmonic characteristics are studied. From the detailed
investigation of synthesized nanoparticles by various characterization techniques, the
optimized conditions for high yield, nearly monodisperse, water dispersible silver
nanoparticles that can be directly used as antimicrobial agent in nanomedicine are being

laid down.

Synthesis of copper nanoparticles by chemical reduction technique is described in
the second part of chapter - 3. It has been established that three component system i.e.
strong reducing agent (NaBH,), weak reducing agent (L-ascorbic acid) and surfactant
(PVP) is essential for the formation of metallic copper phase. Uniform, nearly
monodisperse, ultra-small copper nanoparticles obtained under ambient conditions are
stable against aggregation and oxidation. The plausible mechanism responsible for

stabilization of copper nanoparticles’ surface against oxidation is also provided.



Third part of chapter - 3 describes synthesis of undoped and cobalt (0-2 wt%)
doped Titanium dioxide nanoparticles by sol-gel technique. The effect of cobalt doping
on the optical band gap of anatase phase of TiO, nanoparticles have been evaluated by
diffuse reflectance UV-visible spectroscopy. It has been found that increasing cobalt
concentration in the TiO, matrix reduces its band gap from 3.03 eV to 1.93 eV. By cobalt
doping, the spectral response of TiO, nanoparticles has been shifted from UV region to
the visible region of the electromagnetic spectrum, which is an essential condition for

photoinduced bioactivity of TiO, nanoparticles.

Evaluation of antimicrobial activities of as-synthesized and antibiotics adsorbed
nanoparticles is the subject matter of chapter - 4. The antimicrobial activities of
nanoparticles and antibiotic adsorbed nanoparticles have been evaluated against clinically
important pathogenic strains of E. coli, S. aureus and P. vulgaris and eco-friendly
microorganisms of B. subtilis and P. fluorescens. The antimicrobial activities of a
particular antibiotic against pathogenic / eco-friendly microorganism under test have been
evaluated in terms of minimum inhibitory concentration (MIC) and zone of inhibition
(ZIH) by micro-dilution method and disk diffusion test, respectively. Highest biocidal
activity is observed for copper nanoparticles amongst the studied nanoparticulate systems.
The MIC values of copper nanoparticles ranges between 20-50 pg/mL. For silver
nanoparticles, the MIC values lies in the range of 25-150 pg/mL. This observation is in
contradiction with the existing literature where highest biocidal activity is reported for
silver nanoparticles amongst all nano-antimicrobial systems. The exact reason behind
observed enhanced antimicrobial activities of copper nanoparticles is not completely
understood. This enhanced biocidal activity of copper nanoparticles could be ascribed to
their colloidal stability, ultra-small size and high oxidation resistance. No significant
inhibition of organism growth is observed under light or dark conditions in the tested
concentration range (0 - 500 pug/mL) of TiO,. Irrespective of the optical band gap (i.e. Co-
dopant concentration), no MIC of TiO, is observed for pathogenic/ecofriendly

microorganisms.

The antimicrobial activities of silver nanoparticles increase by 60-346% for
tetracycline adsorption and 70-289% for kanamycin adsorption on nanoparticles. For
tetracycline adsorbed copper nanoparticles, the enhancement is in the range of 0-49% and

for kanamycin adsorbed copper nanoparticles, it improves by 0-20%. From these results,



it is concluded that when antibiotics adsorbed on silver nanoparticles, it drastically
enhances the biocidal activities of silver nanoparticles while same is not happening for
copper nanoparticles. This might be because of adsorption of copper nanoparticles at
biologically active sites of antibiotics. The phenomenological description of mechanism

governing the microbial activities of nanoparticles is also provided in this chapter.

Chapter - 5 summarizes the important findings along with the scope for future

work in the proposed field of antibacterial nanobiotechnology.



CHAPTER 1

INTRODUCTION

1.1 Infection

Infection is a biological process in which the host organism’s body tissues are invaded by
disease causing microorganisms [1]. It is a three step process. In the first step,
microorganism(s) multiplies on the tissues followed by their interaction with the host and
release of toxins into the host tissues. Infectious diseases are caused by the growth of
pathogenic virus, bacteria, fungi and other macroparasites. In healthy humans, only few
microorganisms can cause disease. Infectious disease is the outcome of the interplay
between these few pathogens and the immune system of the host. The appearance and
severity of a disease depends on the ability of the pathogen to damage the host and the
ability of the host to resist the pathogen. Based on the status of the host defense,
pathogens are classified as primary and opportunistic. Primary pathogens cause disease
due to their activity in a normal healthy host while opportunistic pathogens cause
infections in a host having depressed resistance [1]. Such depressed resistance may occur
due to genetic disorder, over exposure to antimicrobial drugs or immunosuppressive

chemicals, exposure to radiations or due to immunosuppressive diseases like HIV [1].

Infections are generally classified on the basis of anatomic location or organ
system that is infected. This includes urinary tract infection, skin infection, respiratory
tract infection, odontogenic infection, vaginal infections and Intra-amniotic infection like
pneumonia, meningitis and salpingitis. Symptoms of an infection includes fatigue, loss of
appetite, weight loss, aches, fever, chills, rashes, coughing, running nose, night sweats,

pain, etc.
1.2 Infectious Diseases

A disease that affects humans over the vast stretch of globe or geographical area is called
epidemic. All epidemics suffered by the mankind are due to the infectious diseases. In
between 541-750, 50-60% of Europe’s population was killed by Plague [2]. In 1347-
1352, 25 million population of Europe was killed by pandemics called “Black Death”.

The pathogen Yersinia pestis, a cause of several forms of plague has reduced the world
1|Page



population from 450 million to 350 million in the 14™ century. In 1556-1560, influenza
epidemic has an estimated mortality rate of 20% [3]. In 18" century, 60 million
Europeans were killed by smallpox. 30% of infected patients including 80% children
under the age of 5 were died from the disease and rest survivors went blind [4]. In 19"
century, a quarter of the adult population of Europe was killed by tuberculosis [5]. In
1918, influenza pandemic killed 50 million people, which is approximately 2% of the
world population at that time [6]. Even today, influenza kills 5 million people every year
[6]. World Health Organization data shows that nearly 14.7 million of total death (25.9%)
in the year 2002 was caused by infectious diseases. Various infections caused by
pathogens are listed in Fig. 1.1 [1]. The details of mortality caused by various infectious

diseases are listed in Table 1.1 [7].

Table 1.1 Leading cause of mortality in the year 2002 by various infectious diseases.

Cause of death Deaths (in millions) Percentage of all deaths
All infectious diseases 14.70 25.9
Lower respiratory infections 3.90 6.9
HIV/AIDS 2.80 4.9
Diarrheal diseases 1.80 3.2
Tuberculosis 1.60 2.7
Malaria 1.30 2.2
Measles 0.60 1.1
Pertussis 0.29 0.5
Tetanus 0.21 0.4
Meningitis 0.17 0.3
Syphilis 0.16 0.3
Hepatitis B 0.10 0.2
Tropical diseases 0.13 0.2

1.3 Antibiotics

Anti-infective drugs are used in the preventive and curative healthcare to treat infections
caused by various pathogenic microorganisms [6]. Anti-infective drugs are of four types,
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namely, antibacterial (antibiotic), antiviral, antifungal and antitubercular. Traditional
antibiotics work only against bacterial infections and are not effective on viruses or
fungus. Antibiotics are low-molecular-weight microbial metabolites that inhibit the
growth of other microorganisms at low concentrations [1]. The expression "inhibition of
the growth of other microorganisms™ by an antibiotic, means inhibition of the ability of
the microorganism to reproduce and consequently, restraint the growth of the bacterial
population rather than of an individual cell. Antibiotic activity is termed as bactericidal
when inhibition is permanent. The antibiotic is said to be bacteriostatic if the inhibition is

lost when it is removed from the medium [1].

Eye infections

- Staphylococcus aureus
- Neisseria gonorrhoeae
- Chlamydia trachomatis

Bacterial meningitis
- Streptococcus pneumoniae
- Neisseria meningitidis

- Haemophilus influenzae

- Streptococcus agalactiae

- Listeria monocytogenes

—————— Sinusitis

- Streptococcus pneumoniae
- Haemophilus influenzae
Otitis media

- Streptococcus pneumoniae Upper respiratory tract

infection
Pneumonia - Streptococcus pyogenes
Community-acquired: - Haemophilus influenzae

- Streptococcus pneumoniae

- Haemophilus influenzae

- Staphylococcus aureus

Atypical:

- Mycoplasma pneumoniae q

- Chlamydia pneumoniae

- Legionella pneumophila

Tuberculosis

- Mycobacterium
tuberculosis

Gastritis
- Helicobacter pylori

Food poisoning

- Campylobacter jejuni

- Salmonella

- Shigella

- Clostridium

- Staphylococcus
aureus

{ - Escherichia coli

Sexually transmitted

Skin infections diiciaéas

Urinary tract infections
- Staphylococcus aureus y

- Chlamydia trachomatis - Escherichia coli
~Slidplococcas by ogenes - Neisseria gonorrhoeae - Other Enterobacteriaceae
-Pseudomonas eoniginosa Treponema pallidum - Staphylococcus

- Ureaplasma urealyticum saprophyticus

- Haemophilus ducreyi - Pseudomonas aeruginosa

Fig. 1.1 Various infections in humans caused by pathogenic bacterial strains [1].

Antibiotics work on different mechanisms. They are summarized in Fig. 1.2 [8].
Some of them kill the microorganisms while others just prevent their growth. Few of
them disrupts the bacterial cell walls or interfere with the genetic material of the cell,
leading to cell death, while the others may prevent them from making important chemical

compositions required for cell growth [8]. Penicillin was the first antibiotic discovered as

3|Page



natural products from the mold Penicillium. All Penicillin derivatives produce their
bactericidal effects by inhibition of bacterial cell wall synthesis [9]. They prevent bacteria
from using a substance that is necessary for the maintenance of cell wall. Unable to use
this substance for the cell wall maintenance, the bacteria swell, rupture, assume unusual
shapes, and finally die [8, 9]. The Penicillin may be bactericidal or bacteriostatic. They
are used to treat various infections such as urinary tract infections, septicemia, meningitis,
intra-abdominal infection, gonorrhea, syphilis, pneumonia, respiratory, ear, nose, skin and

throat infections, etc. [9].

DNA replication
quinolones
DNA-dependent RNA polymerase

Cell membrane rifampin

lymixin P T gy
bacitracin }{Tf TR, Folic acid metabolism
colistin 1 % trimethoprim
Tran ormetoprim
: ~Tn,  sulfonamides
Cell wall synthesfs/ J & ﬂ .‘.. R
beta-lactams : |
penicillins .-r"j
carbapenems LA

cephalosporins
Protein synthesis

vancomycin 30s 50s
tetracycline chloramphenicals
aminoglycosides clindamycin
erthromycin

Fig. 1.2 Various modes of antibacterial action of antibiotics [8].
Apart from Penicillin, the other important classes of antibiotics are [8]:
Tetracycline

Kanamycin

Cephalosporins

Macrolides

1
2
3
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Antibiotics are widely used in pharmacopoeia to treat diseases caused by infections.
Antibiotics need to be used with caution. Some common side effects that occur in patients
which are treated with antibiotics include nausea, diarrhea, stomach pains, headache,
fever, body and muscle aches, vomiting, etc. Penicillin’s side effects also include severe
skin rashes accompanied by itching and sometimes peeling. It can also create a confused
state of mind with an increase in agitation and anxiety [1, 8, 9]. Antibiotics can also
decrease the effectiveness of birth control pills. They do not hurt unborn babies but there
are potential risks involved if a newborn baby takes it orally through mother’s milk. Rare,
but more serious side effects include the formation of kidney stones with the
sulphonamides, abnormal blood clotting with some of the cephalosporin, increased
sensitivity to the sun with the tetracycline, blood disorders with trimethoprim, and
deafness with erythromycin and the amino glycosides [1, 8, 9]. Hence, there is an urgent
need for the development of alternative medicines, which are as efficient as antibiotics

but have no or minimum side effects.
1.4 Antibacterial Action

An antibiotic inhibits the microbial growth. Microbes grow by reproduction of cells i.e. a
single cell divides into two daughter cells. For antibacterial activity of antibiotic it must

1. Enter into the bacterial cell and should reach the site of action
2. Physically binds to a specific cellular structure (molecule or macromolecule), which is
essential for maintenance of cell growth or homeostasis and

3. Markedly inhibit this process.

At the cellular level, an antibiotic can be bactericidal or bacteriostatic. The bactericidal
effect may result from either of two mechanisms: (i) Irreversible disruption of the cell
integrity due to the interaction between antibiotic and target molecule and (ii) Irreversible
binding via covalent interaction between antibiotic and enzyme or cellular structure. If the
complex between antibiotic and target moiety dissociates and the target molecule resumes
its normal functioning when an antibiotic is removed from the medium than the

corresponding antibiotic is termed as bacteriostatic.

Antibiotics can inhibit cellular growth by interfering with essential metabolic
processes. Some antibiotics block the energy-providing mechanisms, while the others

5|Page



interfere with the synthesis of intermediate metabolites or polymerization processes. The
mechanism or mode of action of an antibiotic is the specific mechanism by which
inhibition is achieved. Antibiotics are classified according to the processes by which they
interfere with the bacterial cell culture. They are commonly classified into following four

groups:
1. Inhibitors of cell wall synthesis

2. Inhibitors of the replication or transcription of genetic material
3. Inhibitors of protein synthesis

4. Inhibitors of cell membrane functions

1.5 Advantages of Antibiotics

Antibiotics are the cost effective and affordable mode of medication that is used for the
treatment of vast variety of infections caused by microorganisms [1, 8]. With the
advancement in the medicinal chemistry, antibiotics are discovered to treat infections of
fatal diseases, which are otherwise incurable and have claimed millions of lives in the
history of human civilization [2-6]. Antibiotics can be administered orally, intravenously
or topically. They are relatively inexpensive to produce and available in natural, semi
synthetic and synthetic varieties. They have different usages depending on their strength
and makeup. A single antibiotic is effective against infections caused by multiple
microorganisms. Antibiotics are also used to prevent damages to fruits and grains by
bacterial and fungal infections. Small quantities of antibiotics are also used to stimulate

animal growth. Some common antibiotics are also used as food preservatives.

1.6 Limitations of Antibiotics

Despite of massive advantages associated with the medication of antibiotics for the
treatment of common infections like pimples to fatal and life threating diseases like
tuberculosis; medical practitioners have found challenging and worrisome limitations of
antibiotics [9]. The key issue associated with the medication of antibiotics is their
unrestrained overuse worldwide. This has caused exponential rise in the number of
microorganisms, which are resistant to one or more antibiotics [1, 8]. The other major

limitation associated with the medication of antibiotics is their inherent and eventually
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toxicity towards healthy cells, which causes severe toxicity in the body that results into
numerous side effects. Some antibiotics can also cause complications like yeast
infections. Higher dose of antibiotics may develop resistance in the microorganisms
which were never exposed to that particular antibiotic [10].

1.6.1 Development of Resistance against Antibiotics

Many infectious diseases which were previously curable by specific antibiotics are no
longer curable. This is due to the development of resistance in pathogenic
microorganisms, which are causing these infectious diseases. Development of resistant
strains of microorganisms is of high clinical importance. A bacterial strain, which is
susceptible to an antibiotic is said to be resistant when the minimum inhibitory
concentration (MIC) of antibiotic no longer inhibits the growth of that particular strain [1,
8, 10]. In other words, a bacterial strain is said to be resistant to an antibiotic if it can
grow in the presence of an antibiotic whose concentration is equal or greater than that

reachable in serum or tissue.

Microorganisms will develop resistance against a particular antibiotic if either of
the following conditions is established [1]:

Antibiotic transforms into an inactive form.
Alteration/modification in the target site of the antibiotic.
Change in the permeability of the microorganism.

M wnp e

Increased production of structures that inhibits activity of antibiotics.

These possible mechanisms are summarized in Fig. 1.3. Many resistance strains of
bacteria produce enzymes, which are capable of chemically transforming the antibiotic
into an inactive product. Amongst the enzymes, the most important are: peptidases,
acetyl-transferases, phosphoryl-transferases and adenyl-transferases [11-14]. The other
mode of development of antibiotic resistance is by modification of antibiotic target. Many
antibiotics functions by deactivating a receptor [11]. A receptor is nothing but a target
protein where the antibiotics bind and forms a complex. Large number of bacterial strains
through mutation develops a target protein, which is unable to bind to the antibiotic or
retains its function even after binding [12, 13]. The third possibility that could lead to the
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development of resistance is due to the change in the permeability of the cell membrane.
Generally antibiotics enter into the bacterial cell membrane via passive diffusion or by
specific active transport. When the physical characteristics of antibiotics are compatible
with the passive diffusion, it is unlikely to have mutation by means of change in the
permeability of the cell membrane as it may be lethal to the cell itself [12]. However,
there are good chances of mutation, when the antibiotics transports into the cell
membrane via active transport. Normally, specific transport proteins are involved in
active transport of antibiotics across the cell membrane. Alteration in the structure of this
protein leads to the development of resistance. In the fourth possibility, bacterial cell
produces specific enzymes that binds with the antibiotics and thus develops mutation

against specific antibiotics [14].

Y inactivation of @ @

activation of

inhibition of
drug uptake °°

o ° 0 © 2009 Encyclopzedia Britannica, Inc.

Fig. 1.3 Mechanisms of development of resistance in bacterial strains [6].

1.7 Multidrug Resistance

When a pathogenic strain is resistant to two or more than two antibiotics through
unrelated mechanisms, they are said to have acquired multidrug resistance. Development
of resistant strains of microorganisms that are resistant to most of the currently available
antibiotics is a major challenge in health care [11]. For example, MRSA (methicillin
resistant S. aureus) bacteria kill 5000 hospital patients a year in the UK alone [12]. These

strains are resistant to more than one antibiotics, which are currently available in market
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and any method of attacking these resistant strains without antibiotics is becoming
increasingly important [12]. Microbes possess an internal mechanism of changing their
structure so that the antibiotic no longer works. They develop ways to inactivate or
neutralize the antibiotic. They can transfer genes coding for antibiotic resistance amongst
them, making it possible for the microorganisms never exposed to an antibiotic to acquire
resistance. Hence, there is a vital and immediate need for the development of non-
traditional medicines, against which microbes are unlikely to develop resistance. The new
approach should be able to overcome the drawbacks of narrow targeting antibiotics [1, 8, 9].

1.8 Possible Solutions to Drug Resistant Strains

Resistance towards microorganisms is fast growing against antibiotics and there exist
resistant strains, which have developed mutation against at least one of the first line
antibiotics. Number of antibiotics available in the market is rapidly decreasing. Although
the number of available antibiotics is quite large, development of resistant strains has
created an alarming situation. This is due to the slow and expensive process of discovery
of antibiotics and their commercialization. The steps involved in the discovery of a

potential antibiotic compound to its commercialization are summarized in Fig. 1.4.

1 Stage 1 | Stage 2 b Slage 3 o Stage 4 !
| Drug discovery | Preclinical | | Clinlcal trials . | FDA review |
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Fig. 1.4 The process of discovery to commericialization of an antibiotic [8].

Out of 10,000 compounds discovered with potential bacteriacidal activities, only one
compound reaches market. The process of discovery to commericialization is very
lengthy and slow. It takes almost 15 years time span and involves more than 5000

voluneteers with a total expense of 20 million USD. Fighting multidrug reisistance by
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discovery of new antibiotics is not a viable approach. An alternative needs to be realized,
which involves non-traditional antibiotics that can overcome the limitations of narrow

targeting antibiotics.
1.9 Nanomaterials: An Alternate to Antibiotics

Coinage materials like Cu, Ag, Zn, Au, etc. are known for their disinfectant properties
since ancient times [15, 16]. Copper, silver and their salts are widely used to prevent
infections in food and beverages during the Greek civilization. Discovery of vast variety
of synthetic, semisynthetic and natural antibiotics have made antibacterial applications of
these coinage metals and their compounds redundant during the 20" century [1]. In the
last decade, the development of drug resistant strains and fast disappearance of antibiotics
from the market due to decreased efficiency has brought the focus back on to these
coinage metals [10]. It is well established fact that activity of a material increases as its
size decreases, especially at nanoscale where the surface effects dominate the overall
activity of the materials. Researches have studied the antimicrobial activities of nano-
sized materials of these coinage metals and they have found impressive disinfectant
properties in these nanostructures [17-20]. Bioactivities of nanostructured materials
against multidrug resistant strains are also reported [21, 22]. Because of this, there is
renewed interest in the antimicrobial activities of nanostructured materials especially of
metals and metal oxide nanostructures of Ag, Cu, Au, Zn, Ti, etc. The inherent advantage,
which these nanostructures carries with them is their non-toxicity towards healthy cells
even at substantially higher concentration, which are at least ten times higher than their

corresponding MIC values for pathogenic microorganisms.
1.10 Advantages of Nanomaterials as Antimicrobial Agents

In comparison with the traditional antibiotics, the nanomaterial based antibiotics carries
certain distinct advantages. The minimum inhibitory concentration of nanomaterials is
quite low as compared to traditional antibiotics [23]. Due to their small size, nanoparticles
have high permeability across the cell walls and hence the effective concentration of
nanoparticle based antibiotics would be very high at relatively lower doses [17-20]. Thus
due to decrease in the MIC and higher permeability of nanostructures, the bactericidal

concentrations required for clinical applications would be significantly lower than that
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required for conventional antibiotics. The mode of antibacterial action of nanomaterials is
largely unclear. However, it is a well-established fact that nanomaterials interact with the
pathogenic strains at random sites. Due to this, microorganisms are unlikely to acquire
resistance against nano-antibiotics as they commonly do against narrow targeting
traditional antibiotics [21, 22]. The broad and random targeting capabilities of
nanomaterials make them the strong contender to fight against the multidrug resistant

strains.
1.11 Possible Environmental Hazards of Nanomaterials

In a recent report on “Emerging Nanotechnologies” by Woodrow Wilson International
Center, it is reported that more than 1600 nanomaterial based consumer products are
currently in market [24]. Market share of nanotechnology based products is rapidly
growing. The growth rate is as high as 379% in last ten years. By 2015, in US alone,
nanomaterial business will be a trillion dollar industry [25]. Increasing use of
nanostructures has raised concerns over their likely release into ecosystems.
Nanoparticles leached from the consumer products are expected to enter into the
terrestrial ecosystems [26, 27]. Environmental concentrations are currently unavailable
for nanoparticles and potential environmental exposures are poorly constrained. Given the
critical role of microbial communities in organic matter and nutrient recycling in
ecosystems, environmental exposures of nanoparticles have potential to alter ecosystem
productivity [28]. The environmental impacts of nanomaterials are largely unclear.
Whether nanomaterials pose a threat to microbes essential for recycling in natural or
engineered systems is an outstanding question of great relevance to ecosystem health and

sustainable nanotechnology.

The goal of this thesis is to evaluate the bioactivity of as-synthesized metals (Ag
and Cu) and metal oxide (TiO2) nanostructures against clinically important pathogenic (E.
coli, S. aureus, P. vulgaris) and eco-friendly strains (B. subtilis and P. fluorescens) that
are playing vital role in bioremediation. In the next section, an overview of the state of the
art of the subject is presented in terms of their nanoscale synthesis and their structure

property correlation in terms of their bioactivities.
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1.12 Review of Current State of Art
1.12.1 Silver Nanoparticles (SNPs)

Nanoparticles of noble metal silver have been brought to the forefront of nanoparticle
research in recent years because of their unique optical, thermal and electrical properties
[29-31]. Silver nanoparticles (SNPs) give strongest surface plasmon resonance in the
visible region of the electromagnetic spectrum [32]. Use of SNPs as platform in surface
enhance Raman spectroscopy (SERS) can increase the signal sensitivity by 10°-10° [33].
Single molecular detection is now possible because of this enormous increase in
sensitivity of SERS signal with SNPs [33]. They are also used as biosensors for
quantitative analysis [34]. Colloidal silver is used as conducting ink in electronic printing
of integrated circuits [35]. SNPs have diverse applications in medicine and health-care
[36]. They display strong activity against all forms of microorganisms (bacteria, virus,
algae and fungi) including the strains with multidrug resistance [37-40]. Owning to the
highest antimicrobial activity (which is also comparable to the commercially available
antibiotics) amongst all noble metals, SNPs are now extensively used as antimicrobial
agent in wide range products like wound dressing [41], clothing [42], packing [43], home
appliances [44], water purifiers [45], medical equipment [42], etc.

Performance of SNPs in these applications is largely governed by their particle
size, size distribution, morphology, colloidal stability and surface chemistry. Size and size
distribution of nanoparticles, their stability and properties are strongly influenced by the
method of preparation and conditions of synthesis [46-66]. Various methods like thermal
decomposition [46], microemulsion [47], sol-gel [48], polyol process [49], green
synthesis [38], thermal, radiation and chemical reduction in the presence or absence of
stabilizing agents [50-66], etc. have been attempted for the synthesis of SNPs.

Thermal decomposition has been widely used to make monodisperse SNPs. The
precursors that have been employed include silver alkanoates [67, 68], silver acetate [69,
70], silver perfluorocarboxylates [71], silver oxalate [72], Ag(hfa)tetraglyme [73], silver
nitrate [74], and silver carboxylates [75-77]. This method often requires high
temperatures (120-250 °C), long reaction times (~ 24 h), inert atmosphere or special

chemicals such as a catalyst or toxic chemicals such as phenyl hydrazine [78]. Thermal
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decomposition sometimes involves complicated precursor synthesis; for example,
synthesis of Ag(RCOO) from AgNO3; and RCOOH [75]. In addition, nanoparticle yield is
generally very low and process is very difficult to scale up. The surface of SNPs obtained
by thermal decomposition method is hydrophobic and hence not suitable for medical

applications where water dispersible nanostructures are essential.

SNPs prepared by microemulsion technique have smaller particle size, strict size
distribution and high dispersion stability [79, 80]. In this method, size and shape of the
SNPs can be controlled with ease by controlling the droplet size and shape [81]. Despite
of high product quality, this technique is not much popular for the synthesis of SNPs. The
major disadvantage of this technique is that it requires large amount of surfactant and
organic solvents, which are difficult to remove from the final product. Nanoparticles’
yield is generally low and impossible to scale up. SNPs prepared by microemulsion forms
stable dispersion only at low concentrations [79, 80]. In many cases, they involved high
concentrations of deleterious organic solvents. Hence, in applications where
biocompatibility and dispersion stability at high concentration is critical, microemulsion

is not a good choice for synthesizing SNPs.

Sol-gel technique is rarely implemented for the synthesis of SNPs [48]. This is
because of the fact that nanoparticles obtained by this technique are relatively large.
Further, it involves a second sintering step, which leads to the grain growth and generally
polydisperse nanoparticles are obtained. The advantage of this method is its high yield.
Surface functionalization of nanoparticles obtained by sol-gel technique is difficult. This

method cannot be implemented when nanoparticle dispersion is required.

Polyol process is another solution-based synthesis route by which nearly
monodisperse SNPs with desired morphologies can be prepared [49]. Synthesis of silver
nanostructures with various anisotropic morphologies by varying the precursor
concentration of the stabilizer and silver ions, reaction temperature and catalyst has been
reported [82-84]. In these reports, the reaction conditions were harsh and difficult to
control. Without fine control of reaction conditions and growth process, the obtained
silver nanostructures have low yield with large by-products. The particle size is also
relatively large and size control below 10 nm is difficult to achieve in polyol route of
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SNPs synthesis. In many cases, they directly form water dispersible colloids, which are

difficult to wash and purify before their use in biomedical applications.

Biosynthesis methods employing either microorganisms or plant extracts as
reducing and size controlling agents have emerged as simple and viable alternative to
chemical and physical synthesis procedures for SNPs [80, 85]. Particle size of SNPs
prepared with green chemistry ranges from 50 to 80 nm with broad size distribution and
multiple shapes. The major advantage of this technique is their ecofriendly procedure.
However, the cost that one has to pay here is poor yield, large size and broad size

distribution with poorly constrained particle morphology.

Amongst various synthesis routes reviewed here for SNPs preparation, chemical
reduction method in the presence of stabilizing agents are the simplest and most popular
because of the high quality of product they yield [61-66].There are few reports of SNPs
preparation via thermal reduction route, which correlates the processing parameters with
the nanostructure quality [50-53]. For example, Chen et al. [32] has proposed the
reduction mechanism of AgNO; with oleylamine. In this article, they have studied the
effect of growth temperature on the size and agglomeration of SNPs. Lin et al. [86] have
prepared SNPs from reduction of silver trifluoroacetate with isoamyl ether. They have
also evaluated the effect of precursor - surfactant molar ratio on the size of SNPs. Khan et
al. [87] have made an attempt to study the effect of growth time on the formation of SNPs
from the chemical reduction of silver nitrate by aniline in the presence of
cetyltrimethylammonium bromide (CTAB). Nanoparticles produced by this method have
size in the range of 10-30 nm with wide polydispersity. Premkumar et al. [88] have
synthesized SNPs using B-cyclodextrin as reducing and capping agent under alkaline
conditions at room temperature. They have reported that by altering the reaction
temperature or reactant concentration, silver nanostructures of different shapes and sizes

can be prepared.

From the literature survey, it has been found that the exact effect of reducing and
capping agent and growth variables like nucleation temperature (Nt), nucleation time
(Ny), growth temperature (Gt) and growth time (Gy) on the guantity (in terms of yield) and
quality (in terms of size, polydispersity, morphology and agglomeration) of SNPs is not

well understood. One of the objectives of this thesis is to establish the correlation between
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these growth variables on the quality and quantity of SNPs and also to optimize the
synthesis protocols that yield water dispersible, biocompatible SNPs, which are usable for

medical applications.
1.12.2 Copper Nanoparticles (CNPs)

Gold and silver nanoparticles owing to strong and tunable plasmonic characteristics [89,
90] are widely used in photocatalysis [91], single molecular detection via surface
enhanced Raman scattering (SERS) [92], plasmonic photovoltaics [93], plasmonic solar
cells [94], photothermal therapy [95] and imaging [96], etc. Despite of excellent
plasmonic characteristics demonstrated by gold and silver, hunt for alternate plasmonic

systems are on because of their high cost [97, 98].

Plasmonic nanostructures of copper could be an efficient and cost effective
alternate to silver and gold nanostructures. The plasmonic characteristics of CNPs are not
studied extensively [99, 100]. The major reason behind this is the stability of copper
nanostructures against oxidation. Copper has low oxidation potential (0.34 eV) due to
which it is highly prone to oxidation [101]. Plasmonic characteristics of metal can be
observed only when size of the metal nanostructure is below its excitonic radius [102,
103]. The reactivity of metal particles increases with decrease in size, owing to high
surface to volume ratio. Hence, CNPs are susceptible to oxidation in comparison to bulk
copper [104-106]. Therefore, synthesis of ultra-small plasmonic CNPs that do not
undergo oxidation is a challenge.

Various attempts have been made to synthesize colloidal plasmonic CNPs [107-
111]. Most of them end up with products having multiple crystallographic phases (Cu,
CuO and Cuy0) [107-109]. Chen et al. [107] have attempted synthesis of CNPs in the
presence of cetyltrimethylammonium bromide (CTAB) but could not get the pure Cu®
phase. In 2011, Hashemipour et al. [108] have synthesized CNPs by electrochemical and
chemical reduction methods. Large agglomerates of multi-phase CNPs were formed. In
2012, Usman et al. [109] have prepared CNPs using chitosan but the X-ray diffraction
study shows the presence of copper oxide phase. Only few reports of single phase

synthesis of metallic CNPs can be found in literature [110-114]. Most of them have
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relatively larger particle size (> 30 nm) and do not show plasmonic characteristics
[110,111].

In 2012, Liu et al. [110] have synthesized CNPs in the presence of L-ascorbic acid
at different pH, but in all cases the particle size is around 150 nm. In 2013, Yang et al.
[111] have synthesized CNPs capped by alkanethiols with different carbon chain lengths
in a two-phase system in the presence of stabilizer CTAB and reducing agent hydrazine
hydrate. They have reported the effect of change in the ratio of surfactant to precursor on
the size of nanoparticles. The synthesized product was non-uniform and particle size was
large (= 40 nm). Hirai et al [115] have reported preparation of colloidal dispersion of
CNPs. They have concluded that the first step in the formation of CNPs is the formation
of a complex between Cu®* and polymers. Cu®* in this complex further reduces to Cu°,

whose subsequent growth leads to the formation of CNPs.

Nishimura et al. [116] have reported formation mechanism of CNPs by using in-
situ time resolved XAFS analysis. They have concluded that formation of intermediates
like Cu(OH), and Cu™ - PVP are playing critical role in the formation of CNPs. They have
also concluded that PVP not only acts as capping agent but it also controls the reaction
kinetics of CNPs formation. Haas et al. [117] have reported sonoelectrochemical
synthesis of CNPs which are stabilized by PVP. They have expressed that formation of
coordinative bonding between Cu®* and PVP is essential before the reduction of Cu®*. Yu
et al. [118] have reported synthesis of monodispersed colloidal CNPs dispersed in polar
solvents. They have demonstrated that PVP controls the nucleation of CNPs by
controlling the aggregation between Cu ions and forming coordinated bonds between

Cu?* and PVP through oxygen and nitrogen polar groups present in the PVP skeleton.

For medical applications, CNPs has to be water dispersible. But water dispersible
CNPs are prone to oxidation and aggregation. Hence, preparation of ultra-small colloidal
dispersion of single phase metallic copper (Cu®) nanoparticles which are stable in ambient
conditions is a challenging task. In this thesis, we have attempted synthesis of aqueous
colloidal dispersion of ultra-small single phase metallic CNPs, which are stable against
both the oxidation and the aggregation. This study also explored the reduction mechanism
of Cu?*, formation of CNPs and their subsequent stabilization.
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1.12.3 Titanium dioxide Nanoparticles (TNPs)

In 1972, Fujishima and Honda have reported photocatalytic activities of TiO, since then
TiO, is widely used as catalyst in many industrial processes [119, 120]. In recent years
antimicrobial properties of TNPs are gaining importance because of their broad spectrum
of activities against microorganisms [121, 122]. In TNPs, the biocidal action is a result of
the modulation of charge carriers upon photo excitation. The efficiency of this process is
limited at present due to its poor photo excitation under visible radiation [123]. TiO; is a
wide band-gap n-type semiconductor, which crystallizes into three polymorphic
crystallographic phases, viz. anatase, rutile and brookite. Out of the three polymorphs of
TiO,, anatase is known to be catalytically more active. However, its large band gap (3.2
eV) and high rate of electron-hole recombination limits its efficiency only up to UV
region [124, 125] Since the fraction of UV in the solar spectrum is less than 5%, TiO,
cannot efficiently exploit the abundant natural resource, i.e. solar radiations, which
dominantly consist of visible light. Hence, development of solar light active
photocatalytic TNPs is a subject of extensive research.

Different strategies have been attempted to improve visible light response of
TNPs by doping them with transition metals [126, 127], metal ions [128, 129], nonmetals
[130, 131] and organic compounds [132, 133]. Doping TNPs with transition metals [134,
135] or non-metals such as Nitrogen [136], Boron [137] and Sulphur [138] is known to
enhance their response in the visible light region. Few reports available in the literature
also accounts for the improvement in the efficiency of TNPs towards visible light when
doped with lanthanide ions/oxides [139]. In most of these studies, the visible response of
TiO, improves upon doping but this does not necessarily increases the photocatalytic
activity. This is mainly because of poor tunability of energy band gap, which may not
extend the absorption edge deep into the visible region of the solar spectrum. In addition,
when the doping concentration exceeds a desire level, the recombination effects dominate
the visible absorption that adversely affect the photocatalytic response of TNPs [140].

Zhao et al. [141] have reported synthesis of bicrystalline TNPs with controlled
anatase-brookite phase content. Results show that bicrystalline anatase-brookite is more
active than single phase anatase, brookite and P25. The bicrystalline mixture with a
composition of 75% anatase and 25% brookite shows the highest photocatalytic activity,
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which is likely due to the enhanced interfacial charge transfer between anatase and
brookite nanocrystals. However, the optical response of this bicrytalline TNPs still lies in

the ultraviolet region.

In the present work, an attempt has been made to synthesize visible light
responsive cobalt doped anatase TNPs. Both pristine and cobalt doped TNPs were
synthesized by hydrolysis and condensation of titanium isopropoxide. The objective of
the study is to achieve tunable optical band gap (from ultraviolet region to deep into the
visible region) by varying Co doping in the TNPs. Visible light responsive TNPs are
expected to be a better bioremediation agents. Their catalytic properties under white light
conditions are expected to be better than pristine TNPs whose optical response lies in the

ultraviolet region.

1.13 Antimicrobial Activities of Metals and Metal Oxide Nanoparticles

Infectious diseases continue to be one of the greatest health challenges worldwide.
Antibiotic resistance in microbes is becoming increasing important in public health care
due to recent breakouts of microbial strains that are resistant to more than one anti-
infective drug [1, 2]. WHO’s 2014 report on global surveillance of antimicrobial
resistance reveals that antibiotic resistance is putting at risk the ability to treat common
infections in hospitals. The world is heading towards a post-antibiotic era, in which
common infections and minor injuries, which are otherwise treatable for decades, can
once again kill [142]. The death rate of patients with serious infections caused by
common bacteria in hospitals can be twice that of patients with infections caused by the
same non-resistant bacteria. For example, patients infected with methicillin-
resistant Staphylococcus (MRSA) are estimated to be 64% more likely to die than patients
with a non-resistant form of the infection in hospitals [142].

Limited options are available with pharmacologist to tackle the threats posed by
rapidly growing community of multi-drug resistant strains, which are converting common
infections like diarrhea, pneumonia and urinary tract infection into deadly and life
threatening conditions [3]. Antibiotics are fast disappearing from the market as they are
losing sensitivity on microbes, which are developing resistance by mutations [12, 13].

Excessive and uncontrolled use of antibiotics both in preventive and curative healthcare
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across the globe has even worsen the situation, as microbes, which have never been
exposed to a particular antibiotic drug are acquiring resistance towards that drug due to
transfer of gene coding [4]. Hence, fighting multidrug resistance with traditional
antibiotics is getting tougher and need is being felt for the development of non-traditional

antibiotics against which microbes are unlikely to acquire resistance [143-145].

Coin-age metals like silver, copper and gold are known for their disinfectant
properties since ancient time [143-145]. They were widely used in primordial medicines
to treat wounds and prevent infections in food and brewages [145]. Nanostructured
materials of these coin-age metals have better antibiotic properties compare to their bulk
counter parts owing to their enhanced surface dominated reactivity [146, 147]. Although
the mechanism of antimicrobial action of nanomaterials is largely unclear, it is a well-
established fact that microbes are unlikely to develop resistant against metal
nanostructures as they commonly do against conventional narrow targeting antibiotics

because of their broad and random targeting capabilities [148].

Silver is known to have the highest antimicrobial activities amongst all metals and
non-metals [149]. Silver ions and silver based compounds are highly toxic to
microorganisms but have low toxicity to humans [37-40]. Existing literature on the
antimicrobial characteristics of nanostructures of coin-age metals reveals that silver
despite of its economic constraints remains to be the most popular antibiotic agent due to
its highest biocidal activities [150, 151]. Irrespective of the nature and type of the
microbes, SNPs show severe toxicity and this fact has made them most popular biocidal
agent in the disinfection applications where traditional antibiotics cannot be useful [150,
151]. In recent time, the antibacterial activity of silver has gained profound importance

due to increasing bacterial resistance to antibiotics.

Antimicrobial action of silver is different from antibiotics [152]. Antibiotics target
specific sites on or within a bacterial cell and hence have narrow spectrum of activities
while silver target multiple sites on or within a bacterial cell and hence have broad
spectrum of activities [152]. Transfer of silver resistant genes from one piece to other is
very weak [153,154], unstable and difficult to maintain [155, 156]. Hence, there are little
chances of microbes developing resistance against silver as they do against narrow target
antibiotics [157]. Interaction of SNPs with microorganism depends on the size, shape and
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surface properties [146, 147]. The antimicrobial properties of metals increase when their
size is very small typically of the order of several nanometers [146, 147]. This is ascribed
to large specific surface area of SNPs and enhanced activity due to the availability of

more number of surface atoms.

Many researchers have studied the size dependent antibacterial activities of SNPs.
Castanon et al. [37] have demonstrated that the antibacterial action of silver enhances
when the size of nanoparticles is reduced. When the particle size of silver was reduced
from 89 nm to 7 nm, their minimum inhibitory concentration (MIC) was decreased from
12 pg/mL to 6 pg/mL for E. coli and 34 pg/mL to 7 pg/mL for S. aureus. Gutierrez et al.
[39] have shown strong antimicrobial action of silver against specific bacterial and fungal
strains. They have observed MIC values as low as 0.4-1.7 pg/mL for bacterial and 3-25
pg/mL for fungal strains when treated with SNPs whose size lie between 20-25 nm.
Veerasamy et al. [158] have studied antimicrobial activities of SNPs and correlated them
with the antibacterial action of commercially available antibiotics such as Amikacin,
Cefalotaxin, Penicillin and Sulpha Methoxazole. They have concluded that the silver
demonstrate better antibacterial action as compared to these antibiotics when their size is
reduced to 35 nm. In a recent article by Xiong et al., [147] an in-depth analysis of effect
of physico-chemical properties of SNPs on their toxicity towards Saccharomyces
cerevisiae yeast was carried out. They have concluded that particle size, surface
chemistry, surface facets, stability and aging of sample have a great influence on the
toxicity of SNPs. Despite the availability of large number of studies on the antimicrobial
activities of SNPs against pathogenic strains, the effectiveness of SNPs against clinically
important strains is always under shadow. Biocidal activities of SNPs are largely
governed by the characteristics of SNPs which essentially depends on the synthesis
protocols followed. Hence, correlating biocidal activities with the synthesis protocol is

something which is essential and mostly missing from the literature.

Within the class of metal nanostructures, after silver, the next important
nanoparticle system whose antimicrobial properties is of interest and has great potential is
CNPs. The biocidal activities of CNPs are not much studied mainly because of their poor
chemical resistance against oxidation in aqueous environment. Ruparelia et al. [159] have

studied the antimicrobial activities of SNPs and CNPs against E. coli, B. subtilis and S.
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aureus. E. coli and S. aureus show greater effectiveness to SNPs while CNPs are most
active against B. subtilis. Yoon et al. [160] have studied the antimicrobial activity of
CNPs by measuring the susceptibility constants of E. coli and B. subtilis. Highest
susceptibility of CNPs against B. subtilis was observed. Cioffi et al. [161] have reported
antimicrobial activities of silver and copper core-shell nanoparticles against E. coli and
Saccharomyces cerevisiae. Results show that as-synthesized nanoparticles have greater
inhibitory effect on the growth of these microorganisms. Song et al. [162] have
investigated the toxicity of CNPs as a function of their particle size by exposing them to
two mammalian and two piscine cell lines. The results reveal that toxicity of particles
depends on morphologies, ion release and size of particles. CNPs in suspension contribute
to the toxicity in all exposed cell lines while copper ions caused responses to mammalian
cell lines only. Literature available on the biocidal activities of CNPs is insufficient and
inconclusive. Hence, detailed investigation on the biocidal activities of ultra-small, water
dispersible CNPs against clinically important strains especially the multi-drug resistant

strains is essential.

TNPs are extensively used as photo-catalyst. Their photo catalytic activities are
now commercially utilized in industrial environments for the pretreatment of toxic and
harmful industrial waste. Owing to their high photo catalytic activities, it is expected that
TNPs should display photo-induced biocidal activities. Fu et al. [163] have reported
antimicrobial activities of TNPs on E. coli and B. megaterium. Good inhibition on E. coli
and B. megaterium under day light was observed. They have ascribed the biocidal
activities of TNPs to their small size, large band gap and catalytically active sites. Yuan et
al. [164] have studied the biocidal activities of pristine and silver and nitrogen co-doped
TNPs against E. coli and B. subtilis. They have concluded that Ag and N-doping
improves the bio-catalytic activities of TNPs. In addition, they have also found
synergistic effect of Ag-N co-doping on microbial properties of TNPs. Gupta et al. [165]
have reported antibacterial activities of Ag-doped TNPs against S. aureus, P. aeruginosa
and E. coli. They have concluded that Ag doping in the titania matrix and subsequent
annealing improves its biocidal activities. Biocidal activities of TNPs are quite poor when
compared with SNPs or CNPs. However, TNPs hold great potential to be a natural

bioremediation photo catalytic agent if its photo response can be tuned into visible region.
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SNPs are one of the most widely used engineered nanomaterials in
nanotechnology based products [166]. They are now routinely incorporated into medical
supplements, catheters, wound dressings and implants to inhibit the pathogen growth.
SNPs are added to cosmetics as an antiseptic and used in medical textiles to eliminate the
microbes in clinical environment [166]. They are also used for water purification,
biosensors, bone prostheses, drug and gene delivery, bioimaging devices, etc. [167-169].
Majority of SNPs released from consumer products are expected to enter the terrestrial
ecosystems through land-application of biosolids [26, 27]. While environmental
concentrations are currently unavailable for SNPs and potential environmental exposures
are poorly constrained, the increasing use of SNPs has raised concerns over their likely
release into ecosystems. Given the critical role of microbial communities in organic
matter and nutrient cycling in ecosystems, environmental exposures of SNPs have
potential to alter ecosystem productivity [28]. Large number of studies has been
conducted on clinical applications of SNPs [170-173], while its environmental impacts
are largely unclear [174-180]. In addition, the antimicrobial properties of complexes of
SNPs with conventional antibiotics that may form during their clinical usages are
completely unknown. Whether SNPs pose a threat to microbes essential for recycling in
natural or engineered systems is an outstanding question of great relevance to ecosystem

health and sustainable nanotechnology.

This thesis makes an attempt to address the above concerns by evaluating the
antimicrobial properties of as-synthesized silver, copper and titanium dioxide
nanoparticles against clinically important and ecofriendly strains and correlate their
biocidal activities with the characteristics of these nanoparticles. This thesis also makes
an attempt to understand the synergistic effect of as-synthesized metal nanoparticles on

the biocidal activities of conventional antibiotics.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES
2.1 Introduction

Utility of nanoparticles in a particular application is largely governed by their size, size
distribution and morphology. At bulk scale, the properties of matter do not influence
much by their particle size, size distribution and morphology [1]. In contrast to this, at
nanoscale, materials exhibit drastically different size dependent electronic, thermal,
mechanical and biological properties in reference to their bulk counterparts [2]. At
nanoscale, properties of materials dramatically vary with their size, size distribution and
morphology [3]. These parameters of nanostructures are mainly dependent on the method
of synthesis and protocols followed there in. Very small size of nanoparticles causes
complications in their characterizations. Therefore, the challenge lies in finding the right
characterization techniques that have the optimum capabilities for studying the
characteristics of materials at nanometer scale. In this chapter details of various
experimental and characterization techniques used throughout this study are provided.
Explanation includes purpose of the specific study, technical details of analytical
tool/instrument used, sample preparation requirements for each measurement and exact

experimental conditions / parameters of measurements.
2.2 X-ray Diffraction

Material’s properties are strongly influenced by their crystallographic structure. Hence,
the crystal structure of the nanomaterials needs to be investigated first. X-ray diffraction
(XRD) is generally used to study the crystal structure of fine powdered samples. It is used
for the phase identification of a crystalline material. It also provides information on unit
cell dimensions, lattice strain and crystallite size [4]. This technique is based on the

principle of constructive interference of radiation.

In the present study, X-ray diffraction experiments were performed on
PANalyticalX’Pert Pro diffractometer operated at 45 kV and 40 mA in the 20 range of
20° to 80°. It uses a monochromatic beam of X-rays having CuK, radiation of 1.5406 A

with Ni filter. The scan speed of the detector was 0.0139° per second. All X-ray
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diffraction were performed at room temperature. The fine powder of nanoparticles was
densely packed on a cavity type sample holder. The sample surface was large enough to
ensure that the incident beam impinges over the sample in the full angular range and thick
enough to ensure that the whole incident X-ray beam interacts with the sample and does
not pass through. The phase identification was performed on X’Pert High Score Plus by
comparing the X-ray diffraction pattern of materials under investigation with the standard
library of Joint Committee on Powder Diffraction Standards (JCPDS). The
crystallographic parameters were determined from the refined X-ray diffraction pattern.

The Rietveld refinement was performed on Fullprof suite program.
2.2.1 Rietveld Refinement

In Rietveld method, XRD patterns decompose by using Pawley and/or Le Bail
algorithms [5]. Rietveld refinement employs the nonlinear least squares method, which
requires a reasonable initial approximation of many free variables. These usually include
peak-shape parameters, unit cell dimensions and coordinates of all atoms in the model of
the crystal structure. Other unknowns e.g., constant background, scale factor, overall
atomic displacement parameter, etc. may be simply guessed at the beginning and then
effectively refined as the least squares fit converges to a global minimum. Rietveld
refinement uses a least square approach to refine a theoretical line profile until it matches

the measured profile. The minimized function, @, is therefore, given by:

n
P = Z Wi{yebs — yeale}? 2.1)
i=1

where Wi is the weight assigned to the i" data point.

In Rietveld refinement, both the pattern i.e. Y and Y;*° are plotted in same
window, to see the difference between them. For good fitting, both pattern should overlap

s _ vl = 0, Visual examination of the difference usually provides

completely i.e. Y;
important clues about which additional parameter(s) must be refined. The following
numerical factors are normally used to characterize Rietveld refinement quality. The

profile residual (or reliability) factor, Rp:
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The weighted profile residual, Ryp:
Ya

noWw. Y_obs _Y_calc 2
i WilY; ) x 100% (2.3)

iz1 Wi (YiObs)z

Rup = [
The expected profile residual, Rexp:

2
Rexp = [ P | x100% (2.4)
in=1 Wi (YiObs)

where p is the number of free least squares parameters.

And the goodness of fit, y*:

X2 (2.5)

2 2
_ in=1 Wi{YiObS _ Yicalc} _ pr
n—p

Rexp
For the best fitted data, x*should be minimum.
2.2.2 Determination of Crystallite Size and lattice strain by Williamson-Hall analysis

The width of an X-ray diffraction peak depends on [4]

a. Instrumental factors

=3

lattice strain and
c. the size of the crystallites

t is possible to separate the effects of size and strain on the broadening of an X-ray
diffraction peak. Strain broadening increases with increasing 6, when size broadening is
independent of 6. Generally both the size and the strain broadenings are present in X-ray

diffractograms. They are related by the Williamson-Hall expression:
BcosB = % + nsin® (2.6)

Here B is experimentally observed integral breadth of X-ray diffraction peak, 6 is
diffraction angle, A is the wavelength of X-ray source, t is crystallite size, n is lattice
strain and k is geometrical constant. For nanoparticles, it is equal 0.9. By plotting Bcos6

Vs sin®, the crystallite size and lattice strain can be obtained.
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2.3 Thermal Analysis

In order to evaluate thermal stability and temperature induced structural transitions in
nanoparticles, thermogravimetry (TG) and differential scanning calorimetry (DSC)
techniques have been used in the current study. Thermogravimetric analysis (TGA) is a
thermodynamic technique, in which the change in the weight of sample as a function of
temperature in a preselected environment is measured. It works on the principle that heat
flow into a substance induces physical and chemical changes, which can help in
identifying and characterizing the identity of the substance [6]. This technique is quite
useful in evaluating the thermal stability and reaction kinetics under various atmospheric

conditions.

In the present study, TGA analysis was carried out on Netzsch STA449 F3 Jupiter
simultaneous thermal analyzer. All measurements were carried out in alumina pan
without any preheating. An identical empty alumina pan was used as reference pan.
Before each measurement, the instrument was kept in ideal mode overnight to stabilize
the thermo-balance. Powder sample (few mg) was weighed with the help of microbalance
just prior to the beginning of thermal cycle. Thermograms were recorded from 25 °C -
1000 °C at a heating rate of 5 °C/min in N, atmosphere. The flow rate of inert gas was
controlled by mass flow controller. The flow was maintained at 50 mL/min for sample
chamber (purge gas) and 20 mL/min for balance chamber (protective gas). The results

were analyzed on Netzsch Proteus 6.1 thermal analysis software.

Differential scanning calorimetry (DSC) is another thermodynamic approach
where isothermal differential power of sample and reference is measured with
temperature [6]. In DSC, temperatures of both sample and reference are kept equal
throughout the analysis and it is expected that the reference sample (empty pan) has a
distinct heat capacity over the temperature range at which scanning is to be carried out. In
the present study, DSC is used to determine structural phase transitions (amorphous —
crystallization) of nanoparticles. DSC thermograms of nanoparticles were recorded on
Netzsch STA449 F3 Jupiter simultaneous thermal analyzer under identical experimental
conditions as mentioned for TG measurements. Obtained results were analyzed on
Netzsch Proteus 6.1 thermal analysis software and crystallization temperatures were

determined for samples under investigation.
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2.4 UV-visible Spectroscopy

To investigate the optical response of as-synthesized nanoparticles, samples were
subjected to UV-visible (UV-Vis) spectroscopy. The UV-Visible spectra of colloidal
dispersion of nanoparticles were recorded in the absorption mode while powder samples
were investigated in the reflection mode by diffusion reflectance spectroscopy [7]. A
quartz cuvette is used to prepare colloidal sample for UV-visible spectroscopy as it is
transparent to UV and visible radiations. A colloidal nanoparticle dispersion was poured
into quartz cuvette and its UV-visible spectrum was recorded on Hitachi U-3900H double
beam spectrophotometer. The spectrometer is capable of recording optical response of the
sample in the 190-900 nm spectral range. All the measurements were performed at 25 °C.
Colloidal samples were diluted as and when required prior to measurement. Diffuse
reflections of powdered samples were also measured on Hitachi U-3900H spectrometer
equipped with 60° integrating sphere accessory and powder sample holder. The baseline
correction of Barium Sulphate pallets was employed before reflectance measurement. The
optical energy band gap of the nanoparticles was determined by analysing the reflectance
spectra with the Kubelka-Munk function [8]

F(R) = (100-R)2/200R (2.7)

where R is the (%) reflectance of the sample and F(R) is the corresponding absorbance.

2.5 Photon Correlation Spectroscopy

Photon correlation spectroscopy (PCS) also known as dynamic light scattering (DLS) or
elastic light scattering is a widely used experimental technical to determine the
hydrodynamic size of nanoparticles in their colloidal state [9]. The method is based on the
determination of the diffusion coefficient of the nanoparticles in their colloidal state by
means of studying the intensity fluctuations due to the Brownian motion of the
nanoparticles. These intensity fluctuations yield an autocorrelation function, which is
linked to the diffusion coefficient of the nanoparticles. By using Stokes-Einstein relation
[9], the hydrodynamic diameter of the nanoparticles can be determined. In the present
study, the hydrodynamic sizes of as-synthesized nanoparticles were determined on
Brookhaven 90 plus particle size analyser. The particle size analyser is equipped with

DPSS laser with emission wavelength of 658 nm. The scattering angle was fixed at 90°.
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All measurements were carried out at 25 °C by using Peltier controlled thermostat. For
the measurement, colloidal sample of nanoparticles was placed in a glass cuvette. The
colloidal dispersion was adequately diluted before measurement. The volume fraction of
nanoparticles in suspension was < 10 %. The measured autocorrelation function is
analysed on MAS OPTION software by fitting the data in a lognormal particle size
distribution function [10]. From the best fit, the hydrodynamic size and polydispersity of

the nanoparticles were determined.
2.6 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is an effective analytical technique for
detecting the functional groups and characterizing covalent bonds in the sample. When
exposed to infrared radiation, sample molecules selectively absorb radiation of specific
wavelengths which causes the change in the dipole moment of the molecules.
Consequently, the vibrational energy levels of molecules transfer from ground state to the
excited state. Functional groups attached to the surface of metal nanoparticles show
different FTIR pattern than those of free groups; hence FTIR gives information about the
surface chemistry of nanomaterials [11]. In the present study, FTIR spectroscopy was
employed to study the nanoparticle - surfactant interaction [11]. FTIR spectra of solid
samples were measured by KBr method. 1-3 mg of the nanoparticles is thoroughly mixed
with 350 mg KBr. The mixture was transferred to a die and pelletized. Re-crystallization
of the KBr results in a clear glassy disk about 1 mm thick. FTIR spectra were recorded on
Cary 660 FTIR spectrophotometer in the mid infrared region (4000-400 cm™). For Liquid
samples, diamond attenuated total reflection (ATR) accessory was used and
measurements were performed in reflectance mode. All measurements were performed at

room temperature.
2.7 Inductively Coupled Plasma Atomic Emission Spectroscopy

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) is used to
determine the metal concentration in nanoparticle suspension [12]. It is an emission
spectroscopy in which metal under investigation is atomized by high temperature plasma.
The electrons in metal atoms excite to higher energy levels and during their deexcitation
they emit various emission lines, which are characteristic of a particular metal atom.

From the intensity profile of these characteristic emission lines, metal concentration can
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be determined. In the present study, ICP-AES technique was employed to determine the
elemental concentrations of metals in their colloidal state. Prior to each measurement,
nanoparticles were digested in aqueous nitric acid solution. Well digested samples were
adequately diluted prior to measurement. The measurements were performed on Spectro
make ARCOS Inductively coupled plasma atomic emission spectrophotometer at room

temperature.
2.8 Scanning Electron Microscopy and Energy Dispersive Spectroscopy

Scanning Electron Microscopy (SEM) is used to investigate surface features of materials
at high resolution [13]. The typical resolution that can be obtained with Scanning Electron
Microscope is x10°. At this resolution, morphological features of nanomaterials can be
visualized. In the present study Scanning Electron Microscopy was used to capture
micrographs of nanoparticles. The sample for Scanning Electron Microscopy was
prepared by dispersing nanoparticles on a copper grid. Prior to microscopy, nanoparticles
were coated with a fine layer of platinum to avoid the charging effect of electrons. The
SEM micrographs were captured on JEOL JSM 7600F field emission scanning electron
microscope operated at 5 keV. This scanning electron microscope is also equipped with
energy dispersive spectrometer (EDS) accessory. Quantitative elemental analysis of
nanoparticles was also performed by energy dispersive spectroscopy on the same

scanning electron microscope.
2.9 Transmission Electron Microscopy and Selected Area Electron Diffraction

Transmission electron microscopy (TEM) is a powerful technique to study size, shape and
crystal structure of nanomaterials [14]. Field emission gun is used to generate accelerated
electrons of 100-400 keV. Typical magnification of TEM is 10° with a resolution of ~1 A°.
In this study, TEM micrographs of as-synthesized nanoparticles were recorded on Philips
CM200 transmission electron microscope which is operating at an accelerating voltage of
200 kV. TEM images of nanoparticles were captured under bright field conditions.
Selected area electron diffraction (SAED) is another mode of electron microscopy in
which diffraction patterns are produced by the electrons scattered from the sample lattice.
Obeying the Bragg’s law, electrons are scattered elastically by the lattice. Therefore, the
diffraction spots in the pattern can be indexed and from the indexing the phase(s) in the

sample and their crystal structure has been identified. Every spot in the SAED pattern
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corresponds to lattice planes of a certain miller index in single crystal while a ring in the
SAED pattern corresponds to a group of lattice planes of the same miller index family in
the polycrystalline sample. Samples for TEM study was prepared by placing a drop of
nanoparticles dispersed in solvent (either water or n-hexane) onto an amorphous carbon-
coated copper grid and the solvent was allowed to evaporate slowly by placing the grid

under IR radiation.
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CHAPTER 3

SYNTHESIS OF METALS AND METAL OXIDE NANOSTRUCTURES AND
THEIR PROPERTIES

3.1 Introduction

Development of reliable protocols for the synthesis of materials at nanoscale is an
important aspect of nanotechnology. The progress in nanotechnology is largely governed
by the availability of perfect nanoscale structures. Nanomaterials possess unique
chemical, physical, mechanical, thermal, optical, magnetic, electrical and biological
properties [1]. These properties of nanomaterials are tunable and depend on their physical
size [2], size distribution [3], surface features [4], functionalization [5], and dispersion
stability [6]. These features of nanomaterials can be controlled to desired limit by
choosing an appropriate technique for nanomaterials synthesis and fine tuning variables
of synthesis protocols. This chapter describes the development of appropriate protocols
for the synthesis of metals (silver and copper) and metal oxide (titanium dioxide)

nanoparticles with desired physical, chemical, structural, optical and surface properties.

Synthesis of silver nanoparticles (SNPs) by chemical reduction method in the
presence of mild reducing agent is a promising approach to achieve high yield SNPs
without deteriorating their physical and surface properties [7]. This method has an
advantage of yielding nanoparticles with no or little aggregation. In the present study,
synthesis of uniform, monodisperse SNPs is carried out by simple one-pot method using
oleylamine as reducing and capping agent [8]. It is a two-step process. In the first step,
oleylamine capped hydrophobic SNPs are prepared by reducing AgNOj3 with oleylamine.
Effect of concentration of reducing cum capping agent and growth Kkinetic parameters i.e.
nucleation temperature, growth temperature, nucleation time and growth time on the
product quantity and quality is evaluated in terms of colloidal yield, physical size,
morphology and dispersity. In the second step, hydrophobic SNPs are phase transferred
into water by ligand exchange reaction using block co-polymer, pluronic F- 127 [9]. From
the detailed investigation of as-synthesized nanoparticles by various characterization
techniques, optimized conditions are being laid down for high yield, monodisperse; water

dispersible SNPs that can be directly used as antimicrobial agents in nanomedicine.
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Plasmonic nanostructures are gaining increasing attention due to their wide range
of applications ranging from plasmonic photovoltaic to photothermal therapy [10-12].
Amongst the plasmonic nanostructures, copper nanoparticles (CNPs) could be a potential
alternative to silver and gold but it is largely undermined because of the difficulties in
synthesizing high quality, stable, ultra-small CNPs as they are prone to oxidation [13].
The second important aspect dealt-with in this chapter is the development of protocols for
the synthesis of ultra-small, plasmonic copper nanostructures, which are resistant to
oxidation and stable in ambient environment. In the present study, CNPs are synthesized
by chemical reduction of copper chloride under mild reaction conditions by using a
unique combination of reducing (sodium borohydride and L-ascorbic acid) and capping
(Polyvinylpyrrolidone and L-ascorbic acid) agents. Synthesized CNPs are stable in its
native metallic phase (Cu®) under the dynamic equilibrium established between the
surface of CNPs and the capping agents. Synthesized product is stable against both the

oxidation and the aggregation and suitable for biomedical applications.

Titanium dioxide nanoparticles (TNPs) are another important system, which are
widely researched for their photocatalytic and disinfectant properties [14-16]. The major
limitation with TNPs is their photo-response, which lies in the ultraviolet region.
Improved photo response in the visible region is the chief target for researchers. This
chapter also deals with the development of synthesis protocols for sol-gel synthesis of
pristine and Co-doped TNPs. Effect of dopant concentration has been studied on the
optical band edge of the TNPs, and the processing parameters and dopant concentration
have been optimized for the synthesis of visible light responsive TNPs with uniform size
and shape. Subsequent sections of this chapter describe detailed protocols followed for
the synthesis of SNPs, CNPs and TNPs and their subsequent characterizations to find

their suitability as biocidal agents, which is the subject matter of chapter - 4.
3.2 Synthesis of Silver Nanoparticles (SNPs)
3.2.1 Materials

Silver nitrate (AgNO3) (99.8%) and diphenyl ether were procured from S.D. Fine-Chem.
Ltd. Oleylamine (70%) and pluronic F-127 were obtained from Sigma-Aldrich. Absolute
ethanol, n-hexane (95%) and HPLC grade water were purchased from Merck. All the
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chemicals were used as received without any further purification. For all experiments,

aqueous solutions are prepared in Millipore ultrapure water (p = 18.2 MQ).
3.2.2 Synthesis Process

SNPs were prepared by reducing AgNO; with oleylamine (OA) in a simple one pot
method. It was reported by Chen et al. [17] that for homogeneous nucleation of silver
from AgNO;3; by OA, nucleation temperature should be > 150 °C. For fast and
homogenous nucleation, AQNO3; was added into the oleylamine - diphenylether mixture,
which was preheated at 160-240 °C. Ripening of nanoparticles at a lower temperature is
critical for homogeneous growth [18]. To achieve better control on the growth of
individual crystallites, the reaction temperature was lowered to 150-200 °C [19].
Synthesis protocols followed for the preparation of SNPs are summarized as a flow chart
in Fig. 3.1. Effect of following process variables has been evaluated on the quality and

quantity of SNPs.

1) Concentration of surfactant cum reducing agent (oleylamine)
2) Nucleation temperature

3) Nucleation time

4) Growth temperature

5) Growth time

3.2.2.1 Effect of Oleylamine (OA) Concentration

To investigate the effect of OA concentration on the quality and quantity of SNPs, the
concentration of OA was varied from 0.5 mM - 30 mM. In brief, 20 mL diphenyl ether
was mixed with desired volume of OA in a three neck 250 mL round bottom flask,
equipped with a magnetic stirrer, condenser and a thermometer. The mixture was heated
to 200 °C at a rate of 3 °C min™. 3 mM AgNO; was added into this preheated mixture
under continuous magnetic stirring. Upon addition of AgNOg, the colour of the mixture
immediately turned blue. Strong surface plasmon resonance (SPR) was observed,
indicating the nucleation of SNPs. The mixture was refluxed for 30 min and then rapidly
cooled down to 150 °C. It was then ripened at 150 °C for another 4 h and subsequently
cooled to 25 °C.
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Diphenyl ether (20 mL) + Oleylamine
(0.5 mM — 30 mM)

Preheat @
160 °C to 240 °C

—

Addition of AgNO;
(3 mM)

—

Nucleation @
160 °C - 240 °C/ 10 - 60 min

Growth @
150 °C-200 °C/0.5-8h

Fig. 3.1 Flowchart of synthesis protocols followed for the preparation of colloidal SNPs.
Image (at the end of the flow chart) shows strong surface plasmon resonance in the
colloid confirming the formation of SNPs.
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The product was purified by the precipitation-redispersion. Equal volume of
absolute ethanol was added into the mixture. Alcohol addition precipitates the SNPs
which were isolated from the suspension by centrifugation at a relative centrifugal force
(RCF) of 10744 x g (10000 rpm) for 10 min. Nanoparticles were then dispersed in 20 mL
n-hexane. The dispersion was again centrifuged at 3868 x g (6000 rpm) for 10 min and
undispersed residues, if any, were removed. 5 mL SNPs suspension in n-hexane was
preserved at 4 °C and rest of the solution was again precipitated with absolute ethanol.
The precipitates were collected by centrifugation at 10744 x g (10000 rpm) for 10 min

and preserved at room temperature.

Effect of concentration of reducing agent on the quality and quantity of
nanostructures has been evaluated in terms of product yield, size and size distribution,
crystal phase and morphology. It was observed that irrespective of OA concentration, it
always reduces AgNQOj3 into SNPs with spherical morphology. To understand the effect of
concentration of reducing agent on the quantity, % vyield of SNPs obtained after
precipitation-redispersion was determined. Fig. 3.2 shows the plot of % yield of SNPs

obtained at different OA concentration.
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Fig. 3.2 Variation in % yield of SNPs with oleylamine concentration. % yield is measured
for the product obtained after the precipitation-redispersion.
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SNPs’ yield is 0% until OA concentration is > 4.5 mM. This is because no SNPs
could be collected from the n-hexane phase after the precipitation - redispersion until the
OA concentration is > 4.5 mM. These might be due to coagulation of nanoparticles in the
absence of sufficient quantity of OA, which is also acting as capping agent. When the OA
concentration is > 45 mM, % vyield of SNPs increases following an exponential
behaviour and saturates at 21 mM of OA. At this concentration, approximately 60% of
the initial mass of Ag gets converted into SNPs. Low yield of SNPs might be because of

incomplete reduction of AgNOj3 and partial losses during the purification.

To evaluate the effect of OA concentration on particle size, X-ray diffraction,
transmission electron microscopy and photon correlation spectroscopy techniques were
employed. The X-ray diffraction patterns of as-synthesized SNPs show four diffraction

peaks (Fig. 3.3) corresponding to the FCC structure.
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Fig. 3.3 XRD diffractograms of SNPs prepared at different oleylamine concentration. (a)
1.5 mM, (b) 3 mM, (c) 4.5 mM, (d) 6 mM, (e) 9 mM, (f) 12 mM, (g) 15 mM, (h) 18 mM,
(i) 21 mM, (j) 24 mM, (k) 27 mM and (I) 30 mM. Samples corresponding to 1.5 - 4.5 mM
oleylamine are the undispersed residues obtained during precipitation-redispersion. No
dispersed particles could be extracted due to heavy clustering in these samples. The
broadening of diffraction peaks increases with oleylamine concentration till 12 mM and is
constant above this concentration.
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The peaks matched well with the standard PCPDF database (card no. 040783) of
silver. Diffraction peaks are quite broad indicating that the particle size of SNPs is very
small. A slight variation in the Bragg positions of various reflections has also been
observed. This variation might be due to the change in the lattice strain of the
nanoparticles. To understand the effect of crystallite size and lattice strain on the size

broadening of SNPs, Williamson-Hall analysis was used [20].

Experimentally observed peak broadening () is related to crystallite size, t and

lattice strain, n by following expression:

BcosB = % + nsind (3.1)

where B is experimentally observed integral breadth of X-ray diffraction peak, 6 is
diffraction angle, A is the wavelength of X-ray source (A = 1.5406 A), t is crystallite size,
n is lattice strain and k (= 0.9) is geometrical constant. By plotting Bcosf vs sin®,
crystallite size and lattice stain has been determined. The plot of crystallite size as a

function of OA concentration is shown in Fig. 3.4.
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Fig. 3.4 Variation in the crystallite, physical and hydrodynamic particle size of SNPs with
oleylamine concentration. Trend lines are drawn for the sake of clear viewing.

The crystallite size decreases exponentially with increasing OA concentration and

saturates at = 5.5 nm for 15 mM of OA. This result indicates that the OA traditionally
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known as a reducing and capping agent also acts as grain growth inhibitor. 15 mM OA is
sufficient to produce uniform grains in SNPs. Further increase in OA concentration does
not alter the crystallite size but increases the product yield until the OA concentration is
21 mM (Fig. 3.2).

The variation of lattice strain of SNPs as a function of OA concentration is shown
in Fig. 3.5(a). When OA concentration increases, the lattice strain also increases till the
OA concentration is 12 mM. This increase in lattice strain could be due to the
corresponding decrease in the crystallite size of SNPs. The lattice strain is independent of
OA concentration beyond 12 mM of OA, which is in direct correlation with the crystallite
size trend observed in Fig. 3.4.
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Fig. 3.5 Variation in the lattice strain of SNPs with (a) oleylamine concentration, (b)
nucleation temperature, (c) nucleation time, (d) growth temperature and (e) growth time.
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To further understand the effect of OA on the physical size and morphology of
SNPs, transmission electron microscopy was employed. Fig. 3.6 shows the representative
TEM images of SNPs prepared with different OA concentrations. Each silver
nanoparticle has a spherical morphology. Nanocrystals of silver self-assembled into
hexagonal closed pack lattice. No agglomeration was observed when OA concentration is
> 15 mM.

20 nm

Fig. 3.6 TEM micrographs of as-synthesized SNPs obtained at different oleylamine
concentration. Self-assembled hexagonal closed pack structure of SNPs could be
observed.

To further understand the effect of OA concentration on the physical size and its
distribution, the size distribution histograms were prepared by measuring the diameter of
at least 100 particles for each sample. Histograms are fitted with lognormal particle size
distribution function [21].

P(D) (3.2)

=ﬁex l TJ
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where o is the standard deviation, D the particle diameter and In D, is mean of In D.
Histograms are shown in Fig. 3.7. The average physical size obtained from the fit are
plotted as a function of OA (Fig. 3.4). For 15 mM OA, the polydispersity index is 0.17
and for 30 mM OA, it is 0.2. This confirms our belief that the as-synthesized SNPs are
nearly monodisperse in size. SNPs prepared with 12 mM and 21 mM OA has higher
polydispersity of 0.24 and 0.26, respectively. This might be because of few larger size
particles (Fig. 3.6). The average inter-particle distance is 3.2 nm. Chain length of an OA
molecule is 1.9 nm [22]. It means OA chains attached to the surface of two neighbouring

SNPs are entangled by 0.3 nm. Ferrer et al. [22] have also made similar observation.

100+ 15 mM

Counts

4 6 8 10 12 14 16 18 20 4 5 6 7 8 9 10 11 12 13 14
Particle Diameter (nm) Particle Diameter (nm)

21 mM w0 30 mM
304
2 2
c c
3 3 20-
(&) (6]
10+
, 04
4 6 8 10 12 14 16 18 20 3 4 5 6 7 8 9 10 11
Particle Diameter (nm) Particle Diameter (nm)

Fig. 3.7 Size distribution histograms fitted with lognormal particle size distribution of
SNPs as a function of oleylamine concentration obtained from transmission electron
microscopy.

UV-Visible absorption spectra of as-synthesized SNPs are shown in Fig. 3.8.
Depending on the morphology of nanoparticles, two or more plasmon bands are expected
for non-spherical SNPs [23]. In the present study, irrespective of the OA concentration, a

single surface plasmon resonance (SPR) band is observed, indicating that the as-
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synthesized nanostructures have spherical morphology [23]. This observation is also in

agreement with the conclusions drawn from the TEM microscopy.
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Fig. 3.8 UV-visible spectra of SNPs dispersed in n-hexane as a function of oleylamine
concentration. A single SPR band is observed in each spectrum which is centred at 404
nm, confirming the spherical morphology of nanostructures.

The hydrodynamic size distribution of SNPs dispersed in n-hexane was
determined by photon correlation spectroscopy. Size distribution histograms were fitted
with lognormal particle size distribution function [21] and the mean hydrodynamic size
was determined. The hydrodynamic size as a function of OA concentration is also shown
in Fig. 3.4. As can be seen, the hydrodynamic size of SNPs decreases exponentially as the
OA concentration increases and levels off when the OA concentration is >15 mM. Lower
OA concentration in the medium during the synthesis of SNPs was not able to control the
agglomeration and hence resulted in the clusters of SNPs with larger size. As the OA
concentration increases, it reduces the tendency of agglomeration of nanoparticles by
increasing the electrostatic repulsion between the nanoparticles. The hydrodynamic size
levels off at 10.2 nm for OA concentration >15 mM. At this concentration, each
nanoparticle is coated with a monolayer of OA. This was also confirmed by
thermogravimetric analysis. In TG thermogram (Fig. 3.9), 13% weight loss was observed,

which is corresponding to a monolayer coating of oleylamine on the surface of SNPs.

49 |Page



The mean hydrodynamic size obtained for each concentration of OA is greater
than that of crystallite size and physical size obtained from X-ray diffraction and
transmission electron microscopy, respectively. This is quite obvious as hydrodynamic
size also takes OA coating into the account while the other two methods only consider the
bare nanoparticles. The difference between the physical size determined by TEM and the
hydrodynamic size obtained from photon correlation spectroscopy gives an estimation of
the organic shell around the nanoparticles, which is 2.1 nm when OA concentration is >15
mM. This also agrees well with the earlier observation of monolayer coating of OA on the
surface of SNPs [22]. The same conclusion has also been drawn from the measurement of
inter-particle distance in the self-assembly of SNPs in TEM micrographs and from the

weight loss observed in TG thermogram.
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Fig. 3.9 TG thermogram of as-synthesized SNPs prepared with 15 mM oleylamine
concentration. 13% weight loss is observed in a two-step process corresponding to the
decomposition and carburization of oleylamine.

3.2.2.2 Effect of Nucleation Temperature (N)

To understand the effect of nucleation temperature on the quality and quantity of SNPs,
the nucleation temperature (N1) was varied from 160 °C to 240 °C in the regular intervals
of 20 °C, while keeping the OA concentration constant at 15 mM. Rest of the parameters
i.e. nucleation time (30 min), growth temperature (150 °C) and growth time (4 h) were
same as used in the experiments of section 3.2.2.1. Both dispersion and precipitates of
SNPs were obtained by following the identical protocols as explained in section 3.2.2.1

and purified samples were preserved at 4 °C for subsequent studies.
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SNPs synthesis is a two-step process. In the first step, homogenous nucleation is
achieved by minimizing the free energy of the system and in the second step; growth of
these nuclei is realized by providing favourable conditions for growth. High activation
energy is involved in nucleation, while the growth requires low energy. In the crystal
growth, nucleation and growth mechanisms overlap and it is impossible to suppress the
two. The final size and the shape of the nanoparticles also depend on the relative rates of
these two competitive processes that could be controlled by reaction parameters like
concentration, temperature, pH, reducing ability, etc. [24]. It is observed that for
homogeneous nucleation of SNPs from AgNO; by OA, it is necessary to have Nt
between 160 °C-240 °C.

Fig. 3.10 shows the effect of variation of Nt on the yield of SNPs. With increase
in Nt, SNPs vyield increases. When Nt = 200 °C, the yield is maximum at 46%. Further
increase in Nt decreases the yield of SNPs. This observation suggests that Nt has major
effect on the yield of SNPs. It is expected that nanoparticles’ yield should increase with
Nt because of the high reduction rate of AgNO; at elevated temperatures. It should
saturate at a temperature where the rate of reduction is maximum. Instead the yield picks
at 200 °C followed by a sharp decrease. This can be understood if we consider controlled

aggregation of nanoparticles followed by ripening at lower temperatures.
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Fig. 3.10 Variation in % Yield of SNPs with nucleation temperature. Trend line is drawn
for the sake of clear viewing.
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During the growth of nanoparticles, two competitive processes affect the yield of
nanoparticles: (i) Nt and (ii) AT = Nt - Gr. When N+ is 160 °C i.e. just 10 °C above the
Gt (=150 °C), the yield is very low. This is because of the poor reducibility of AgNO3 by
OA at this temperature. As Nt increases, the yield also increases until Nt = 200 °C. At
this temperature, the nanoparticle yield is maximum due to the highest rate of reduction at
200 °C. It is expected that further increases in Nt should not affect the yield as the
reduction rate is already in saturation, but contradictory to that the yield falls above 200
°C. This decrease in yield might be due to a large AT (> 50 °C). During the synthesis
when the mixture was abruptly cooled to the Gt (= 150 °C) from Nt > 200 °C, the
embryo will start dissolving in the growth medium. When AT is large, only few nuclei
could survive before the beginning of the growth stage. This would result in decrease in
the yield of SNPs for Nt is > 200 °C. Hence, the controlled aggregation followed by
sintering is essential for homogeneous growth and the difference between nucleation and

growth temperature should not exceed 50 °C to achieve a high yield of SNPs.

Irrespective of N1, SNPs crystallizes into FCC lattice. The X-ray diffraction
pattern of SNPs presented at different nucleation temperature is shown in Fig. 3.11. It
matches well with the X-ray diffraction pattern of bulk silver reported in PCPDF no.
040783. The variation in crystallite size as a function of Nt obtained from the
Williamson-Hall analysis of X-ray diffractograms (Fig. 3.11) is shown in Fig. 3.12. The
crystallite size of SNPs ranges between 5.5-7.15 nm. This means that nucleation
temperature does not affect the crystallite size much. The variation of lattice strain as a
function of Nt is shown in Fig. 3.5(b). Lattice strain gradually increases from 31x10™ to
50x10% when Nt was raised from 160 °C to 200 °C. Beyond this temperature, lattice
strain is independent of Nrt. This observation is in agreement with very small change

observed for crystallite size of SNPs in Fig. 3.12.

The representative TEM micrographs of SNPs prepared at different Nt is shown
in Fig. 3.13. When the Nt is 160 °C, non-spherical SNPs were obtained whose mean
size is 10.14 + 0.04 nm. When the N+ is 200 or 240 °C, self-assembly of spherical SNPs
were obtained. The average physical size of SNPs is 8.07 + 0.02 nm for Nt = 200 °C
and 9.65 + 0.05 nm for Nt = 240 °C. The mean sizes are obtained from the best fit of

the size distribution histograms with lognormal size distribution function [21]. The
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random morphology of SNPs in case of Nt = 160 °C may be due to the poor control
over aggregation during ripening. Both particle size and polydispersity index were
minimum for Nt = 200 °C. This might be due to optimum conditions for controlled
aggregation and sintering at this temperature. A similar trend was also observed for
yield data (Fig. 3.10).

(111) 160 °C

(200) (220) (311)

" 180°C

' | 200 °C

T 220 °C

I ' 1 v ) M 1

240 °C

I ' I ' 1 ' )

30 40 50 60 70 80
20 (degree)

Intensity (a.u.)

Fig. 3.11 XRD diffractograms of SNPs prepared at different nucleation temperatures.
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Fig. 3.12 Variation in the crystallite, physical and hydrodynamic particle size of SNPs as
a function of nucleation temperature. Trend lines are drawn for the sake of clear viewing.
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20 nm

Fig. 3.13 TEM micrographs of as-synthesized SNPs prepared at different nucleation
temperatures.

Fig. 3.12 shows the variation in the hydrodynamic size of SNPs as a function of
Nr. The same trend as observed in physical size measured by TEM microscopy is
followed here. The earlier explanation for the physical size variation as a function of
nucleation temperature is applicable for hydrodynamic size too, as the Nt does not affect
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the interaction of surfactant molecules with nanoparticles. The hydrodynamic size is
constant at 9.7 £ 0.4 nm for Nt = 180-220 °C while it increases to 15 nm when Nr is
either 160 °C or 240 °C. This might be due to very small and very large difference
between Nt and Gr at these temperatures.

UV-visible spectra of SNPs prepared at different nucleation temperatures are
shown in Fig. 3.14. Irrespective of nucleation temperature, a single SPR band is observed.
It is centred at 404 nm. No change in the position and shape of SPR band shows that the

morphology of the SNPs did not depend on the nucleation temperature.
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Fig. 3.14 UV-visible spectra of SNPs dispersed in n-hexane as a function of nucleation
temperature. A single SPR band is observed in each spectrum which is centred at 404 nm,
confirming the spherical morphology of nanostructures.

3.2.2.3 Effect of Nucleation Time (Ny)

To investigate the effect of nucleation time on the product quality and quantity,
oleylamine - diphenylether mixture was refluxed at 200 °C for desired nucleation time to
promote uniform nucleation. N; was varied from 0-60 min by keeping rest of the growth
variables identical to that used in section 3.2.2.1. OA concentration was constant at 15
mM. Four samples were prepared with N; of 0, 30, 45 and 60 min. SNPs are purified and

preserved by following the same protocols as explained in section 3.2.2.1.
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Variation in the % yield of SNPs as a function of N; is shown in Fig. 3.15. The
highest yield (= 46%) is obtained when N; is 30 min. When N is > 30 min, the yield
abruptly decreases to below 20%. This is unusual, generally an increase in N; should
increase the product yield followed by saturation. The contradictory trend observed here
might be due to the smaller size of nuclei, which might have nucleated during the last
phase of the nucleation compared to those which were nucleated during the early stage of
nucleation. These delayed nuclei are susceptible to dissolution during the rapid cooling.
Nt = 30 min is optimum. Increasing N beyond this decreases the yield of the SNPs.
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Fig. 3.15 Variation in % Yield of SNPs with nucleation time. Trend line is drawn for the
sake of clear viewing.

To further understand the effect of N; on the particle size and its distribution, X-
ray diffraction, transmission electron microscopy and photon correlation spectroscopy
were employed. The X-ray diffraction pattern of as-synthesized SNPs is presented in Fig.
3.16. In each diffractogram, four well resolved diffraction peaks corresponding to the
standard FCC lattice of silver is observed. Fig. 3.17 shows variation of crystallite size
obtained from Williamson-Hall analysis of XRD, physical size obtained from TEM and
hydrodynamic size from PCS measurements. The nature of particle size variation with N;
is similar for all the three particle size types. The minimum size in each case was
observed when N is 30 min. On either side of this i.e. when N is higher or lower than 30

min, the particle size is larger than obtained at 30 min.
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Fig. 3.16 XRD diffractograms of SNPs prepared at different nucleation time.
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Fig. 3.17 Variation in the crystallite, physical and hydrodynamic particle size of SNPs as
a function of nucleation time. Trend lines are drawn for the sake of clear viewing.
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When N; is small, i.e. 10 min, very few nuclei could nucleate. During the growth
stage, these fewer nuclei would grow rapidly as the concentration of silver ions per nuclei
in the growth medium is quite high. On the other hand, when the N is high i.e. 45 min or
60 min, large number of nucleation took place initially that result in the decrease in the
concentration of silver ions per nuclei available in the solution. Each nuclei would grow
to a small size. N = 30 min is the optimum time to prepare smaller size, good quality
SNPs with a moderately high yield (46%). This claim is also validated by TEM
micrographs in the Fig. 3.18.

Fig. 3.18 TEM micrographs for SNPs prepared with different nucleation time.
58| Page



SNPs prepared with N; = 10 min have stronger tendency to agglomerate. These
particles have irregular shape, larger size and broad size distribution. While SNPs
prepared with N; = 30 min are of uniform shape, smaller size and narrower size
distribution. They self-assembled into HCP structure. The mean size of nanoparticles is
8.07 £ 0.02 nm. The TEM image of nanoparticles with N; = 60 min also shows the high
quality of the product. The only difference between the SNPs of two samples is their
physical sizes. The mean size of SNPs for Ny = 60 min is 13.8 + 0.03 nm. The
hydrodynamic size also follows the same trend as observed for crystallite and physical
sizes. The nucleation time does not affect the chemical interaction of OA with the surface
of SNPs. Because of smaller size, strict size distribution and greater yield of SNPs

obtained with N = 30 min, it is preferred over N; = 60 min.

Fig. 3.5(c) shows variation of lattice strain as a function of N;. The lattice strain is
minimum when N; = 10 min. As N; increases to 30 min, the lattice strain peaks at 50x107.
This might be because of corresponding decrease in crystallite size at this N;. Further
increase in N; marginally decreases the lattice strain. This observation is in consistent
with gradual increase in crystallite size for N; > 30 min. UV-visible absorption spectra of
SNPs prepared at different N; are shown in Fig. 3.19. A single SPR band is observed which
is centred at 404 nm. The presence of only SPR band in the UV-visible spectra means that

irrespective of their nucleation time, nanoparticles grow with spherical morphology.
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Fig. 3.19 UV-visible spectra of SNPs dispersed in n-hexane as a function of nucleation

time. A single SPR band is observed in each spectrum which is centred at 404 nm,

confirming the spherical morphology of nanostructures.
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3.2.2.4 Effect of Growth Temperature (Gt)

To investigate the effect of Gt on the quality and quantity of the SNPs, the Gt was varied
from 150 °C to 200 °C at intervals of 25 °C. Rest of the experimental conditions were

kept unchanged as per section 3.2.2.1 with OA concentration fixed at 15 mM.

The correlation between the growth temperature and product quantity is
established in terms of the % vyield of SNPs. It is shown in Fig. 3.20. The yield of SNPs
decreases with increase in Gt. The maximum yield (46%) was obtained when Gt = 150
°C. Increase in Gt reduces the temperature difference between the nucleation and growth
temperatures. As observed previously when AT (= Nt — Gr) decreases, the yield also

decreases because of the obvious reasons as explained in section 3.2.2.3.
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Fig. 3.20 Variation in % Yield of SNPs with growth temperature. % yield is measured
from the product obtained after the precipitation-redispersion. Trend line is drawn for the
sake of clear viewing.

Effect of Gt on the particle size of SNPs was evaluated by measuring their
crystallite, physical and hydrodynamic sizes. Variation of each of these sizes as a function
of Gt is shown in Fig. 3.21. The crystallite size calculated from X-ray diffractograms of
SNPs (Fig. 3.22) is constant at 6 nm when G+ is 150 °C and 175 °C, while it increases to
15 nm when the Gt is same as Nt i.e. 200 °C. The lattice strain gradually decreases when
Gr is raised from 150 °C to 175 °C (Fig. 3.5(d)). Further increase in Gt to 200 °C sharply
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decreases the lattice strain in SNPs. This might be because of sharp increase in the

crystallite size at this Gr.
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Fig. 3.21 Variation in the crystallite, physical and hydrodynamic particle size of SNPs as
a function of growth temperature. Trend lines are drawn for the sake of clear viewing.
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Fig. 3.22 XRD diffractograms of SNPs prepared at different growth temperature.
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To further understand the effect of Gt on physical size of nanoparticles, TEM was
employed. TEM micrographs of SNPs prepared with different Gt are shown in Fig. 3.23.
SNPs self-assembled into HCP structure when prepared with Gt = 150 °C. Increase in Gt
deteriorated the morphology of SNPs. For Gt = 175 °C and 200 °C, polydispersed non-

uniform nanoparticles were formed.

Fig. 3.23 TEM micrographs of SNPs prepared at different growth temperatures.

Hydrodynamic size of SNPs as a function of Gr is plotted in Fig. 3.21. It follows
the similar trend as observed for crystallite and physical sizes. All the three particle sizes
of SNPs i.e. crystallite, physical and hydrodynamic have their maximum values for Gt =

62| Page



200 °C. This might be due to the copious agglomeration caused by the rapid growth of
nanoparticles. The minimum for each of these sizes is observed at Gt = 150 °C. There is a
little difference between the particle size obtained at 150 °C and 175 °C. But when
considering the yield (Fig. 3.20) and quality of nanostructures (Fig. 3.23), Gr = 150 °C
gives better result in comparison to Gt = 175 °C. Hence, Gt = 150 °C is the optimum

growth temperature for the synthesis of good quality SNPs.

The UV-visible spectra of SNPs prepared with different growth temperatures
(150-200 °C) are shown in Fig. 3.24. As expected, a single SPR band is again observed
which is attributed to the spherical morphology of SNPs.
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Fig. 3.24 UV-visible spectra of SNPs dispersed in n-hexane as a function of growth
temperature. A single SPR band is observed in each spectrum which is centred at 404 nm,
confirming the spherical morphology of nanostructures.

3.2.2.5 Effect of Growth Time (Gy)

Another important parameter that could affect the quality and quantity of SNPs is the
growth time. To evaluate the effect of G; on the product, it was varied from 0.5 h - 8 h. No
changes were made in the experimental protocols, which are described in section 3.2.2.1.
Effect of G; on the yield of SNPs is shown in Fig. 3.25. SNPs yield increases linearly with
Gt. The highest yield (76%) was observed when G; = 8 h. When G; = 6 h, the yield of SNPs
drastically decreases to 12.5%. Despite of several repetitions of this experiment, same result

was observed. The reasons behind low yield for G; = 6 h is unclear.
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Fig. 3.25 Variation in % yield of SNPs with growth time. Trend line is drawn for the sake
of clear viewing.

Fig. 3.26 shows the effect of G; on the crystallite size of nanostructures calculated
from the X-ray diffraction data presented in Fig. 3.27. The crystallite size varies between
3 nm - 6 nm when G is varied from 0.5 h - 8 h. The crystallite size jumps to 8 nm when
Gt is 6 h. Except for G; = 6 h, the crystallite size does not vary much with G; and hence

can be considered as independent of G..

1—e— Crystallite Size
18 { —v— Physical Size 1
| —*—Hydrodynamic Size 1

—
7]
1

Particle Size (nm)
@ =
1 1
e
<)H
H@H -
</

Growth Time (h)

Fig. 3.26 Variation in the crystallite, physical and hydrodynamic particle size of SNPs as
a function of growth time. Trend lines are drawn for the sake of clear viewing.
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Fig. 3.27 X-ray diffractograms of SNPs prepared at different growth time.

The variation of lattice strain as a function of growth time is shown in Fig. 3.5(e).
It decreases exponentially when G; increases from 0.5 h - 6 h. Beyond this, there is a little
increase in the lattice strain of SNPs. This might be because of change in crystallite size
trend (increases upto G; = 6 h followed by a decrease) at G; = 6 h. The TEM micrographs
of SNPs corresponding to different G; are shown in Fig. 3.28. Irrespective of G, self-
assembled HCP structures are observed; indicating that the tight size dispersion of SNPs
can be obtained in the studied range of G;. Variation in the physical size of SNPs obtained
from TEM is also plotted in Fig. 3.26. The particle size ranges between 7-10 nm. The
large difference between the crystallite and physical size of nanoparticles for G; = 6 h and
Gt = 8 h might be due to the polycrystalline nature of SNPs. The hydrodynamic size is
independent of G; (Fig. 3.26). Irrespective of G;, the mean hydrodynamic size is between
10-12 nm except for G; = 6 h where the size is 17.73 nm. This could be due to the large
physical size (12.7 nm) of the SNPs for G; = 6 h. The conclusion drawn from these
experiments is that the coating process is independent of G;, while it strongly depends on

the nucleation and growth temperatures.
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Fig. 3.28 TEM micrographs of SNPs prepared at different growth time.

The UV-visible absorption spectra of SNPs prepared with different growth time
(0.5 h - 8h) is shown in Fig. 3.29. A single plasmon resonance band is observed which is
centred at 397 nm - 408 nm. No other spectral signatures are found in the UV-visible
spectra. It means that the morphology of SNPs, which is spherical in this case, is

independent of growth time.
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Fig. 3.29 UV-visible spectra of SNPs dispersed in n-hexane as a function of growth time.
A single SPR band is observed in each spectrum which is centred at 404 nm, confirming

the spherical morphology of nanostructures.
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High resolution transmission electron microscopy image of the SNPs prepared
with optimized conditions, (i.e. concentration of reducing cum capping agent-oleylamine
= 15 mM, nucleation temperature = 200 °C, nucleation time = 30 min, growth
temperature = 150 °C and growth time = 4 h) is shown in Fig. 3.30. Monodispersed
nanoparticles with well-defined spherical morphology can be observed in Fig. 3.30. The
top inset shows the specific area electron diffraction (SAED) image of SNPs. Four well
distinguish rings can be observed in the SAED pattern, which confirms the
polycrystalline nature of the nanoparticles. The bottom inset is the high resolution lattice
fringe image of a silver nanoparticle. The average inter-planner spacing is 0.162 nm
corresponding to (220) lattice plane. Silver nanoparticle is made up of six domains, which

also confirms the polycrystalline nature of the particle.
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Fig. 3.30 HRTEM micrograph of SNPs. Inset (top) shows the specific area electron

diffraction pattern (SAED) and inset (bottom) shows the lattice fringe image of a single
silver nanopatrticle.

The inhibition of delayed nucleation during growth, in other words, the complete
separation of nucleation and growth, is critical for the successful synthesis of
monodispersed nanoparticles [18]. Although the mechanism leading to monodispersed
SNPs presented here is not completely clear but the experimental observations suggest

that the formation of SNPs follows the classical condensation mechanism during the
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growth process [18]. SNPs were built up by the stacking of atomic species of Ag. These
atomic species were derived from the chemical reduction of AgNO3; by OA. The
clustering of the Ag atoms gives numerous nuclei that are saturated in the reaction
medium and aggregated into SNPs. The solubility of the nuclei in the dispersion decides
the stage at which the nucleation stops and the aggregation of the nuclei dominates the
growth process [18]. The particles cannot be formed if the nuclei are not saturated in the
dispersion medium. Above the saturation threshold, the aggregation of the nuclei
becomes spontaneous until the particles sinter from the dispersion.

3.2.3 Phase Transfer

OA coating on SNPs renders them hydrophobic. To investigate the antimicrobial
properties of SNPs, they need to be dispersible in water/biological media. Hence as-
synthesized hydrophobic SNPs were phase transferred from n-hexane to water by the
facile phase transfer protocols [19]. Pluronic F-127 was used as phase transfer ligand.
Pluronic F-127 has two hydrophilic A chains of poly ethylene oxide (PEO) and one
hydrophobic B chain of poly propylene oxide (PPO) in an ABA configuration. For the
phase transfer of SNPs; 20 mL, 0.2 M aqueous solution of pluronic F-127 was mixed with
equal volume of stock solution of SNPs in n-hexane in a 100 mL beaker. It was covered
with a perforated aluminium foil to control the evaporation of n-hexane. The mixture was
magnetically stirred until the n-hexane evaporates completely. To confirm the phase
transfer of SNPs, fresh n-hexane was poured on the aqueous solution of SNPs. On
successful phase transfer, both aqueous and organic phases would remain immiscible
(Fig. 3.31). The added organic phase was isolated from the aqueous phase by

centrifugation. The phase transferred aqueous dispersion of silver was preserved at 4 °C.

Fig. 3.31 SNPs (A) before phase transfer (dispersion in hexane) and (B) after phase
transfer (dispersion in water).
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Reduction of AgNO3; by OA produces SNPs with hydrophobic surfaces. OA is
chemically bound on the surface of silver due to the formation of Ag — N bond [25],
which keeps them hydrophobic and dispersible in hexane. Pluronic F-127 is used to
transfer hydrophobic SNPs into aqueous medium. Pluronic F-127 is made up of two
hydrophilic A chains of poly ethylene oxide (PEO) and one hydrophobic B chain of poly
propylene oxide (PPO). The transfer mechanism (Fig. 3.32) shows pluronic replaces the
original OA ligand on the surface of nanoparticles and become the new ligand.
Hydrophilic nature of PEO segments of pluronic-capped nanoparticles transfer them into
the aqueous medium and keeps them dispersible in water. By exchanging the original
ligands (oleylamine) with block-co-polymer pluronic F-127, the transferred nanoparticles

exhibited good stability in water, even after being washed with hexane.

Ny NI
4 ﬂ —

PEO PEO
Fig. 3.32 Schematic representation of phase transfer of hydrophobic SNPs into
hydrophilic using pluronic F-127.

PPO

+]

Oleylamine

UV-visible spectra of as-synthesized (in n-hexane) and phase transferred SNPs are
shown in Fig. 3.33. A single SPR peak was observed both before and after the phase
transfer. The spectral band after the phase transfer shifts to higher wavelength, i.e. a red
shift is observed after the phase transfer. This might be because of difference in surface
adsorbed species on SNPs before and after the phase transfer. The presence of single SPR
band after the phase transfer indicates that the particle morphology is not affected by
phase transfer. According to the Mie’s theory, only a single SPR band is expected in the
absorption spectra of spherical metal nanoparticles, whereas anisotropic particles could
give two or more SPR bands depending on the shape of the particles [26]. In this case, a
single SPR band is observed, indicating that SNPs are spherical. Further, phase transfer
does not alter the shape of the SPR band, which excludes the possibility of formation of
agglomerates during the phase transfer. Reduction in the intensity of SPR band for the

phase transferred SNPs is due to their lower concentration.
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Fig. 3.33 UV-visible spectra of SNPs (—) before and (- - -) after the phase transfer. A
single SPR peak centred at 404 nm indicating the spherical geometry of nanoparticles.
The SPR band is red shifted to 413 nm after the phase transfer.

Hydrodynamic particle size distribution histograms of SNPs before and after the
phase transfer are shown in Fig. 3.34. Each histogram is fitted with lognormal particle
size distribution function and from the fitting, the mean hydrodynamic size and
polydispersity indices are determined. The hydrodynamic size of SNPs before the phase
transfer is 9.2 £ 0.06 nm and after the phase transfer, it is 59.1 + 0.14 nm. The size
difference of =~ 50 nm between as-synthesized and phase-transferred nanoparticles is

doubled compared to the micellar size (23 nm) of pluronic [27].

Fourier transform infrared spectroscopy was employed to understand the surface
functionalization of SNPs before and after the phase transfer. FTIR spectra of SNPs
before and after the phase transfer are shown in Fig. 3.35 and analysed in Table 3.1. Only
the salient features of each spectrum are described here. In case of oleylamine capped
SNPs (before phase transfer), the bands at 2850 and 2915 cm™ originate from the
symmetric and asymmetric stretching vibrations of C — H [28]. The broad absorption
band centred at 3432 cm™ is attributed to the N — H stretching vibrations [28]. An
additional band appeared at 1591 cm™ is due to the asymmetric stretching of the Ag — N,
suggesting that — NH, group of OA coordinates with the Ag on the surface of the SNPs
[9]. In the FTIR spectra of phase transferred SNPs, bands at 949 and 1113 cm™ are
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observed. These bands correspond to the CH, rocking and C — O — C stretching vibrations
of pluronic F-127 [29]. The bands at 1543 and 1638 cm™ are due to the aromatic rings in

pluronic F-127. Absorption bands corresponding N — H vibrations and Ag — N present in

the FTIR spectra of SNPs before the phase transfer are missing in the FTIR spectrum of

SNPs after the phase transfer. This observation strengthens our claim that OA is replaced

by block copolymer, pluronic F- 127 during the legend exchange reaction [9].
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Fig. 3.34 Hydrodynamic size distribution histograms of SNPs (a) before and (b) after the
phase transfer. Each histogram is fitted with lognormal particle size distribution function.
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Fig. 3.35 FTIR spectra of SNPs before and after phase transfer.
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Table 3.1 Band Assignments of FTIR spectra (Fig. 3.35) of SNPs before and after phase
transfer.

Band
SNPs position Description
(cm™)
Before phase transfer 1591 Asymmetric stretching of the Ag— N
2850 Symmetric stretching vibrations of C — H bonds

2915 Asymmetric stretching vibrations of C — H bonds

3432 N — H stretching vibrations
After phase transfer 949 CH, rocking vibration

1113 C — O — C stretching vibration

1249 CHj twist

1294 CHj, twist

1362 CH, wag

1464 = CH; bending

1543 Aromatic C = C stretching

1638 Aromatic C = C stretching

2874 Symmetric stretching of C - H

3.3 Synthesis of Copper Nanoparticles (CNPs)
3.3.1 Materials

Copper (II) chloride dihydrate (> 99%), polyvinylpyrrolidone (PVP) (average mol. wt.
10,000) and sodium borohydride (NaBH,) (> 98%) were obtained from Sigma Aldrich. L-
ascorbic acid (AA) was procured from Merck. Agueous solutions were prepared in
Millipore ultrapure water (p = 18.2 MQ). All chemicals were used as-received without

purification.

3.3.2 Synthesis Process

Synthesis of CNPs was carried out by chemical reduction at elevated temperatures. CNPs
were prepared by reducing copper (Il) chloride with strong (NaBH,;) and weak (L-
ascorbic acid) reducing agents. To achieve fast and homogenous nucleation of CNPs,
aqueous solution of copper (I1) chloride was added into the preheated mixture of reducing
(NaBH,4 + L-ascorbic acid) and capping (PVP) agents. The role of reducing and capping
agent on the product quality of CNPs has been evaluated in terms of their size and size
distribution, crystal phase and morphology. It has been found that all the three
components, i.e. PVP, NaBH, and L-ascorbic acid were essential for the synthesis of
stable CNPs. In the absence of one of these components, either CNPs did not form or
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were not stable. Schematic representation of protocols followed for the synthesis of CNPs

is presented in Fig. 3.36.
3.3.2.1 Effect of Weak Reducing Agent (L-ascorbic acid)

Effect of weak reducing agent (L-ascorbic acid) on the formation of CNPs, their stability
and quality in terms of size and size distribution have been investigated by preparing
series of samples with 0-15 mM L-ascorbic acid. In brief, 25 mL aqueous solution of PVP
(10 mM) was prepared. To this, 15 mL aqueous solution of NaBH,; (10 mM) and AA (0
mM-15 mM) was added under continuous magnetic stirring. The mixture was heated to
80 °C at a rate of 3 °C/min. 10 mL aqueous solution of copper chloride (1.16 mM) was
added drop-wise. The solution was heated at 80 °C till the color of mixture turned bright
red. This intense red color is due to the surface plasmon resonance (SPR) of CNPs. The
mixture was cooled to 25 °C. The sample was collected by centrifugation for 10 min at a
relative centrifugal force (RCF) of 15471 x g (12000 rpm). Well dispersed CNPs were

obtained as supernal and larger cluster of CNPs, if any, are discarded as sediment.
L-ascorbic acid ) f NaBHa
(0 - 15 mM) ©- 125mM) (0 - 12.5 mM)
@ Heat it to 80 °C

[ Add CuCl,.2H,0 ]

(1.16 mM)

Heat @ 80 °C/ 10 min

Fig. 3.36 Schematic presentation of protocols followed for the synthesis of colloidal
CNPs. Image at the end of the flow chart shows intense red color due to the surface
plasmon resonance in copper nanoparticles confirming their formation.

Effect of weak reducing agent (L-ascorbic acid) on the formation of CNPs was
evaluated by UV-visible spectroscopy. Fig. 3.37 shows the UV-visible spectra of CNPs

prepared with different L-ascorbic acid concentration (0-15 mM).
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Fig. 3.37 UV-visible spectra of as-synthesized CNPs prepared with different
concentrations of L-ascorbic acid (NaBH, and PVP = 10 mM).

For 0 mM AA, the SPR band is observed at 450 nm, a typical characteristic of
Cu,0 nanoparticles [30]. No SPR peak corresponding to metallic phase of CNPs was
observed, which is expected at 575 nm [30]. This means AA is essential for the synthesis
of pure metallic phase of CNPs. In case of 5 mM AA, no SPR peak was observed in the
UV-visible spectra, indicating the formation of larger size particles, as large size metallic
particles do not show plasmonic characteristics [31, 32]. A single plasmon resonance
band was observed at 566 nm when AA concentration is > 10 mM. No SPR band below
500 nm was observed. This means as-synthesized nanoparticles did not possess any oxide
phases (CuO or Cu,0) as absorption maximum corresponding to CuO and Cu,O phases
would have been observed at 370 nm and 450 nm, respectively [30]. Observation of
single SPR peak (at 566 nm) also indicates that the synthesized CNPs have spherical
morphology as multiple SPR bands are expected from asymmetric metal nanoparticles
[23, 33].

Hydrodynamic particle size distributions of CNPs prepared with different AA
concentrations (0-15 mM) are shown in Fig. 3.38. Each histogram is fitted with
lognormal particle size distribution function [21] and from the fit, mean hydrodynamic
size and polydispersity indices are determined. For 0 mM AA, the mean hydrodynamic

size and polydispersity index of as-synthesized nanoparticles are 393.7 nm and 0.44,
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respectively. With increase in AA concentration, the mean hydrodynamic size decreases
and saturates at 17.4 nm at 10 mM AA (Fig. 3.39). The minimum in polydispersity index
(0.13) was also observed for 10 mM AA.
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Fig. 3.38 Size distribution histograms of CNPs prepared with different concentration of
L-ascorbic acid (NaBH,4 and PVP = 10 mM).
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Fig. 3.39 Variation in hydrodynamic size (0) and polydispersity index (0) of CNPs as a
function of L-ascorbic acid (NaBH,4 and PVP = 10 mM) concentration.
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Ascorbic acid has a dual functionality. It is acting as reducing and capping agent,
which helps in controlling the particle size and its distribution by electrostatic
stabilization of nanoparticles. From the results of UV-visible and photon correlation
spectroscopy, it is concluded that 10 mM of AA is the optimum concentration required to

prepare ultra-small, stable, single phase CNPs.

3.3.2.2 Effect of Strong Reducing Agent (NaBHy,)

To understand the effect of strong reducing agent on phase formation of CNPs, their size
and size distribution; five samples were prepared with 0-12.5 mM NaBH,. PVP and AA
concentration were kept constant at 10 mM. Rest of the synthesis protocols were same as

described in section 3.3.2.

Fig. 3.40 shows the UV-visible spectra of CNPs prepared with different NaBH,
concentrations (0-12.5 mM). No SPR band is observed for low NaBH,4 concentration (< 5
mM). There could be two possible reasons behind the absence of SPR bands in the UV-
visible spectra of CNPs prepared with lower (< 5 mM) NaBH,4 concentration. Either no
phase of copper (Cu/CuO/Cu,0) is formed or their particle size is larger than the
excitonic radius of copper.
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Fig. 3.40 UV-visible spectra of as-synthesized CNPs prepared with different
concentrations of NaBH, (L-ascorbic acid and PVP = 10 mM).
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To confirm this, photon correlation spectroscopy was employed. Fig. 3.41 shows
the hydrodynamic size distribution histograms of CNPs prepared at different NaBH,4
concentration (0-12.5 mM). At low NaBH,4 concentration (< 5 mM), the hydrodynamic
size of CNPs is very large (> 100 nm). For 0 mM NaBHj, the hydrodynamic size is 388.6
nm and at 5 mM, it is 127 nm. With increase in NaBH,4 concentration, the hydrodynamic
size of CNPs decreases. This might be due to the change in nucleation density. At low
NaBH, concentration, the nucleation density might be low, which leads to the growth of
fewer number of larger size particles. As NaBH, concentration increases, the nucleation

density increases and hence the hydrodynamic size decreases.
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Fig. 3.41 Size distribution histograms of CNPs prepared with different concentration of
NaBHy, (L-ascorbic acid and PVP = 10 mM).

Fig. 3.42 shows the variation in hydrodynamic size and polydispersity index of
CNPs prepared with different concentration of NaBH4. Hydrodynamic size is minimum
(11.6 nm) for 12.5 mM of NaBH, but the polydispersity is high (0.31). Minimum in
polydispersity (0.13) of CNPs is observed when NaBH; is 10 mM. From the mean
hydrodynamic size and polydispersity data of CNPs, it is concluded that 10 mM of
NaBH, is the optimum concentration for the preparation of nearly monodisperse ultrafine
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CNPs. Further, a single SPR band centred at 566 nm is observed when NaBH,4
concentration is 10 mM. Single SPR band centred at 566 nm originates from the spherical
single phase metallic CNPs whose physical size is smaller than the excitonic radius of
copper. For NaBH, concentration > 10 mM, the SPR band gets broaden and red shifts.
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Fig. 3.42 Variation in hydrodynamic size (0) and polydispersity index (0) as a function of
NaBH, (L-ascorbic acid and PVP = 10 mM) concentration.

3.3.2.3 Effect of Surfactant (PVP)

To investigate the effect of stabilizer, PVP on the quantity and quality of CNPs, a series
of samples were prepared by varying the PVP concentration from 0-12.5 mM. Rest of the
variables were kept constant as per the conditions of section 3.3.2. NaBH,; and AA
concentrations were 10 mM each.

Effect of concentration of reducing agent on the quality of nanostructures has been
evaluated in terms of size and size distribution, crystal phase and morphology. It is
observed that at least 2.5 mM of PVP is required to form metallic phase CNPs. UV-
visible spectra of CNPs prepared with 0-12.5 mM PVP are shown in Fig. 3.43. No SPR is
observed when nanoparticles are prepared in the absence of PVP. The SPR band is
observed at 572 nm when PVP is 2.5 mM and it blue shifts to 566 nm when PVP > 5 mM.
The observation of single SPR band at 566 nm for PVP concentration > 5 mM indicates

that ultra-small single phase metallic CNPs are formed. No SPR band corresponding to
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oxide phases of copper are observed. This study reveals that to prepare ultra-small,

spherical, plasmonic CNPs; at least 5 mM of PVP is essential.
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Fig. 3.43 UV-visible spectra of as-synthesized CNPs prepared with different
concentrations of PVP (L-ascorbic acid and NaBH,;= 10 mM).

Fig. 3.44 shows the hydrodynamic size distribution histograms of CNPs prepared
with different concentration of PVP while keeping AA and NaBH, concentration constant
at 10 mM. Without PVP (0 mM), the hydrodynamic size and polydispersity index of
CNPs are 313 nm and 0.26, respectively. The hydrodynamic size of CNPs decreases as
PVP concentration increases and levels off when the concentration is > 7.5 mM (Fig.
3.45). Lower PVP concentration in the medium during the synthesis of CNPs cannot
control the aggregation and hence results in the clusters of CNPs with higher size and
broader size distribution. As the concentration of PVP increases, it decreases the tendency
of agglomeration of CNPs by increasing the electrostatic repulsion between them. The
average hydrodynamic size is 17.4 nm when PVP concentration is 10 mM. At this
concentration, each nanoparticle is protected against aggregation by a thin layer of PVP.
For CNPs prepared with 10 mM PVP, both hydrodynamic size (17.4 nm) and
polydispersity (0.13) are minimum. Synthesis of CNPs with 10 mM PVP produces single

phase nanoparticles with smaller size and narrow size distribution.
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Fig. 3.44 Size distribution histograms of CNPs prepared with different concentration of
PVP (L-ascorbic acid and NABH,; = 10 mM). Each histogram is fitted with lognormal
particle size distribution function.
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Fig. 3.45 Variation in hydrodynamic size (0) and polydispersity index (0) as a function of
PVP (L-ascorbic acid = NABH, = 10 mM) concentration.
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Optimized conditions to prepare uniform, ultra-small, spherical metallic single
phase CNPs are summarized in Fig. 3.36. The optimized concentration of L-ascorbic
acid, PVP and NaBH, is 10 mM, each. The X-ray diffraction pattern of as-synthesized
CNPs prepared with 10 mM each of PVP, NaBH, and AA is shown in Fig. 3.46. X-ray
diffractogram shows three distinct diffraction peaks corresponding to FCC structure of
copper. The indexed peaks matched well with the PCPDF card no. 04-0836 of copper.
The broadening of X-ray diffraction peaks shows that the as-synthesized CNPs are very
small. No peak corresponding to oxide or any other impurity phases of copper is observed
in the diffractogram. The synthesis protocols developed here produces single phase
metallic CNPs directly in air without any secondary oxide phase. CNPs are stable against

both the aggregation and oxidation.
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Fig. 3.46 X-ray diffraction pattern of CNPs prepared under optimized condition (i.e.
concentration of PVP = NaBH, = L-ascorbic acid = 10 mM).

Fig. 3.47 shows the TEM micrographs of CNPs prepared under optimized
conditions. As seen in the micrograph (Fig. 3.47(a)), CNPs formed a macromolecule with
needle like morphology. Similar self-assembly for silver nanoparticles is reported by Li et
al [34]. The macromolecule formed by the self-assembly of ultra-small CNPs is very
large (= 500 nm in length). Fig. 3.47(b) shows the magnified view of the encircled region
of Fig. 3.47(a). HRTEM image of the same region is also shown in Fig. 3.47(c). Self-
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assembly of ultra-small CNPs each of 2 nm into hexagonal closed pack lattice can be seen
in Fig. 3.47(c), indicating the high quality of the synthesized product.

Fig. 3.47 (a) Low resolution TEM micrographs of CNPs prepared under optimized
condition, (b) Magnified view of the encircled region of (a) and (c) HRTEM micrograph
of CNPs.

3.3.3 Reduction Mechanism

To understand the formation of single phase metallic CNPs and its growth mechanism,
large number of experiments were carried out. From these experiments, it is concluded
that both the strong (NaBH,) and the weak (AA) reducing agents are essential in addition
to stabilizing agent (PVP) for the formation of stable, single phase metallic CNPs. This
observation is contradictory to previous reports in which synthesis of stable metallic
CNPs by reducing Cu?* ions with either NaBH,4 or AA [33, 34] is reported. In the absence
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of any of the reducing agent (AA or NaBH,), either copper oxide or unstable metallic Cu
phase is formed, which is not stable and within minutes gets converted into one of the

stable oxide (CuO or Cu,0) phases.

To understand the phase formation, systematic investigation of the reduction of
CuCl, was carried out. The reduction reaction was monitored in terms of color change as
first indicator followed by UV-visible spectroscopy as the confirmation. It has been
observed that PVP alone cannot reduce CuCl,. This was evidenced from the fact that no
color change was observed even if CuCl,-PVP mixture was heated at 80 °C for long time
(> 24 h). When 10 mM NaBH, was added into the reaction medium containing 1.16 mM
CuCl, and 10 mM PVP at 80 °C; Cu*? ions immediately reduced to Cu°, which was
evidenced from the red color of the solution. But within minutes, solution turned into dark
green, indicating the oxidation of CNPs (tube - b in Fig. 3.48). The corresponding UV-
visible spectrum is shown in Fig. 3.49. The SPR band positioned at 465 nm corresponds
to the Cu,O phase. The characteristic absorption maximum at 560 nm is missing

indicating that no metallic copper is present in the sample.

Fig. 3.48 The photographic view of as-synthesized nanoparticles with (a) 10 mM L-
ascorbic acid and 0 mM NaBH,; (b) 0 mM L-ascorbic acid and 10 mM NaBH, and (c) 10
mM L-ascorbic acid and 10 mM NaBHa.

Now, when the same experiment was carried out with weak reducing agent, i.e.

when NaBH, was replaced with 10 mM AA,; in that case no evidence of formation of
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metallic Cu was observed as the final color of the solution remains dark yellow even after
prolonged heating (tube - a in Fig. 3.48). The same is further confirmed from the UV-
visible spectroscopy of the product (Fig. 3.49) where no signature of copper or any of

their oxides phases are observed.
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Fig. 3.49 UV-visible spectra of nanoparticles prepared with 10 mM PVP as stabilizing
agent (a) 10 mM L-ascorbic acid and 0 mM NaBHg; (b) 0 mM L-ascorbic acid and 10
mM NaBHy; (c) 10 mM L-ascorbic acid and 10 mM NaBHj.

In the next experiment, both the strong (10 mM NaBH,) and weak (10 mM AA)
reducing agents were added into the preheated CuCl,-PVP mixture. Immediately upon
addition, the solution color changes to dark red (tube - ¢ in Fig. 3.48). On further heating,
it did not change even if kept under oxidizing environment for long, indicating that Cu*?
has been reduced into stable Cu’ phase. This is further confirmed by UV-visible
spectroscopy (Fig. 3.49). A characteristic SPR band of CNPs centred at 560 nm is
observed. No signatures of CuO or Cu,O phases are observed in the spectra indicating

that nanoparticles do not possess any oxide phase.

To understand the reduction mechanism, we did the serial addition of various
components (PVP, NaBH, and AA) into the aqueous solution of CuCl,. First 10 mM PVP
was added into 1.16 mM CuCl; and heated to 80 °C. The UV-visible spectrum of the
sample is shown in Fig. 3.50. For reference, the UV-visible spectrum of aqueous PVP is

also shown in Fig. 3.50.
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Fig. 3.50 UV-visible spectra of PVP and PVVP-copper complex.

The UV-visible spectrum of CuCl, containing PVP shows a broad absorption
band centred at 432 nm. This absorption band is ascribed to the formation of Cu-PVP
complex. No such characteristic absorption maximum is observed for the aqueous PVP.
Similar results are reported by Zhang et al. [35] when AgNO3; was introduced into PVP
solution. They have concluded that the observed absorption band was due to the
formation of Ag-PVP complex. The formation of Ag-PVP complex reduces the reduction
potential of Ag** [35]. It is proposed that Cu?* ions make an organometallic complex with

PVP via following chemical reaction.

[HZC—CH+ [Hc—cH [Hoc—cH
| ., 80°C | |
 (PVP)

Step-I: Formation of PVP-Cu?* complex.

This complex formation between PVP and Cu?* is proposed on the basis of the structural
features of PVP. PVP has polyvinyl skeleton with nitrogen and oxygen polar groups [36-
38]. These polar groups form a coordinative interaction between PVP and Cu?* ions by
donating their lone pair electrons to Cu?*. The organometallic complex formation
between Cu®** and PVP was previously reported by several groups [36-38]. The proposed
mechanism of complex formation between Cu®* and PVP is in line with that proposed by
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these groups [36-38]. When 10 mM NaBH, was added into the solution, it immediately
reduced Cu®* in the PVP- Cu®* complex into Cu’. NaBH, ionizes and forms a (BH4)
ligand, which then reacted with hydroxyl anions (Step-11). During this reaction, eight
electrons are liberated from the hydroxyl ions. These electrons react with Cu* ions in the

PVP-Cu®* complex and reduce them to Cu’.

NaBH, —  »  Na* + (BHy
HOo —————» H* + OH

(BH)  + 80H ——  B[(OHY] + 4H,0 + 8¢

Step-I1: lonization of NaBH, and release of electrons from hydroxyl ions.

[HzC—TH [HzC—TH_]_ [HZC—TH [HZC—TH_]—

+ 20,
hﬂ__T* O[Wo_ﬁw%_
AN

Step-111: Reduction of Cu?* ions by NaBH, (product of step-I1).

The execution of reduction reaction (Step-I1l) is evidenced from the change in the solution
color from light yellow to dark red. Since, the product was in the oxidizing environment so
within minutes it oxidized to Cu®* and the solution color turned from red to dark green.

Now, 10 mM AA was added into the solution (product of step-I11). Within few minutes,

L-ascorbic acid Dehydroascorbic acid

Step-1V: Oxidation of L-ascorbic acid into dehydroascorbic acid.
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the solution color again changes back from green to dark red. AA oxidizes into
dehydroascorbic acid with a release of two electrons [39]. These electrons react with the
oxidized product of step-111 and reduce Cu®* back into Cu’. The oxidation by-product of
AA, i.e. “dehydroascorbic acid” simulates a dynamic equilibrium (Step-V) around the
Cu®, which stabilizes CNPs against the oxidation [39]. The entire reduction mechanism is

summarized as a schematic in Fig. 3.51.

[Hzc—TH o [HZC—TH—]— Ho

Step-V: Reduction of PVP-CuO complex by L-ascorbic acid and its stabilization by
dehydroascorbic acid.

Step:1
oW,
&+ gvwm — MWW\ OVWWW
sepz O ® ©
van O LLLL%.%. g
()
ann® .M:AMC"’QW\— ,JJ“F
LS """"%'V\:“”“” LAeo NaBH 4 OX|dat|on s .M
Qo "’\'\cm. o,
i M
N\'A‘:"c"ﬂ o~ g
() ©
where
eV ——p PVP
B —» Dehydrascorbic acid ~_ L-ascorbic acid
(d)

Fig. 3.51 Schematic representation of various steps that leads to the formation of ultra-
small CNPs and its stabilization by dehydroascorbic acid.
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3.3.4 Effect of Aging on the Stability of CNPs

Stability of the oxidation state of CNPs is very crucial. CNPs have a tendency to oxidise
to CuO or Cu,O phase. To evaluate the aging effect on the stability of CNPs against
oxidation and aggregation, UV-visible and photon correlation spectroscopy were
employed. Fig. 3.52 shows the UV-visible spectra of as-synthesized and aged CNPs. The
aging period was 120 days. Upon aging, no change in the position of SPR band (at 566
nm) corresponding to pure metallic phase of copper is observed. In addition, no signature
of evolvement of CuO or Cu,O phase is found in the UV-visible spectra of aged CNPs.

This shows that CNPs are stable and resistant to oxidation in ambient condition.

4.5
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401 \ - - - Aged
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Fig. 3.52 UV-visible spectra of as-synthesized (—) and aged (- - -) CNPs. The aging
period is 120 days. No signature corresponding to CuO or Cu,O is observed in the aged
sample indicating that CNPs are resistant to oxidation.

Particle size distribution histograms of as-synthesized CNPs prepared under
optimized conditions and CNPs aged for 120 days are shown in Fig. 3.53. The mean
hydrodynamic size of CNPs before and after the aging is 17.4 nm and 19.7 nm,
respectively. The polydispersity index of as-synthesized CNPs is 0.13 and after aging, it
increases to 0.16. Little increase in the hydrodynamic size and polydispersity of CNPs
might be caused by formation of few aggregates of CNPs. Even though the CNPs are
aged for a significantly large period of 120 days in ambient conditions, their particle size
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and polydispersity indices are almost constant revealing their impressive stability against

aggregation.
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Fig. 3.53 Size distribution histograms fitted with lognormal particle size distribution
function of as-synthesized (—) and aged (- - -) CNPs.

3.4 Synthesis of Titanium dioxide Nanoparticles (TNPs)
3.4.1 Materials

Titanium (IV) isopropoxide (97%) and cobalt (IT) nitrate hexahydrate (> 99%) were
obtained from Sigma Aldrich. Ethanol was procured from Merck. Millipore ultrapure
water (p = 182 MQ) was used for hydrolysis of Titanium (IV) isopropoxide.
Concentrated nitric acid (70%) and concentrated hydrochloric acid (37%) were purchased

from Loba chemie. All chemicals were used as-received without purification.
3.4.2 Synthesis of Undoped TNPs

Synthesis of TNPs was carried out by sol-gel technique [40]. Synthesis protocols
followed in these experiments are summarized as schematic in Fig. 3.54. In a typical
synthesis, a sol was prepared by mixing 35 mM titanium isopropoxide with 25.5 mL
ethanol under constant magnetic stirring. The solution was stirred for 5 min at 500 rpm.
To this, 2.55 mL ethanoic solution of conc. HNO3 having acid to titanium isopropoxide
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molar ratio of 0.2 was added. The mixture was stirred for another 30 min. To induce
gelation, a mixture of ethanol (16.1 mL) and water (2.55 mL) was added drop-wise. The
molar ratio of water and titanium isopropoxide was maintained at 4. After the addition of
water-ethanol mixture, it is stirred at room temperature until gelation. The gel was dried
over night at 100 °C. The dried crystallites were grinded and washed with distilled water

multiple times. The powder was air dried at 150 °C and calcine at 500 °C for 4 h.

Y

Cobalt nitrate Ethanol (25.5 mL) +

(0 - 2 w/w %) Titanium Isopropoxide (35 mM)
v

Magnetic Stirring for 5 min

Conc. HNO; (0.45 mL) +
Ethanol (2.55 mL)

@Magnetic Stirring for 30 min
Water (2.55 mL) +
Ethanol (16.1 mL)

Magnetic Stirring

Gel
Formation

K=

Co doped TiO, Gel TiO, Gel

@ 100 °C/8 h

—

Wash with deionized water and
dried @ 150 °C

=

Calcine
@ 500 °C/4 h

Fig. 3.54 Schematic presentation of the synthesis protocols followed for the preparation
of undoped and cobalt doped TNPs by sol-gel technique.
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3.4.3 Synthesis of Co-doped TNPs

Cobalt doped TNPs were also prepared by the sol-gel technique where the same protocols
described for the synthesis of undoped TNPs in section 3.4.2 and summarized in Fig. 3.54
were followed. Dopant concentration was varied from 0.05 wt %-2 wt % of TiO,. In
brief, ethanoic solution of Co(NOs3),.6H,O was prepared for each wt % of Co by
dissolving appropriate quantity of Co(NO3),.6H,0 in required volume of ethanol so that
its final concentration was adjusted to 0.1 M. To this, 25.5 mL ethanol was added and
stirred for 5 min. In this solution, 10.5 mL titanium isopropoxide was added drop-wise
under constant magnetic stirring. After 5 min, 2.55 mL ethanoic solution of conc. HNO3
was added. The molar ratio of acid to titanium isopropoxide was 0.2. The solution was
stirred for another 30 min. To induce gelation, ethanol (16.1 mL)-water (2.55 mL)
mixture was added drop-wise. The molar ratio of water to titanium isopropoxide was 4.
This will initiate the hydrolysis reaction. After adding the water-ethanol solution, the
mixture was stirred at room temperature till gelation. The gel was dried over night at 100
°C and washed with distilled water multiple times. It was dried at 150 °C and calcined at
500 °C for 4 h.

3.4.4 Mechanism

Synthesis of TNPs via sol-gel process is a two-step approach [41,42]. In the first step, the
organometallic source of Titanium (e.g. titanium isopropoxide) is hydrolysed via

following chemical reaction:
Ti - (OC,H,) + HO ——> Ti-OH+ C,H,OH

During the hydrolysis, water molecule attacks the titanium isopropoxide and supresses the
condensation stage, which leads to the formation of TNPs. The presence of residual
alkoxy groups also reduces the rate of crystallization of TNPs, which will also favor the
formation of less dense anatase phase of TiO; [43]. In the second step, condensation of Ti
— OH progresses with elimination of alcohol or water groups via alcohol or water

condensation.

Ti—-OH+CH,-Ti —> Ti-O-Ti+CHOH
(Alcohol Condensation)
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Ti—OH+HO-Ti

——> Ti-0-Ti+H,0

(Water Condensation)

Here, acid acts as a catalyst, which controls the kinetics of hydrolysis and condensation of

titanium isopropoxide. Generally, the low pH in the reaction medium provides a good

chance of preformation of TNPs which could supress further crystallization of TiO,. The

presence of excess anions of acid (NO3z™ or CI") adsorbed on the surface of TNPs also

DSC (a.u.) (exo up)

N

P

0.25% Co
0.10% Co

2.00% Co

1.00% Co

0.50% Co

0.05% Co

0% Co

350 400

450

500 550

Temperature (OC)

supress their further growth [43]. Addition
of acid does not form any residual impurity
phases on the surface of TNPs after the
calcination, which is confirmed from the X-

ray diffraction measurement.

To find out appropriate value of
crystallization ~ temperature, the  as-
synthesized pristine and Co-doped TNPs are
subjected to differential scanning
calorimetry (DSC) measurement. The DSC
thermograms of as-synthesized TNPs are
shown in Fig. 3.55. An exothermic peak is
observed between 400-460 °C. This peak
corresponds to the transformation of
amorphous TiO, to crystalline phase. The
crystallization temperature corresponding to
anatase phase for different cobalt doping is
also represented in Table - 3.2.

Fig. 3.55 DSC thermograms of cobalt (0-2 %) doped TNPs.

The crystallization temperature increases with Co-doping, indicating that the

presence of cobalt ions in the TiO, matrix hinders the amorphous to anatase phase

transition. From the obtained crystallization temperature data, 500 °C is chosen as the

calcination temperature for all the samples of TNPs.
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Table 3.2 Crystallization Temperature, Band Gap and Elemental Compositions of Co (0-2 %) doped TNPs.

Dopant Concentration Crystallization Elemental Compositions obtained from EDS

(Cobalt) Temperature Balzéjvc);ap
(wt %) (°C)
Ti (in wt %) O (in wt %) Co (in wt %)
0% 404 3.03 59.95 40.05 0
0.05% 392 2.95 59.91 40.03 0.06
0.10% 408 2.66 59.875 40.025 0.1
0.25% 408 2.56 59.78 40 0.22
0.50% 416 2.24 59.61 39.94 0.44
1% 427 1.97 59.21 39.82 0.98
2% 454 1.93 58.36 39.55 2.08
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3.4.5 Investigation of TNPs

XRD patterns of undoped and cobalt doped TNPs are shown in Fig. 3.56.
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Fig. 3.56 XRD patterns of undoped and cobalt (0-2 %) doped TNPs.
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Each diffractogram shows ten well resolved reflections. Peak positions of these
reflections are in good agreement with the standard X-ray diffraction pattern of tetragonal
anatase phase of TiO, (JCPDS card no. 21-1272). The (hkl) indices corresponding to each
reflections are shown in Fig. 3.56. No signatures of rutile phase, pure cobalt or cobalt
oxide are observed. The highest intense reflections of rutile and brookite phases are
expected at 27.4° and 30.8°, respectively. The absence of these signatures in the X-ray
diffractograms confirms the formation of single anatase phase TNPs. A slight shifting in
the peak positions is observed. This shift is due to changes in the local structure around
Ti*" after Co®* substitution [44]. Average crystallite size of TNPs is determined from the
X-ray diffractograms by analysing them with Williamson-Hall analysis [Equation 3.1].
The crystallite sizes thus obtained are reported in Table - 3.3. The crystallite size varies
between 8.5-11.7 nm. For undoped TNPs, the crystallite size is 8.5 nm. Upon Co doping,
it increases and lies in the range of 9.5-11.7 nm. The crystallite size of Co doped TNPs is
larger than the pristine TNPs. This result indicates that increasing Co concentration is not
inhibiting the grain growth and hence it is likely that Co is entering into the TiO, lattice at
interstitial or substitutional sites. From the Williamson-Hall analysis, the lattice strain has
been calculated, which comes out to be of the order of 10™. This strain is one order
smaller than that observed for SNPs. This might be because of lattice relaxation during

sintering of amorphous titania.

In order to understand the effect of Co-doping on TiO, lattice, each XRD pattern is
refined by Rietveld refinement technique by using Fullprof software package. XRD
patterns are refined by assuming tetragonal symmetry with 14,/amd space group. The
refined unit cell parameters of undoped and Co-doped TNPs are reported in Table - 3.3.
Ruwp < 10% and XZ —1 indicate that the experimental patterns are in close correlation with
the simulated patterns. The lattice parameter a = b do not show any significant deviation
from the reported value of 3.7852 A (JCPDS card no. 21-1272). Contrary to this, the lattice
parameter ¢, which is along the long axis of the tetragonal unit cell shows a decrease in
comparison to the reported value of 9.5139 A. With increasing Co concentration, lattice
parameter ‘¢’ also increases and assumes maxima for 0.1 wt% Co. Further addition of Co in
the TiO, matrix compresses the TiO, unit cell. For dopant concentration > 0.5 wt%, the ‘¢’
value is independent of doping. The same trend is also observed for unit cell volume (Table
- 3.3). The Wyckoff positions of Ti, Co and O are also reported in Table - 3.3.
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Table 3.3 Crystallographic parameters of Co (0-2%) doped TNPs obtained from Rietveld Refinement of XRD.

Goodness of fit

Conl?:gr??rr;ion Cry;_tallite | Wyckoff positions Lattice Parameters Unit Cell oarameters
(Cobalt) ize Atom Site Vo’IBl\JSme

(Wt %) (nm) X 7 a=>b C (AY) > pr

Y (A A) X (%)
Ti 4b 0 0.25 0.3750

0% 8.5 0 8e 0 0.95 0.1621(8) 3.7823(19)  9.4950(5) 135.83 1.15 8.98
Ti 4b 0 0.25 0.3750

0.05% 116 0 8e 0 025 016369 3.7863(11) 9.5100(3)  136.34 123 941
Co 4b 0 0.25 0.3750
Ti 4b 0 0.25 0.3750

0.10% 10.7 0] 8e 0 0.25 0.1634(3) 3.7900(8) 9.5160(2) 136.69 1.27 6.68
Co 4b 0 0.25 0.3750
Ti 4b 0 0.25 0.3750

0.25% 10.8 0 8e 0 025  0.1646(6) 3.7856(4) 9.5072(11)  136.24 114 888
Co 4b 0 0.25 0.3750
Ti 4b 0 0.25 0.3750

0.50% 9.5 0] 8e 0 0.25 0.1620(7) 3.784(17) 9.5020(4) 136.06 1.17 8.51
Co 4b 0 0.25 0.3750
Ti 4b 0 0.25 0.3750

1% 10.2 0 8e 0 025 0.1614(4) 3.7839(11) 9.4950(3)  135.95 115 596
Co 4b 0 0.25 0.3750
Ti 4b 0 0.25 0.3750

2% 11.7 0] 8e 0 0.25 0.1629(7) 3.7830(8) 9.4990(2) 135.94 1.15 5.76
Co 4b 0 0.25 0.3750
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No significant changes in the Wyckoff positions of O-atoms have been observed. This
indicates that Co might have substituted at the Ti site. The observed little variation in the
lattice parameter ¢ and unit cell volume might be due to the difference in the ionic radii of
Ti** (60.5 pm) and Co®* (53 pm).

The SEM images of 0%, 0.1%, 1% and 2% cobalt doped TNPs are shown in Fig.
3.57. Irrespective of Co doping, nanoparticle clusters are observed in each micrograph
with near spherical morphology. The average size of nanoparticles is 20 nm. The size
distribution is uniform. Due to high density of particles in each micrograph, it is difficult
to plot size distribution histograms from these micrographs and hence excluded from the

study.

Fig. 3.57 SEM micrographs of undoped and cobalt doped TNPs.

The EDX patterns of pristine and Co doped TNPs are shown in Fig. 3.58.
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0.25 % Co . _
Fig. 3.58 EDX patterns of TNPs with

different cobalt concentrations. X-axis
represents energy of X-rays emitted by
the specimen in keV.

98| Page



The detail analysis of elemental analysis for each sample is presented in Table - 3.2. In
the case of pristine TNPs, only titanium and oxygen are detected. The absence of foreign
elements shows that the synthesized product has high chemical purity. The EDX spectra
of doped samples also show the presence of cobalt. The detected cobalt content is in
agreement with the expected concentration. The weight fraction of oxygen atoms
decreases with increase in Co-doping. The observed % weight of oxygen in the sample is
less than its accepted stoichiometric proportion. This data suggest that in the TiO, matrix,
Ti*" has been substituted by Co*" and to compensate the extra charge and maintain charge
neutrality of the sample, it creates additional vacancies at oxygen site [45]. The similar

distortion of TiO, unit cell was also predicted from the XRD analysis.

A representative transmission electron microscopy image of undoped TNPs,
which are calcined at 500 °C is shown in Fig. 3.59. Small nanoparticles with near
spherical geometry can be observed in the TEM micrograph. Most of the nanoparticles
are agglomerated, a typical character of nanoparticles generally observed when prepared
via sol-gel route [46]. The average size of TNPs is 20 nm, which is in agreement with the
results of scanning electron microscopy. Due to the heavy clustering, it is not possible to

prepare their size distribution histograms.

Fig. 3.59 TEM micrograph of undoped TNPs. The inset shows the selected area electron
diffraction pattern of TNPs.

99| Page



The top inset in Fig. 3.59 shows the specific area electron diffraction image of
TNPs. Well distinguish rings can be observed in the SAED pattern of TNPs confirming
the polycrystalline nature of the nanoparticles. The SAED pattern is in well agreement
with the anatase phase of TNPs. This result is also in good agreement with the results of

X-ray diffraction studies.

Diffuse reflectance UV-visible spectroscopy is used to understand the substitution
effect of dopant on host lattice and its co-ordination environment. Diffused reflectance
spectra of undoped and Co-doped TNPs are shown in Fig. 3.60. Two small peaks at 497
nm and 584 nm are observed in 2% cobalt doped TNPs. These peaks are absent in case of
pristine TNPs. The peak at 497 nm is due to the *Ty4 to *T14(P) and at 584 nm is due to
T4 to *Ay transitions, which are due to the presence of Co" in the octahedral or pseudo
octahedral coordination [47]. In case of anatase TiO,, each Ti*" is coordinated with six
oxygen atoms. When Ti*" is substituted by Co?* then electrons in the d-orbital of Co®*
will undergo repulsion, which results in the splitting of d-orbitals of Co?*. Kubelka-Munk
equation [48] is used to relate the reflectance of the samples with their absorption. It is

written as:
F(R) = (100-R)2/200 R (3.3)

where R is the reflectance (in %) of the sample and F(R) is the corresponding absorbance [48].
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Fig. 3.60 Diffuse Reflectance UV-visible spectra of TNPs doped with (a) 0% Co, (b)
0.05% Co, (c) 0.1% Co, (d) 0.25% Co, (e) 0.5% Co, (f) 1% Co and (g) 2% Co.
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To understand the effect of Co-doping on the energy band gap of TNPs, a graph of
[F(R)hv]? — hv is plotted in Fig. 3.61. The exponent % signifies that the band to band
transition is of indirect nature. In order to determine the energy band, the linear portion of
the curves are fitted and extrapolated for zero absorbance i.e. F[R] = 0. The point at
which the extrapolated straight line intersects the X-axis is the band gap of the
nanoparticles. The energy band gap of TNPs decreases with increasing dopant

concentration (Table - 3.2).

0% Co 0.5% Co

0.05% Co 1% Co

0.1% Co 2% Co

[F(R)hv]1/2

0.25% Co

hv (eV)

Fig. 3.61 The plots of [F(R)hv]*?> — hv for Co (0-2%) doped TNPs.
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The energy band gap of TNPs as a function of Co-doping is plotted in Fig. 3.62.
The energy band gap of pristine TNPs is 3.03 eV. This energy band gap is lower than the
reported band gap of anatase TiO; in bulk (3.2 eV) [45]. Generally decreasing particle
size widens the energy gap [49]. Contrary to that, a band narrowing is observed in the
present case. This decrease in energy band gap of pristine TNPs in reference to the
reported band gap of bulk TiO, could be ascribed to the defect structure (oxygen
vacancies) in the TNPs that introduces extra energy levels in the forbidden zone. The
origin of such energy levels might be due to the change in the local distribution around

Ti**or partial conversion of Ti** to Ti** and creation of oxygen vacant sites [45, 50-52].
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Fig. 3.62 Variation in the band gap of TNPs as a function of cobalt concentration. Inset
shows the schematic representation of band narrowing in TNPs due to cobalt doping.
With increase in the Co-doping, the energy band gap of TNPs decreases drastically.
Without Co, the band gap of TNPs is 3.03 eV, which decreases to 1.93 eV with 2 wt %
Co-doping. The decrease in the energy band gap of TNPs with increasing cobalt doping
can be assigned to the introduction of new d-states near the valence band edge which
narrows the energy band gap of the system. In addition, the substitution of Co?* at the
Ti*" site also introduces oxygen vacancy related defect states in the forbidden zone of the
energy band gap of TiO,. Both these mechanisms are responsible for band narrowing in
cobalt doped TNPs. The schematic representation of band narrowing due to Co-doping is
shown in the inset of Fig. 3.62.
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CHAPTER 4
ANTIBACTERIAL ACTIVITY
4.1 Introduction

Development of antibiotic resistance in microbes is becoming increasing important issue
in public health care [1, 2]. Limited options are available with pharmacologist to tackle
the threats posed by rapidly growing community of multi-drug resistant strains [3]. More
and more number of traditional antibiotic drugs is disappearing from the market as they
are losing their sensitivity on microbes, which are developing resistance by mutations.
Excessive and uncontrolled use of antibiotics in both preventive and curative healthcare
across the globe has even worsen the situation, as microbes, which have never been
exposed to a particular antibiotic drug are acquiring resistance towards that drug due to
transfer of gene coding [4]. Hence, fighting multidrug resistance with traditional
antibiotics is getting tougher and need is being felt for the development of non-traditional
antibiotics against which microbes are unlikely to acquire resistance. The possible choice
could be metals and metal oxide nanostructures as their anti-disinfectant properties in the
bulk state are well known [5, 6].

In this chapter, antibacterial properties of nanostructured metals (SNPs and CNPs)
and metal oxide (TNPs), which are designed and synthesized as per the protocols
described in chapter-3 are evaluated. Antimicrobial tests of as-synthesized nanostructures
are conducted on clinically important (E. coli, S. aureus and P. vulgaris) pathogenic
bacterial strains by micro-dilution and disk diffusion techniques [4]. To further
understand the synergetic effect of non-traditional antibiotics (metals or metal oxide
nanostructures) on conventional antibiotics (tetracycline or kanamycin), formulations of
antibiotic (tetracycline / kanamycin) adsorbed nanoparticles (SNPs / CNPs / TNPs) have
been prepared and their antibacterial properties are also investigated by disk diffusion

test.

Another important concern is the non-target effects of nanomaterials’ biocidal
activities on microbes that take part in bioremediation processes [7]. Nanoparticles
leaching out from various products are getting accumulated in the environment. These

leached nanoparticles can interact with the microbes present in the ecosystem of the earth

105 |Page



and could irreversibly damage them [7]. Environmental implications of such interactions
would be devastating. This aspect of nanobiotechnology is in infancy and requires serious
consideration. In the second part of this chapter, antimicrobial activities of metals (SNPs /
CNPs) and metal oxides (TNPs) are evaluated on non-pathogenic microbes of B. subtilis
and P. fluorescens. Biocidal activities of nanoparticles (SNPs / CNPs / TNPs) and their
formulations with antibiotics (tetracycline / kanamycin) are studied by micro-dilution and
disk diffusion tests. Biocidal activities of nanoparticles and their formulations with
antibiotics against pathogenic and non-pathogenic microbes are compared and results are

scrutinized in reference to existing literature.
4.2 Materials

Mueller Hinton Agar (MMO019) and nutrient broth (NMO019) were purchased from Sisco
Research Laboratories. Ultrapure MilliQ water (p = 18.2 MQ) was used for the
preparation of growth media. As-synthesized SNPs, CNPs, TNPs, commercially available
antibiotics tetracycline (hydrochloride salt) and kanamycin (sulphate salt) were used as
antimicrobial agents. Tetracycline and kanamycin were purchased from Sigma Aldrich.
Antibacterial activities have been investigated on clinically important strains of
Escherichia coli (MTCC No. 77), Staphylococcus aureus (MTCC No. 9760), Proteus
vulgaris (MTCC No. 426) and eco-friendly microorganisms of Bacillus subtilis (MTCC
No. 441) and Pseudomonas fluorescens (MTCC No. 1749).

4.3 Preparation of Nutrient Broth and Mueller Hinton Agar Medium

Nutrient Broth medium was prepared as per the standard protocols by dissolving 25 gm
Nutrient Broth in 1 L of distilled water. Heated it to boiling and then autoclave it at 15 psi
pressure and at 121 °C for 15 min. It was used for the determination of minimum
inhibitory concentrations of antibiotics under test by micro-dilution method. Mueller
Hinton Agar medium was prepared as per the standard protocols by dissolving 39 gm
Mueller Hinton Agar in 1L of distilled water. Heated it to boiling and then autoclave it at
15 psi pressure and at 121 °C for 15 min. It was used for the determination of zone of

inhibition of antibiotics under investigation by disk diffusion test.
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4.4 Preparation of Antibiotic Adsorbed SNPs and CNPs

Antibiotic adsorbed SNPs and CNPs were prepared by vortex mixing of 10 mL aqueous
colloidal dispersion of SNPs/CNPs with desired quantity of tetracycline or kanamycin for
12 hr. The final concentration of metal nanoparticles in antibiotics adsorbed nanoparticles
was adjusted to 250 ppm. The mixture was centrifuged at relative centrifugal force (RCF)
of 15471 x g (12000 rpm). Supernal was removed and the final volume of the colloid was
readjusted to 10 mL by adding appropriate quantity of ultrapure water. This stock solution

of antibiotics adsorbed metal nanoparticles was further used for the antibacterial test.
4.5 Antibiotic Content and Antibiotic Loading

Antibiotic content and antibiotic loading efficiency of tetracycline / kanamycin on
nanoparticle surface was determined by UV-visible spectroscopy. Optical density of
antibiotics that remained unincorporated (supernal) into the metal nanoparticles was
measured at 357 nm for tetracycline and at 256 nm for kanamycin and its concentration
was determined by Beer-Lambert law, A = ecl where A is the optical density at sample
concentration c, | is the path length of sample cell (10 mm) and & is molar absorptivity (e
for tetracycline and kanamycin is 14.58x10° M™cm™ and 143.40 M™cm™, respectively) of
the drug. Antibiotic content and antibiotic loading efficiency were determined by using

the following expressions [8],

Weight of Antibiotic adsorbed on Nanoparticles

Antibiotic Content = x 100 (4.1)

Total weight of Nanoparticles

N : . Wi -W,
Antibiotic loading efficiency = W x 100 (4.2)
1

where W1 is the total weight of antibiotic and W is the weight of free antibiotic.

For tetracycline adsorbed SNPs, the loading efficiency of tetracycline was 15.30%
while the drug content in the antibiotic adsorbed SNPs was 40.56%. For kanamycin, the
loading efficiency was measured as 6.44% and the drug content in the antibiotic adsorbed
SNPs was 90.40%. In case of tetracycline adsorbed CNPs, the loading efficiency was
8.6% and the drug content was 57.2%. For kanamycin, the loading efficiency was 10.63%

and the drug content was 98.18% in antibiotic adsorbed CNPs.
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4.6 Micro-dilution Test

Six sets of 10 mL nutrient broth medium containing nanoparticles with effective metals or
metal oxide concentration between 0 to 500 pg/mL were prepared. Each set was
inoculated aseptically with 102 CFU/mL of the respective bacterial suspension. The
inoculated sets were incubated at 37 °C for 24 h. Each experiment was carried out in
triplicate. MIC is evaluated by visual inspection of growth or no growth of bacterial strain
in the test tubes containing different concentrations of metal or metal oxide nanoparticles.
Turbidity of the media is the indication of the bacterial growth. The lowest concentration
of metal or metal oxide nanoparticles that inhibited bacterial growth is taken as the MIC
for that particular bacterium [4]. Control experiments were also run parallel to investigate

the antibacterial activities of nutrient broth medium.
4.7 Disk Diffusion test

32 mL of Mueller Hinton Agar medium was added to the disposable petridishes and
allowed it to solidify. The bacterial strain (108 CFU/mL) was inoculated onto the entire
surface of a Mueller-Hinton agar plate with the help of sterile cotton-tipped swab to
form an even lawn. The sample disk / well containing appropriate quantity of the
antibacterial agent (metal nanoparticles / tetracycline / kanamycin / tetracycline
adsorbed metal nanoparticles / kanamycin adsorbed metal nanoparticles) was used.
Each experiment was carried out in triplicate and results were statically averaged. Each
set was incubated at 37 °C for 24 h. ZIH was measured after the incubation period,
which was the area on the agar plate where the colony formation was inhibited due to

leaching of the antibacterial agent [4].
4.8 Adsorption of Antibiotics on SNPs and CNPs

To understand the interaction of antibiotics with SNPs, UV-visible spectra of SNPs,
tetracycline, kanamycin, tetracycline adsorbed SNPs and kanamycin adsorbed SNPs were
recorded. Absorption spectra of these samples are shown in Fig. 4.1. The characteristic
SPR band of SNPs was observed at 428.5 nm. The UV-visible spectrum of tetracycline
show three characteristics absorption bands centred at 357 nm, 275 nm and 250 nm,
respectively. These multiplets correspond to the =—=* transitions of C = C. Kanamycin

did not show any characteristic absorption bands in the UV-Visible region of the
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electromagnetic spectrum. But its complex with copper shows characteristics absorption

at 256 nm, which is also shown in Fig. 4.1.
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Fig. 4.1 UV-visible spectra of (a) SNPs (b) tetracycline (c) kanamycin (d) tetracycline
adsorbed SNPs and (e) kanamycin adsorbed SNPs. Inset shows the magnified view of
UV-visible spectra of (a) SNPs (d) tetracycline adsorbed SNPs and (e) kanamycin
adsorbed SNPs.

In order to understand the interaction of tetracycline and kanamycin with SNPs, UV-
visible spectra of tetracycline adsorbed SNPs and kanamycin adsorbed SNPs were also
recorded. The multiplets of tetracycline were observed at 374 nm, 272 nm and 252 nm,
respectively. The SPR band originating from the SNPs in the tetracycline-SNPs complex
showed a red shift and positioned at 435 nm. In case of kanamycin adsorbed SNPs, the
characteristic absorption of kanamycin at 256 nm shifted to 252 nm while the SPR band
of SNPs shifted from 428 nm to 430 nm. Slight blue shift in the spectral bands of
tetracycline, kanamycin and SNPs indicates that the antibiotics were adsorbed on the
surface of the SNPs. UV-visible spectra of CNPs, tetracycline and tetracycline adsorbed
CNPs are shown in Fig. 4.2. The characteristic absorption of tetracycline at 357 nm
shifted to 363 nm while the SPR band of CNPs shifted from 564 nm to 566 nm in
tetracycline adsorbed CNPs. Fig. 4.3 shows the UV-visible spectra of CNPs, kanamycin
and kanamycin adsorbed CNPs. The characteristic absorption of kanamycin at 256 nm
shifted to 262 nm while the SPR band of CNPs shifted from 564 nm to 566 nm in

kanamycin adsorbed CNPs sample. Little variation in the spectral signatures of
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tetracycline and kanamycin after their interactions with CNPs confirmed that both

tetracycline and kanamycin were physiadsorbed on CNPs.
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Fig. 4.2 UV-visible spectra of (a) CNPs (b) tetracycline and (c) tetracycline adsorbed
CNPs. Inset shows the magnified view of UV-visible spectra of tetracycline adsorbed

CNPs in 450 - 650 nm spectral range.
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Fig. 4.3 UV-visible spectra of (a) kanamycin and (b) kanamycin adsorbed CNPs. Inset
shows the magnified view of UV-visible spectra of (b) kanamycin adsorbed CNPs and (c)

CNPs in 450-650 nm spectral range.
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4.9 Antibacterial Activity

Antimicrobial activity of nanoparticles and nanoparticles adsorbed antibiotics have been
studied against three pathogenic (E. coli, S. aureus and P. vulgaris) and two environmental
friendly (B. subtilis and P. fluorescens) bacterial strains by micro-dilution and disk diffusion
tests. From micro-dilution method, the MIC values of as-synthesized SNPs were determined
for these bacterial strains. To further understand the effectiveness of SNPs on these
microorganisms, the disk diffusion tests were also carried out in the presence of commercially
available antibiotics; tetracycline and kanamycin. In this test, the zone of inhibition was

measured after incubating particular strain in the presence of SNPs for 24 h.

The results of MIC tests against pathogenic strains are presented in Fig. 4.4 and
summarized in Table 4.1. The MIC value of SNPs is 30 pg/mL for E. coli followed by
100 pg/mL for P. vulgaris and 150 pg/mL for S. aureus. Photographic view of MIC tests
of SNPs on B. subtilis and P. fluorescens is shown in Fig. 4.5. The MIC value of SNPs
for B. subtilis and P. fluorescens is 25 pg/mL, each. The MIC values of SNPs for
environmental friendly microorganisms are low as compared to pathogenic
microorganisms. This observation shows that environmental friendly microorganisms

under test are more susceptible to SNPs as compared to pathogenic microorganisms.

(1) (2) (3) (4) (5) (6)

Fig. 4.4 Photographic view of MIC tests of SNPs on E. coli, S. aureus and P. vulgaris.
Order of the tubes from left to right: 1. Negative control (i.e., medium alone); 2. Control
(i.e., medium + antibacterial agent (SNPs)); 3. Zero concentration (i.e., medium +
respective bacterial strain); 4. 30 % below MIC (i.e., medium + respective bacterial strain
+ SNPs having concentration 30 % below MIC); 5. 10 % below MIC (i.e., medium +
respective bacterial strain + SNPs having concentration 10 % below MIC); 6. At MIC
(i.e., medium + respective bacterial strain + SNPs having concentration equal to MIC).
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Table 4.1 MIC values of SNPs, CNPs and TNPs.

_ MIC (ug/mL)
Strains Class Nature SNPs CNPs TNPS
E. coli Gram -ve 30 20 Nil
S. aureus Pathogenic Gram +ve 150 20 e
P. vulgaris Gram -ve 100 30 -
B. subtilis Gram +ve 25 50 Nil
Non-
P. fluorescens pathogenic Gram -ve 25 20 Nil

The results of antimicrobial tests of SNPs, commercial antibiotics tetracycline and
kanamycin and antibiotics adsorbed SNPs against pathogenic strains by disk diffusion
method are shown in Table 4.2. For tetracycline, the ZIH was 28, 33 and 16 mm for E.
coli, S. aureus and P. vulgaris, respectively. For kanamycin, the ZIH of 24 mm was
observed for E. coli, 21 mm for S. aureus and 25 mm for P. vulgaris. The ZIH values for
SNPs were 12, 11 and 7 mm for E. coli, S. aureus and P. vulgaris, respectively. To
understand the additive effects of SNPs, the disk diffusion experiments were also carried
out for tetracycline adsorbed SNPs and kanamycin adsorbed SNPs. The ZIH values for
tetracycline adsorbed SNPs was same for E. coli and P. vulgaris, which was 27 mm and
for S. aureus, it was 34 mm. The ZIH values for kanamycin adsorbed SNPs were 23, 26

and 27 mm for E. coli, S. aureus and P. vulgaris, respectively.

1) 2 3 (C) ()

Fig. 4.5 Photographic view of MIC tests of SNPs on B. subtilis and P. fluorescens. Order
of the tubes from left to right: 1. Negative control (i.e., medium alone); 2. Control (i.e.,
medium + antibacterial agent (SNPs)); 3. Zero concentration (i.e., medium + respective
bacterial strain); 4. 30 % below MIC (i.e., medium + respective bacterial strain + SNPs
having concentration 30 % below MIC); 5. 10 % below MIC (i.e., medium + respective
bacterial strain + SNPs having concentration 10 % below MIC); 6. At MIC (i.e., medium
+ respective bacterial strain + SNPs having concentration equal to MIC).
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Table 4.2 Additive effect of commercial antibiotics on antibacterial activities of SNPs.

Zone of Inhibition (ZI1H)

(mm)
Strains Class _ _
Control Tetracycline Kanamycin SNPs a;s(j:gzélcslnis 2 dfs:]baenc]ySCII\InPs
E. coli Pathogenic 0 28 24 12 27 23
S. aureus Pathogenic 0 33 21 11 34 26
P. vulgaris Pathogenic 0 16 25 7 27 27
B. subtilis Non-pathogenic 0 34 29 6 50 20
P. fluorescens Non-pathogenic 0 22 11 7 40 30
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Additive effect of SNPs is clearly evidenced from the increase in ZIH for
antibiotic adsorbed SNPs with respect to the inhibition zone found for a particular
antibiotic. The inhibition zone increases in the range of 60-186% for pathogenic
microorganisms under investigation when tetracycline is adsorbed on SNPs while it
increases in the range of 70-214% when used with kanamycin. These values were
calculated by applying correction for drug loading efficiency (15.3% for tetracycline and
6.44% for kanamycin) in antibiotic adsorbed SNPs.

The images of disk diffusion test are shown in Fig. 4.6 and Fig. 4.7. The
inhibition zone of SNPs for the environmental friendly microorganisms was in the range
of 6-7 mm. ZIH values of tetracycline and kanamycin were also measured. The images of
disk diffusion test are presented in Fig. 4.8. Additive effect of SNPs is clearly evidenced
from the increase in ZIH of antibiotic adsorbed SNPs with respect to ZIH for a particular
antibiotic. Sharp increase in the antimicrobial activity was observed when antibiotics
were adsorbed on the surface of SNPs. Against B. subtilis, the inhibition zone increases
by 346% when tetracycline adsorbed on SNPs. For P. fluorescens, antibacterial efficiency
of SNPs increases by 154% and 289%, respectively due to tetracycline and kanamycin
adsorption. Both micro-dilution and disk diffusion tests clearly indicate strong
antimicrobial activities of SNPs and antibiotic adsorbed SNPs against non-pathogenic

strains of B. subtilis and P. fluorescens [7].

Fig. 4.6 Photographic view of zone of inhibition of E. coli, (a) control, (b) tetracycline,
(c) kanamycin, (d) SNPs, (e) tetracycline adsorbed SNPs and (f) kanamycin adsorbed
SNPs.
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Fig. 4.7 Photographic view of zone of inhibition of (1) S. aureus and (2) P. vulgaris, (a)
control, (b) tetracycline, (c) kanamycin, (d) SNPs, (e) tetracycline adsorbed SNPs and (f)
kanamycin adsorbed SNPs.

Fig. 4.8 Photographic view of zone of inhibition of (1) B. subtilis (2) P. fluorescens, (a)
control, (b) tetracycline, (c) kanamycin, (d) SNPs, (e) tetracycline adsorbed SNPs and (f)
kanamycin adsorbed SNPs.

To study antimicrobial activity of CNPs, the micro-dilution and disk diffusion
tests were performed on same pathogenic and environmental friendly bacterial strains.
Fig. 4.9 shows the photographic view of micro-dilution test performed on pathogenic
strains. The MIC values of CNPs for E. coli and S. aureus were equal (20 pg/mL) and for
P. vulgaris, it was little higher (30 pg/mL). MIC values of CNPs were very small as
compared to SNPs for the same bacterial strains. Antibacterial activities of CNPs are

better than SNPs. The same was also confirmed from the disk diffusion test.

The results of antimicrobial tests of CNPs for pathogenic microorganisms by disk
diffusion method are shown in Table 4.3. The inhibition zone was 23 mm for E. coli
followed by 18 mm for S. aureus and 28 mm for P. vulgaris. To understand the additive

effects of CNPs, the disk diffusion experiments were also carried out for tetracycline
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adsorbed CNPs and kanamycin adsorbed CNPs. Control experiments containing
tetracycline and kanamycin only were also run parallel to these experiments. Images of
disk diffusion test for E. coli, S. aureus and P. vulgaris are presented in Fig. 4.10, Fig.
4.11 and Fig. 4.12, respectively. ZIH values for these bacterial strains are given in Table
4.3. For tetracycline, ZIH was 28, 33 and 16 mm for E. coli, S. aureus and P. vulgaris,
respectively. For kanamycin, ZIH was 24, 21 and 25 mm for E. coli, S. aureus and P.
vulgaris, respectively. The disk diffusion experiments were also carried out for
tetracycline adsorbed CNPs and kanamycin adsorbed CNPs. The ZIH values for
tetracycline adsorbed CNPs was 28 mm for E. coli, 31 mm for S. aureus and 26 mm for
P. vulgaris. The ZIH values for kanamycin adsorbed CNPs were 25, 21 and 28 mm for E.
coli, S. aureus and P. vulgaris, respectively.

S ) R ) M) N— ) -

Fig. 4.9 Photographic view of MIC tests of CNPs on E. coli, S. aureus and P. vulgaris.
Order of the tubes from left to right: 1. Negative control (i.e., medium alone); 2. Control
(i.e., medium + antibacterial agent (CNPs)); 3. Zero concentration (i.e., medium +
respective bacterial strain); 4. 30 % below MIC (i.e., medium + respective bacterial strain
+ CNPs having concentration 30 % below MIC); 5. 10 % below MIC (i.e., medium +
respective bacterial strain + CNPs having concentration 10 % below MIC); 6. At MIC
(i.e., medium + respective bacterial strain + CNPs having concentration equal to MIC).
The antimicrobial activities of CNPs improved by 0-49% for pathogenic
microorganisms under investigation when tetracycline is adsorbed on CNPs while it
improved by 0-4% when used with kanamycin. These values were calculated by applying
correction for drug loading efficiency (8.6% for tetracycline and 10.63% for kanamycin)
in antibiotic adsorbed CNPs. The enhancement in the biocidal activities of antibiotics
adsorbed CNPs are small as compared to antibiotics adsorbed SNPs. The antimicrobial

activities of CNPs are much better when compared with SNPs.
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Table 4.3 Additive effect of commercial antibiotics on antibacterial activities of CNPs.

Zone of Inhibition (ZI1H)

(mm)
Strains Class . .
Control Tetracycline Kanamycin CNPs aézt:sggccl:ll:is N dtjrnba:a?gll\rl] Ps
E. coli Pathogenic 0 28 24 23 28 25
S. aureus Pathogenic 0 33 21 18 31 21
P. vulgaris Pathogenic 0 16 25 28 26 28
B. subtilis Non-pathogenic 0 34 29 22 32 30
P. fluorescens Non-pathogenic 0 22 11 28 28 30
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Fig. 4.10 Photographic view of zone of inhibition of E. coli, (a) control, (b) tetracycline,
(c) kanamycin, (d) CNPs, (e) tetracycline adsorbed CNPs and (f) kanamycin adsorbed

CNPs.

Fig. 4.11 Photographic view of zone of inhibition of S. aureus, (a) control, (b)
tetracycline, (¢) kanamycin, (d) CNPs, (e) tetracycline adsorbed CNPs and (f) kanamycin

adsorbed CNPs.
(a)

Fig. 4.12 Photographic view of zone of inhibition of P. vulgaris, (a) control, (b)
tetracycline, (c) kanamycin, (d) CNPs, (e) tetracycline adsorbed CNPs and (f) kanamycin

adsorbed CNPs.
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The antibacterial activity of CNPs against environmental friendly bacterial strains

was also studied. Photographic view of MIC tests and the corresponding values are
presented in Fig. 4.13 and Table 4.1. MIC values of CNPs were 50 and 20 pg/mL for B.
subtilis and P. fluorescens, respectively.

(1) (2) (3) (4) (S) (6)

Fig. 4.13 Photographic view of MIC tests of CNPs on B. subtilis and P. fluorescens.
Order of the tubes from left to right: 1. Negative control (i.e., medium alone); 2. Control
(i.e., medium + antibacterial agent (CNPs)); 3. Zero concentration (i.e., medium +
respective bacterial strain); 4. 30 % below MIC (i.e., medium + respective bacterial strain
+ CNPs having concentration 30 % below MIC); 5. 10 % below MIC (i.e., medium +
respective bacterial strain + CNPs having concentration 10 % below MIC); 6. At MIC
(i.e., medium + respective bacterial strain + CNPs having concentration equal to MIC).

To study the additive effect of antibiotics on CNPs, ZIH values were measured for
CNPs, tetracycline adsorbed CNPs and kanamycin adsorbed CNPs. Control experiments
having tetracycline and kanamycin alone were also run parallel. ZIH values of CNPs,
tetracycline adsorbed CNPs and kanamycin adsorbed CNPs were 22, 32 and 30 mm,
respectively for B. subtilis (Fig. 4.14). For P. fluorescens (Fig. 4.15), these values were
28 mm for CNPs and tetracycline adsorbed CNPs and 30 mm for kanamycin adsorbed
CNPs. Increase in the biocidal activities of CNPs against B. subtilis was 30% for
tetracycline adsorbed CNPs. In case of P. fluorescens, no change was observed in the
biocidal activities of CNPs when tetracycline adsorbed on CNPs. For kanamycin
adsorbed CNPs, this increment was 20% and 3% for B. subtilis and P. fluorescens,
respectively. In case of environmental friendly strains, the additive effect of antibiotics on
CNPs is small. This might be because of the adsorption of antibiotic on CNPs at a site

that hinders its activity.
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Fig. 4.14 Photographic view of zone of inhibition of B. subtilis, (a) control, (b)
tetracycline, (c) kanamycin, (d) CNPs, (e) tetracycline adsorbed CNPs and (f) kanamycin
adsorbed CNPs.

Fig. 4.15 Photographic view of zone of inhibition of P. fluorescens, (a) control, (b)
tetracycline, (c¢) kanamycin, (d) CNPs, (e) tetracycline adsorbed CNPs and (f) kanamycin
adsorbed CNPs.

Antibacterial activities of TNPs were also evaluated. For this purpose, one
pathogenic (E. coli) and two environmental friendly (B. subtilis and P. fluorescens)
strains were selected. Out of as-synthesized TNPs, three samples were chosen whose
photo-catalytic response belongs to different region of the UV-visible region of the
electromagnetic spectrum. The biocidal activity study was conducted under white light by
micro-dilution method. No MIC of TNPs was observed against the tested microorganisms
for nanoparticles concentration as high as 500 pg/mL. Fig. 4.16 shows the photographic
view of MIC test on E. coli, B. subtilis and P. fluorescens. Bacterial growth was observed
in each case, irrespective of TNPs concentration, indicating that TNPs have not inhibited
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organism growth completely. Hence, no further study was conducted on the biocidal

activities of TNPs.

(1) (2) 3) 4) () (6)

N N BN

B. subtilis

P. fluorescens

Fig. 4.16 Photographic view of MIC tests of TNPs on E. coli, B. subtilis and P.
fluorescens. Order of the tubes from left to right: 1. Negative control (i.e., medium alone);
2. Control (i.e., medium + antibacterial agent (TNPs)); 3. Zero concentration (i.e.,
medium + respective bacterial strain); 4. 30 % below MIC (i.e., medium + respective
bacterial strain + TNPs having concentration 30 % below MIC); 5. 10 % below MIC (i.e.,
medium + respective bacterial strain + TNPs having concentration 10 % below MIC); 6.
At MIC (i.e., medium + respective bacterial strain + TNPs having concentration equal to
MIC).

4.10 Mechanism

Nanoparticle toxicity could be due to several attributes, including traits that are particle
specific such as their concentration, size, shape, surface charge and release of metal ions.
Mechanism of bactericidal action of metal nanoparticles is not well understood. Various
mechanisms of antibacterial action of metal nanoparticles on bacterial strains were
proposed in literature [6, 9-23]. First step in antibacterial action of nanoparticles is their
internalization into bacterial cell. Nanoparticles can diffuse into the cell directly through
pores in the cell membrane due to their small size or they may enter through ion channels
or through the transport proteins. Some nanoparticles may also enter into the bacterial
cells via endocytosis. Nanoparticles which enter into the cell can directly interact with
oxidative organelles and induces toxicity to bacterial cells. The toxicity of nanoparticles
does not necessarily depend on internalization of nanoparticles. They can change the

microenvironment near the bacterial cell wall and release reactive oxygen species (ROS)
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which induces optosys in bacterial cell. The mechanisms by which metal nanoparticles

poison microbial cells can be categorized into the following categories:

Impaired membrane function

Reactive oxygen species and antioxidant depletion
Protein dysfunction

Genotoxicity

Interference with nutrient assimilation

o ok~ w e

Modulation of signal transduction

These modes of metal nanoparticles toxicity might not be exclusive and it is believed that
the growth inhibition and cellular death are likely to be the result of a combination of

these mechanisms.
1. Impaired membrane function

Antibacterial action of metal nanoparticles via impaired membrane function is shown in
Fig. 4.17. Bacterial membranes contain polymers with highly electronegative chemical
groups that serve as sites of adsorption for metal cations [9]. Because of their ability to
coordinate with metals, it is expected that the membrane is the site where metal
nanoparticles exerts bactericidal toxicity. The integrity of cytoplasmic membrane is
severely compromised when exposed to toxic doses of metal nanoparticles. The bacterial
cell wall is composed mainly of a thick peptidoglycan layer linked to teichoic acid that
gives overall negative charge to the cell wall. The negative charge facilitates the
interaction between the cell wall and positively charged metal nanoparticles. Such
interaction causes the loss of membrane integrity. The damaged membrane allows the
entry of substances from the environment, which results into osmotic imbalance. Some
metals also disrupt the activity of bacterial electron transport chain [10]. Metal
nanoparticles dissipate the chemiosmotic potential of the membrane by causing protein
leakage through the membrane [11]. The damaged cell membrane also allows the leakage
of minerals and genetic materials. The leakage of cytoplasmic content and consequent

rupture of the cell leads to its death.
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Fig. 4.17 Schematic representation of mechanism of Impaired Membrane Function
induced toxicity in bacterial cells. Solid line represents pathway in which biochemistry
has been elucidated, whereas dashed arrow represents a route of toxicity for which the
biochemical mechanism is unclear. NQR represents NADH:quinone oxidoreductase [6].

2. Reactive oxygen species and antioxidant depletion

Toxicity of metal nanoparticles could be due to the ROS mediated cellular damage or it
could be due to the metal catalysed oxidation reaction that could underline specific
proteins, membrane or DNA damage. The antibacterial mechanism of metal nanoparticles
by means of ROS and antioxidant depletion is shown in Fig. 4.18. Three mechanisms
have been proposed which accounts for increased ROS production during the metal
nanoparticles poisoning of bacteria. First, certain redox active transition metals can
catalyse Fenton reaction, which gives rise to partially reduced form of molecular oxygen
(O2) such as hydrogen peroxide and superoxide. Second, metal nanoparticles might
disrupt the cellular donar legends that coordinate with metal ions. Mounting evidence
suggest that the primary targets for various metals are the solvent exposed (4Fe-4S)
clusters of proteins [12]. The direct or indirect destruction of (4Fe-4S) clusters by metals
could result in the release of additional Fenton active Fe into the cytoplasm resulting in
increased ROS formation. Third, thiol-mediated reduction of some metal species leads to
the generation of ROS via intermediate S radical chemistry [13]. Thiol-mediated

reduction could produce other metal species that are Fenton active. Increasing ROS level
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in the cellular environment leads to the rapid degradation of cellular contents that

eventually leads to the cell death.

Oxidized
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Fig. 4.18 Metal ion induced Production of reactive oxygen species (ROS) and antioxidant
depletion in cellular environment. Red sphere represents metal ions released from metal
nanoparticle. Solid arrows represent pathways in which biochemistry has been elucidated,
whereas dashed arrows represent a route of toxicity for which the biochemical mechanism
is unclear [6].

An important aspect of oxidative stress during bacterial metal poisoning is the
oxidation of cellular thiols. Metal ions have electron sharing affinities that can result in
the energetically favourable formation of covalent bonds with S, which can lead to the
formation of protein disulphides and depletion of antioxidant reserves, particularly
glutathione, within microbial cells [14,15]. Glutathione depletion could leave protein
targets vulnerable to attack by metal species or ROS. It also prevents repair of oxidized
protein-thiols by cellular thiol-disulphide exchange enzymes and thus enhances the

possibility of oxidative stress induced cellular damaged in bacteria.

3. Protein dysfunction

Protein dysfunction induced metal nanoparticle poisoning of bacterial cell is presented in
Fig. 4.19. One or more amino acid residue in a protein is susceptible to metal-catalysed

oxidation [16]. Oxidation of amino acid side chains in proteins may cause loss of catalytic
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Fig. 4.19 Schematic representation of various modes of Protein dysfunction induced
cellular toxicity. Solid arrows represent pathways in which biochemistry has been
elucidated, whereas dashed arrows represent a route of toxicity for which the biochemical
mechanism is unclear. Here ALAD, d&-aminolevulinic acid dehydratase; FbaA,
fructose-1,6-bisphosphate aldolase; PDF, peptide deformylase [6].

activity and trigger an active process of protein degradation [16]. Hence, metal
nanoparticles could catalyse site-specific damaged to cellular proteins. This damage
might be responsible for toxicity of metal nanoparticles. Toxicity of metal nanoparticles
is also associated with decrease activities of fumarase A and 6-phosphogluconate

dehydratase, two enzymes that depend on Fe-S clusters for catalysis [17]. This activity is

125 | Page



different from ROS toxicity as it is independent of oxygen. Another mechanism of site-
specific enzymes inhibition that can result in metal nanoparticles poisoning is ionic
mimicry in which an unbound cationic metal species mimics as essential element. In
addition to destruction of active sites, metal substitution at non-catalytic binding sites can

also inhibit enzyme activity.
4. Genotoxicity

The genotoxicity induced antibacterial activity of metal nanoparticles is schematically
shown in Fig. 4.20. Metal mediated Fenton chemistry can catalyse lethal DNA damage in
bacteria. For instance, mutations that disrupt metal homeostasis increase the amount of
Fenton active metal ions in the cell. This accelerates DNA damage and causes cell death
[18]. It has been reported that toxic doses of metal nanoparticles increase the intracellular
reactive oxygen species (ROS). The exogenous addition of hydrogen peroxide (H,O,) or
agents that catalyse the production of superoxide such as paraquat, leads to DNA damage
and inhibits particular enzyme activities that are vital for cell growth [19]. Toxic doses of
metal nanoparticles can also upregulate genes that are involved in the elimination of ROS
[20]. Metal ions are released from nanoparticles and interfere with DNA replication [21].
DNA loses its replication ability and expression of ribosomal subunit when

microorganisms were exposed to metal ions.

€.
DAPE DD

@ Metal Double-strand break

Fig. 4.20 Schematic representation of mechanism of metal ion induced Genetoxicity in
bacterial cells [6].

126 |Page



5. Interference with nutrient assimilation

The schematic diagram of metal nanoparticles toxicity due to interference with nutrient
assimilation in bacterial cells is shown in Fig. 4.21. The toxicity of metals is also linked
to starvation-induced growth arrest. Metal nanoparticles inhibit the uptake of sulphate,
deplete intracellular S metabolite pools and induce enzymes of S-sparing response [22].
Because supplementation with sulphate and other S sources mitigates toxicity in a
concentration dependent manner, it has been suggested that metal nanoparticles starve

cells of S by interfering with its sulphate uptake and thus induces the cell optosys.

Inhibition of metal transporter
gene expression

@ Metal

Fig. 4.21 Schematic representation of metal nanoparticles induced toxicity due to the
interference of metal ions released from the metal nanoparticles with the nutrient uptake.
Here PvdS, a o-factor (6°*) from Pseudomonas aeruginosa [6].

6. Modulation of signal transduction

Nanoparticles can modulate signal transduction in bacteria. It is a well-established fact
that phosphorylation of protein substrates in bacteria influences bacterial signal
transduction [23]. Dephosphorylation is present in tyrosine residue of gram negative
bacteria. The phosphotyrosine profile of bacterial peptides is altered by nanoparticles.
Metal nanoparticles dephosphorylate the peptide substrates on tyrosine residues, which
lead to signal transduction inhibition and thus stoppage of growth which eventually leads
to the cell destruction [23]. Biocidal activities of SNPs and CNPs reported here is due to

one or more of this microscopic cellular phenomenon.
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CHAPTERS5
CONCLUSIONS AND SCOPE FOR FUTURE WORK
5.1 Conclusions

Major conclusions drawn out of the research work carried out to meet the objectives of

this thesis are as follows:

Well dispersed, uniform SNPs with controllable size and narrow size distribution are
prepared by chemical reduction technique. Nanoparticles’ yield, their morphology,
particle size, polydispersity and agglomeration are strongly correlated with concentration
of reducing cum capping agent (oleylamine) and other kinetic parameters like nucleation
temperature, nucleation time, growth temperature and growth time. Optimized conditions
for these parameters have been established for which smallest particle size (< 10 nm),
narrowest polydispersity (= 0.12) and highest yield (= 46%) of SNPs were obtained.
Nucleation at 200 °C for 30 min and growth at 150 °C for 4 h are the optimum processing
parameters for highest nanoparticle yield, lowest particle size and polydispersity index

with no or very little aggregation.

Present study also reveals that oleylamine traditionally known as reducing and
capping agent, also functions as grain growth inhibitor. 15 mM is the optimized
concentration of reducing agent to prepare well dispersed self-assembled spherical SNPs.
Below this concentration, SNPs aggregate strongly due to the lack of monolayer coating
of oleylamine. Growth of SNPs follows the classical condensation mechanism.
Oleylamine coating on SNPs make them hydrophobic. For medical applications,
nanoparticles need to be hydrophilic. Hence, a facile phase transfer protocols have been
developed to transfer hydrophobic SNPs into hydrophilic by ligand-exchange reaction
using pluronic F-127. No deviation in the physical or surface properties of SNPs has been

observed after the phase transfer.

Well dispersed, uniform colloidal CNPs with controllable hydrodynamic size and
narrow particle size distribution were obtained by reducing copper (I1) chloride with a
combination of strong (NaBH,;) and weak (L-ascorbic acid) reducing agents in the

presence of a surfactant (PVVP). Concentration of strong reducing agent, weak reducing
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agent and capping agent has major impact on the crystal phase, size and size distribution
of CNPs. Absence of the strong reducing agent or the weak reducing agent or the
surfactant either does not form CNPs or the formed nanoparticles are not stable and get
oxidized. Present study reveals that in addition to strong reducing agent, a secondary
weak reducing agent is essential to simulate dynamic equilibrium around the surface of
CNPs, which prevents their oxidation and stabilizes the metallic copper phase. Spherical,
ultra-small CNPs with uniform physical size (= 2 nm) are synthesized at 80 °C under
optimized conditions when concentration of each PVP, NaBH, and L-ascorbic acid is 10
mM. The protocols developed here for the synthesis of air stable CNPs do not require any
inert environment / protective gases. As-synthesized CNPs form stable aqueous colloidal
dispersion, which do not show any sign of aggregation or oxidation even after their
storage under ambient conditions for 120 days.

Pristine and cobalt doped TNPs are prepared by sol-gel technique. Titanium (IV)
isopropoxide is hydrolysed and condensed into amorphous titanium dioxide gel by water /
ethanol under acidic conditions. Amorphous TiO, gel is crystallized into anatase
crystallographic phase when calcine at 500 °C. The optical band gap of pristine (0% Co
doped) TNPs is 3.03 eV (A = 409 nm), which decreases upto 1.93 eV (A = 642 nm) when
Co concentration in TiO, matrix increases from 0 to 2%. Co(+2) substitution at Ti(+4)
site generates additional oxygen vacancies in the titania unit cell, which introduces extra
energy levels in the forbidden band that reduces the indirect energy band gap of TNPs.
Irrespective of the Co concentration, TNPs always crystallize into anatase phase when
calcined at 500 °C. No signature of other isomorphous phases i.e. rutile or brookite are
detected. With increasing Co doping, the amorphous to crystallization anatase phase
transition temperature increases from 404 °C to 454 °C. The average physical size
obtained from SEM measurement is = 10 nm. Co doping in TNPs make them sensitive to
visible radiation and, hence their photoresponse is expected to be better under sun light
than pristine bulk titania, which is active in the UV-region of the electromagnetic

spectrum.

Antibacterial activities of as-synthesized SNPs, CNPs and TNPs have been
investigated against clinically important pathogenic strains (E. coli, S. aureus and P.
vulgaris) and eco-friendly microorganisms (B. subtilis and P. fluorescens). No biocidal

activities of pristine and cobalt doped TNPs are observed against microorganisms under
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test for TNPs concentration as high as 500 pg/mL both under dark and light conditions.
Strong antimicrobial activities are observed in case of SNPs and CNPs against both
pathogenic and non-pathogenic strains under investigation. Amongst SNPs and CNPs,
CNPs report enhanced biocidal activities against all tested microorganisms (pathogenic
and non-pathogenic), whose minimum inhibitory concentration values lie in the range of
20 - 50 pg/mL. For SNPs, the minimum inhibitory concentration values against the same
set of microorganisms fall in the range of 25 -150 pg/mL. CNPs are equally effective
against all tested microorganisms as no significant variation in their MIC values is
observed. SNPs exhibit strongest biocidal activities against both the eco-friendly strains
and one pathogenic strain (E. coli). S. aureus is least vulnerable to SNPs (MIC = 150

pg/mL). Results reported here are either better or comparable to those found in literature.

To understand the effect of adsorption of commercial antibiotics (tetracycline and
kanamycin) on SNPs and CNPs, antibiotic adsorbed SNPs and antibiotic adsorbed CNPs
formulations have also been prepared. The loading efficiency of tetracycline in SNPs is
15.3% while for CNPs, it is 8.6%. The loading efficiency of kanamycin is 6.44% for
SNPs and 10.63% for CNPs. The antibacterial activities of antibiotics adsorbed
nanoparticles formulations have been evaluated by disk diffusion test, in which zone of
inhibition is measured both for pristine (SNPs / CNPs) and antibiotic adsorbed
nanoparticles (tetracycline adsorbed SNPs / kanamycin adsorbed SNPs / tetracycline
adsorbed CNPs / kanamycin adsorbed CNPs). The percentage enhancement of antibiotic
efficiency of SNPs when antibiotic (tetracycline / kanamycin) get adsorbed on their
surface is in the range of 66 - 346% for tetracycline and 70 - 289% for kanamycin. Such
strong enhancement in the biocidal activities of CNPs is not observed when antibiotics
get adsorbed on the surface of CNPs. The enhancement in the biocidal activities of CNPs
lies in the range of 0 - 49% for tetracycline and 0 - 20% for kanamycin. The vast
difference between the enhancement in the biocidal activities of SNPs and CNPs when
antibiotics are adsorbed on their surface might be because of the difference in the site of
adsorption of antibiotics on nanoparticles’ surface, which is making them active or
inactive. Both tetracycline and kanamycin adsorption on SNPs are equally effective while
tetracycline is more effective compare to kanamycin when adsorbed on CNPs. Results of
antibacterial tests of nanoparticles and their formulations with antibiotics are summarized
in Table 5.1.
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Table 5.1 Summary of antibacterial activities of nanoparticles and their formulations with antibiotics tetracycline and kanamycin.

Zone of Inhibition (ZIH)

MIC _
(in mm)
(g/ mL)
Strains Class Nature
[75] wn [7p) [7p)
o = e 5 e 5 s % =5
£ £ & S 2 &£ & S22 5o 590 50
=z Z pzd &) % pd pzd o o o o % D % @
n ) - © c n O © 2 © Q2 c 2 c 2
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) Gram )
E. coli 30 20 Nil 28 24 12 23 27 28 23 25
-ve
Q
S Gram
S. aureus =2 150 20 ------ 33 21 11 18 34 31 26 21
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[
_ o Gram
P. vulgaris 100 30 ------ 16 25 7 28 27 26 27 28
-ve
. Gram )
B. subtilis o 25 50 Nil 34 29 6 22 50 32 20 30
, < +ve
S S
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Z < Gram )
P. fluorescens ‘g 25 20 Nil 22 11 7 28 40 28 30 30
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132 |Page



Overall conclusion of the entire study is that out of the three nanoparticle systems
designed in the present study, CNPs are most lethal on tested microorganisms. This is in
contradiction with the existing literature where highest biocidal activities are reported for
SNPs. This could be because of their ultra-small particle size (2 nm) and very high
resistance towards oxidation and aggregation. Both nanoparticle systems (SNPs and
CNPs) and their formulations with antibiotics are more toxic to eco-friendly strains than
to pathogenic ones. Antimicrobial activities of antibiotic adsorbed nanoparticles are
higher than the discrete sum of biocidal activities of individual components (nanoparticles
and antibiotics). Thus nanoparticle-antibiotic formulations can be used to further enhance

the biocidal activities of commercial antibiotics.

5.2 Scope for future work

This thesis reports synthesis of three nanoparticulate systems (SNPs, CNPs and TNPs)
and evaluation of antimicrobial activities of these nanoparticles and their formulations
with commercial antibiotics tetracycline and kanamycin. Enhanced antimicrobial
activities of SNPs and CNPs along with their formulations with commercial antibiotics
have been observed. This piece of work could find potential applications in
pharmaceutical industries. However, for industrial utilization of these nanostructures and
their formulations with commercial antibiotics, synthesis protocols and their subsequent
processing with antibiotics need to be modified suitably. In particular, the process needs
to be scaled up to make it economically viable for their use as non-traditional antibiotics
in health-care industry.

Before commercial utilization of any drug or health-care product, they need to
meet certain standards set by food and drug administration. These standards basically
define exposure limits of drugs or health-care products. For nanomaterials or
nanomaterials based products, such standards are not available. Hence, toxicity of these
nanoparticles and their formulations with antibiotics needs to be investigated as per the
standard protocols for any potential nanomaterial based new drug. Based on the outcome
of this study, exposure limits for these nano-antibiotics needs to be defined.

Antimicrobial activities of metals and their oxides is a vibrant field of research in
today’s nanobiotechnology. Most of the investigated nanostructures for their biocidal

activities are toxic to human cells and because of this, they cannot be used for in-vivo
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purposes. Amongst the biocompatible class of nanomaterials, those showing biocidal
activities are of great industrial relevance. Amongst them, SNPs and CNPs are the chief
candidates for potential applications in preventive and curative healthcare. There are
multiple reports of their biocidal activities along with the present one in this thesis.
Despite of wide spread study of this aspect of SNPs and CNPs, the exact mechanism
responsible for their biocidal activities are largely unclear. A detailed study needs to be
conducted to understand the mechanism responsible for biocidal activities of SNPs and
CNPs. The current literature predicts that pathogenic microorganisms, which are
developing new strains by mutation are resistant to one or more first line antibiotics, are
unlikely to develop such resistance against SNPs and CNPs. However, detailed study of
this aspect is completely missing and needs to be evaluated urgently as many health-care
products are now using nanostructures at commercial level. Any possible mutation of
pathogenic strains that is resistant to these nanostructures would be devastating and very

difficult to control.

Nanomaterials are now commercially explored in large number of technical,
engineering and medical products. Nanoparticles will eventually leach out from these
materials and will accumulate in water and land fields. These accumulated nanostructures
may cause severe damage or alteration to terrestrial ecosystems of the earth by interacting
with microbes, which are playing critical role in various natural cycles. Such interactions
between nanoparticles leaching out from the toxic nanomaterials’ waste and eco-friendly
microorganisms present in soil, water, air and plants have potential to extinct these
microorganisms. Hence, environmental concerns of nanomaterials need to be addressed
urgently and a systematic study is essential that will include impact of commercial
nanoparticles on microbes of terrestrial and marine origin. The outcome of such study
will eventually define permissible levels of nanomaterials in air, land and water bodies. A
separate study can also be conducted on remediation and recycling of nanostructured

based pollutants.
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